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Drugs as Molecular Solids 

'This chapter provides a general overview of solid-state chemistry of drugs. 
Specifically, it treats the impact on pharmaceuticals of solid-state chemistry, 
the crystalline state, amorphous solids, moisture uptake, patents, and physical 

as well as chemical transformations. In many cases, a subject is introduced in this 
chapter and addressed in depth in a latar chapter. It is hoped that the reader will gain an 
appreciation of what this discipline encompasses by reading this chapter. 

1.1 ROLE OF SOLID-STATE TECHNOLOGY IN THE PHARMACEUTICAL INDUSTRY 

Figure 1.1 depicts the central role that solid-state research plays in the pharmaceutical 
industry. Reflection on the part of anyone even slightly familiar with the industry will 
confirm many of the connections shown in Figure 1.1, but some specific examples will 
further point out how important these connections can be in given cases. 

Solid pharmaceuticals exist as polymorphs, solvates, or in amorphous forms, 
collectively described as solid forms. Figure 1.2 shows the solubility behavior of two 
polymorphs with time. It is clear that the solubility of each of the solid forms is de
creasing because of the crystallization of a more stable crystal form (Carless et al., 
1968). Thus, this figure illustrates the effect of polymorphic change on suspension 
stability. Obviously these changes reflect on the stability of the product as well as 

Research 

Manufacturing 

Development 

Formulation & 
Drug Delivery 

Marketing & 
Further Product 
Improvements 

Figure I.I A diagram of the role of solid-state studies in the pharmaceutical industry. 
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4 Chapter 1 Drugs as Molecular Solids 
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Figure 1.2 Decrease in absorbance of a cortisone acetate Form II solution in the presence of sus

pended Form II or Form IV as a function of time (Carless et al., 1968). 
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Figure 1.3 Blood levels of phenobarbitone versus time after intramuscular injection of two prepara

tions with different particle sizes (redrawn from Miller and Fincher 1971 ). 

regulatory issues, quality control, formulation, and drug bioavailability. Figure 1.3 

depicts the effect of particle size on the dissolution rate of phenobarbitone and illus

trates the role of solid-state technology in the formulation and drug delivery, quality 

control, and regulatory areas. 
Studies of hydrocortisone tert-butylacetate and prednisolone tert-butylacetate (Byrn 

eta/. , 1988; Lin etal., 1982) and dihydrophenylalanine (Ressler, 1972) show thatdif 

ferent crystal forms of these substances have different chemical reactivity. For exam

ple, the hexagonal crystal form of both hydrocortisone tert-butylacetate and predniso

lone tert-butylacetate oxidizes in the solid state whereas the other crystal forms of these 

two pharmaceuticals are chemically stable. 
The shape and particle size of the solid drug substance can have an important effect 

on the flowability, syringeability, filterabiUty, tableting behavior, and bulk 
density of the drug. For example a suspension of plate-shaped crystals may be in-
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1.2 The Crystalline State: Basic Concepts 5 

0 0 

hydrocortisone 21-tert-butylacetate cortisone 21-tert-butylacetate 

jected through a small needle with greater ease than one o( needle-shaped crystals. 
Similarly, the tableting behavior of plate-shaped crystals would differ from that of nee
dle-shaped crystals. Furthermore, the shape and size of the particles is generally related 
to the internal crystal structure of the solid. Thus, the internal structure of the solid 
material can dramatically influence the bulk properties of the drug. These properties in 
turn relate to formulation, manufacturing, patents, quality control, regulatory, and pos
sibl) other areas indicated in Figure 1.1. 

1.2 THE CRYSTALLINE STATE: BASir:: CONCEPTS 

An understanding of the solid-state chemistry of drugs begins with a statement of sev
eral general points: 

• most drugs are used in a crystalline form 
• crystals are held together by molecular forces 
• the arrangement of molecules in a crystal determine its physical properties 
• the physical properties of a drug can affect its performance 

We can then proceed to learn how an understanding of the crystalline state leads to un
derstanding of drug properties. (A treatment of non-crystalline, or amorphous, solids 
is given in Chapter 12.) 

To accommodate the general reader in following this discussion of the crystalline 
state, brief definitions of some terms are listed in a glossary at the end of the book. 
Many of the terms may require further explanations which will be given when appro
priate. 

A. p ACK ING AND SYMMETRY 

One definition of a crystal is that of a solid in which the component molecules are ar
ranged, or "packed," in a highly ordered fashion. When the specific local order, de
fined by the unit cell, is rigorously preserved without interruption throughout the 
boundaries of a given particle, that particle is called a single crystal. This ordered 
packing leads to a structure with very little void space, which explains why most sub
stances are more dense in their solid state than in their liquid state. By way of illustra
tion, Figure 1.4 shows a projection of a unit cell and also shows how tightly the mole
cules are packed in a typical crystalline substance such as glycine. 

Looking at this example and contemplating the enormous number of crystalline 
compounds known to modem science, not to mention those to be discovered, it be-
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6 Chapter 1 Drugs as Molecular Solids 

Figure 1.4 A close packed layer of glycine molecules in a crystal projected on the ac plane. The 

heavy gray lines show the van der Waals radii of the atoms (the hydrogens have been 

omitted for clarity). 

comes obvious there must be a remarkable variety of structures found in different crys

tals. What factors, then, determine the crystal structure of a given compound? 

When the question "In how many different ways can varied-shaped molecules be 

packed?" is put on a mathematical basis, it has been shown that certain symmetry ele

ments (or, symmetry operations) are involved and that all possible combinations of 

these can be summarized in exactly 230 ways, called space groups. The symmetry 

operations are listed in Table 1.1. Formal representations of the 230 space groups, 

which encompass all seven crystal systems and all possible combinations of symme

try operations, are found in the International Tables for Crystallography (1987). 

To understand how the packing of a crystal structure is described by the symmetry 

operations of the space group it may be helpful to regard the following example (see 

Figure 1.5). Figure 1.5 shows a diagram of the symmetry elements in space group 

Pmm2. The P means that the space group is primitive rather than body-centered or 

face-centered. The mm2 means that the cell contains mirror planes (m) perpen-

Table t. I The Symmetry Elements of Crystal Packinga 

Symmetry Element 

rotation axis 

screw axis 

Description 

When a rotation of 360°/n results in the same structure, then the crystal con

tains an n-fold rotation axis. For crystals, n is restricted to 1, 2, 3, 4, and 6. 

Ann-fold screw axis exists when a rotation of 360°/n followed by a transla

tion parallel to the axis of rotation brings the structure into coincidence. 

Ann-fold rotatory-inversion axis exists when a rotation of 360°/n followed 
rotatory-inversion axis by inversion results in the same structure. 

mirror plane 

glide plane 

A mirror plane exists when a reflection through that plane resu s m he same 

structure. 

A glide plane exists when reflection through a mirror plane followed by 

translation brings the structure into coinc:1dence. 

a Note that a crystal containing only one enantiomer of a chi:al compound cannot fall into a space 

group containing any one of the last three symmetry elemenls in Table l. l. 

-
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1.2 The Crystalline State: Basic Concepts 7 

mirror planes that 
intersect the a axis 

/ 

mirror planes that 
intersect the b axis 

Figure 1.5 Symmetry elements for spac,~ group Pmm2. 

2 

two-fold rotation axes 
parallel to the c axis 

dicular to both the a and b axes and a two-fold rotation axis along the c axis. 
Talcing block 1 at position (x,y,z) and reflecting it across the mirror that intersects 

the a axis at 1/:!ll, block 2 is obtained. Reflecting block 2 across the mirror that inter
sects the b axis at ½b generates block 3, and block 4 results from block 3 being re
flected across the mirror at ½:l. [In actual cases, of course, these blocks are molecules, 
but the operations are the same and thus the x, y, z coordinates of each atom in mole
cule 1 are translated to the corresponding (1-x,y,z) in the first step, to (l-x,1-y ,z) in 
the next step, and (x, 1-y ,z) in the last step.] Note that this combination of mirror 
planes necessarily creates the two-fold rotation axes parallel to the c axis. These steps, 
in any order, are continued into the neighboring unit cells. In this exercise we are, in a 
sense, mimicking actual crystal growth. 

B. FORCES RESPONSIBLE FOR CRYSTAL PACKING 

At this point, it is appropriate to consider the forces responsible for holding crystals 
together. Ionic crystals are held together by ionic bonds while organic crystals are 
held together largely by non-covalent interactions. These non-covalent interactions 
are either hydrogen-bonding or non-covalent attractive forces. Both hydrogen
bonding and non-covalent attractive interactions result in the formation of a regular ar
rangement of molecules in the crystal. Non-covalent attractive interactions, which 
are sometimes called non-bonded interactions, depend on the dipole moments, po
larizability, and electronic distribution of the molecules. Hydrogen bonding, of course, 
requires donor and acceptor functional groups. Another important factor is the sym
metry of the molecules. Kitaigorodskii ( 1961) provided a review of the forces holding 
crystals together in his classic book Organic Chemical Crystallography. 1be two-
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8 Chapter 1 Drugs as Molecular Solids 

volume Structure Correlations (Btirgi and Dunitz, 1994) describes in detail the modem 
view of crystal packing. 

The symmetry (or lack of symmetry) of a molecule determines how it is packed in 
the crystal and, in some cases, determines the overall symmetry of the crystal. Mole
cules with symmetries that allow them to fit together in a close-packed arrangement 
generally form better crystals and crystallize more easily than irregular molecules. This 
factor is not always evident from molecular models. 

Several researchers have described crystal packing forces in specific classes of 
compounds. Reutzel and Etter (1992) evaluated the conformational, hydrogen
bonding, and crystal-packing forces of acyclic imides. Crystal-packing forces in 
bi phenyl fragments were evaluated by Brock and Minton ( 1989); Gavezzotti and De
siraju (1988) have analyzed packing energies and packing parameters for fused-ring 
aromatic hydrocarbons. 

Kitaigorodskii (1961) has advanced the close-packing theory to explain the 
forces holding crystals together. He suggested that the basic factor that affects free en
ergy is the packing density which affects f:i.H, enthalpy. The denser or more closely 
packed crystal has the smaller free energy. This means that the heat of sublimation 
(and, to a first approximation, melting point) increases as the packing density increases 
and, that in a series of polymorphs, the densest polymorph is the most stable. This is 
the molecular basis of the density rule which states that if one modification of a mo
lecular crystal has a lower density than the other, it may be assumed to be less stable at 
absolute zero (Burger and Ramberger, 1979a). However, it is important to note that 
there are exceptions to this rule. Some exceptions probably arise because strong hy
drogen bonds can negate less dense packing (e.g., ice) thereby causing the less dense 
polymorph to be more thermodynamically more stable (Burger and Ramberger, 
1979a-b). Brock et al.(1991) studied the validity of Wallach's rule, which states that 
the racemic crystals of a pair of enantiomers are denser and thus more stable than crys
tals of the individual enantiomers, and showed that, for the 65 chiral/racemic pairs in
vestigated, the racemic crystals are only -1 % more dense than the corresponding chiral 
crystals (yet the racemates are less dense for many individual pairs). 

Kitaigorodskii ( 1961) also pointed out the importance of symmetry which affects 
f:i.S, entropy. The free energy of a crystal undoubtedly increases as the number of cry
tallographically independent molecules in the crystal increases. Thus high symme
try, which reduces the number of independent molecules in a crystal, increases the free 
energy of the crystal and conflicts with the reduction in free energy gained from close 
packing. The magnitude of these opposing effects varies from structure to structure. 

C. HYDROGEN BONDING 

Of the various forces that hold organic molecules in the solid, hydrogen bonding is 
perhaps the most important. Etter (1990) has reviewed the extent and types of hydro
gen bonding that can exist in solids and pointed out that polar organic molecules in so
lution tend to form hydrogen-bonded aggregates. These aggregates are precursors to 
the crystals which form when the solution is supersaturated. This concept helps to ex
plain the many different hydrogen-bonding motifs seen in different solids. 

Several different types of carboxylic acids have been studied. For example, in o
alkoxybenzoic acids, the presence of dimers or the formation of intramolecular hydro
gen bonds depends on the state of the sample. In o-anisic acid, dimers are observed in 
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1.2 The Crystalline State: Basic Concepts 9 
the solid state while intramolecular hydrogen bonds are observed in dilute solution. However, in o-ethoxybenzoic acid, only intramolecular hydrogen bonds are observed in both the solid state and in solution (Etter, 1990). 

o-methoxybenzoic acid o-ethoxybenzoic acid 
in the solid state in solution in solution and in the solid state 

Etter et al. ( 1988) also studied the hydrogen bonding in salicylamide derivatives and pointed out that two types of hydrogen bonding patterns are possible in these compounds. One pattern involves an intramolecular -N-H .. ·OH- hydrogen bond and an intermolecular -0--H .. ·O=C hydrogen bond while the other pattern involves an intermolecular-N-H-··OH- hydrogen bond and an intramolecular -0-H···O=C hydrogen bond. 

Intra: NH···· OH 
Inter: G=O··· .. HO 

H..._ ,..-R 

OCN? 
H 

? 
Intra: G=O·····HO 
Inter: NH .... OH 

Etter and co-workers (1990a) defined a system which uses a graph set to classify and symbolically represent the different types of hydrogen bonds that can be formed. A short representation of the different graph sets is shown in Figure 1.6. A graph set motif designator (C for intermolecular chains or catemers, R for intermolecular rings, D for discrete or other finite sets, and S for intramolecular hydrogen bonds) is assigned by identifying the size or degree of the hydrogen-bond pattern G, the number of acceptors a, the number of donors d, and the total number of atoms n in that pattern. This designation takes the form: ~(n). 
Etter (1990b) also developed rules governing hydrogen bonding in solid organic compounds. Hydrogen-bond donors and acceptors in solids are classified either as "reliable" or "occasional" donors and acceptors and are listed in Table 1.2. Using these classifications, three rules were devised: 

I . All reliable proton donors and acceptors are used in hydrogen 
bonding. 

2. Six-membered ring intramolecular hydrogen bonds form in prefer
ence to intermolecular hydrogen bonds. 

Page 10



10 Chapter 1 Drugs as Molecular Solids 

D C(4)

oc� 
S(6) 

I 
R

Figure 1.6 Etter graph sets describing different hydrogen bond motifs where D designates a discrete or 
other finite set, C a chain or catemer, S an intramolecular ring, and R designates an in
termolecular ring. The number of hydrogen-bond acceptors in rings is superscripted, the 
number of hydrogen-bond donors is subscripted, and the total number of atoms in the hy
drogen-bond pattern is in parentheses (Etter, 1990; Bernstein et al., 1995). 

3. The best proton donors and acceptors remaining after intramolecu
lar hydrogen bond formation will form intermolecular hydrogen
bonds.

These rules apply quite well to hydrogen bonding of small molecules. However, in 
some larger molecules (e.g., erythromycins), factors dictated by the geometry of the 
molecule as well as the large number of donors and acceptors present may make it im
possible to satisfy all these rules. 

It has been demonstrated that the systematic study of cocrystals (crystals which 
contain an ordered arrangement of two different neutral molecules that are not solvent 
molecules) can lead to insight concerning the factors influencing hydrogen bonding in 
crystals (Etter and Baures, 1988; Etter et al., 1990a-b, Etter and Adsmond, 1990; Etter 
and Reutzel, 1991 ). An important aspect of this research into hydrogen bonding is the 
realization that cocrystals can form and crystallize from certain solutions that contain 
more than one molecular species. Cocrystals are often formed between hydrogen-bond 
donor molecules and hydrogen-bond acceptor molecules. The geometry and nature of 
hydrogen bonding in cocrystals can be described using the above rules. Among the 
cocrystals studied by Etter's group were cocrystals inv0lving ureas with keluues, car
boxylic acids with 2-aminopyridine (see Figure 1.7), as well as adenine or cytosine 
with many acidic organic compounds including carboxylic and N-acyl-amino acids. 
The urea cocrystals are especially interesting because so many can be studied. Other 
cocrystal systems investigated by Etter's group include: 

1.2 The Crystalline State: Basic Concepts 

Table 1.2 Reliable and Occasional Hydrogen Bond Donors and Acceptors 

Type 

Reliable Donor 

Functional Group Involved 

'-. .,..H .... 
0 '•, 

)L .,..H .... 
0 '•, 

'-. .,..H ....... 

r 
H-.. : ... 

)L .,..H ........ 
r 
H ....... 

'-. .,..R 

7 
H ....... 

)L .,..R 

7 
H ....... 

\ 

11 

Occasional Donor 
)LH

_.... ..
-\ � -C-H ....... H ....... H ....... 

Reliable Acceptors 

Occasional Acceptors 

)L"" :tJ( N OH 

····-.. �
/f'--

-CI 

I 
.... ..-::N ,... 
···o,... 'o··· 

I 

······-�
.,........s......___ 

,.........o, 

,)y, 
I I 

,.........o, H

I 

:tN/ 

I 

\ 
-N ....... 

I 

................................................................................................................................................................................ Etter, 1990; Bernstein et al., 1995 

pyrimidines, pyridines ........... carboxylic acids 
pyridine-N-oxides ........... acids, alcohols, amines 

triphenylphosphine oxides ........... acids, amides, alcohols, ureas, sulfonamides, amines, water 
carboxylic acids ........... other carboxylic acids, amides 

m-dinitrophenylureas ........... acids, ethers, phosphine oxides, sulfoxides, nitroanilines 
imides ........... other imides, amides 

!he fo�ation of cocrystals may also be important in explaining certain drug-excipient
mteractions.

Panunto et al. (1987) have reviewed hydrogen bond formation in crystalline ni
troanilin�s. They showed that hydrogen bonding occurred between the amino group 
and the rutro group even though the nitro group is only an occasional acceptor. In gen
eral, they found that the donor hydrogen from the amino group is placed equidistant 

Ri(8l 

---- · 

• 
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1.2 The Crystalline State: Basic Concepts ll 

Table 1.2 Reliable and Occasional Hydrogen Bond Donors and Acceptors 

Type Functional Group Involved 

........_ .,..H .... 0 ... 

........_ .,..H ........ 

r 
........_ .,..R 

7 
H· .. : ... H ....... 

Reliable Donor 

~O_,..H ...... . 
~.,..H ........ 

r ~.,..R 

7 
H ....... H ....... 

Occasional Donor 
-\ 

H ....... H ....... 
\ 

-C-H ....... 

I 

Reliable Acceptors 

-CI /o........_ 
Occasional Acceptors 

I 
... N 

····o-::- 'o···· 
\ 

-N ....... 

I 

Etter, 1990; Bernstein et al., 1995 

pyrimidines, pyridines ........... carooxylic acids 

pyridine-N-oxides ........... acids, alcohols, amines 

triphenylphosphine oxides ........... acids, amides, alcohols, ureas, sulfonamides, amines, water 

carboxylic acids ........... other carooxylic acids, amides 

m-dinitrophenylureas ........... acids, ethers, phosphine oxides, sulfoxides, nitroanilines 

imides ........... other imides, amides 

The formation of cocrystals may also be important in explaining certain drug-excipient 
interactions. 

Panunto et al. (1987) have reviewed hydrogen bond formation in crystalline ni
troanilines. They showed that hydrogen bonding occurred between the amino group 
and the nitro group even though the nitro group is only an occasional acceptor. In gen
eral, they found that the donor hydrogen from the amino group is placed equidistant 
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1:2 Chapter 1 Drugs as Molecular Solids 

between the acceptor oxygens of the nitro group. The geometry of this interaction ap

pears to be controlled by the lone pair directionality of the nitro groups. 

This elegant work by Etter on graph set definitions and qualitative hydrogen

bonding rules can greatly assist the understanding of the interaction of molecules in the 

solid state and presumably also in solution. Further discussion of hydrogen bonding in 

salts is included in Chapter 5. 

1.3 A GIVEN SUBSTANCE CAN CRYSTALLIZE IN DIFFERENT WAYS 

Apart from exhibiting differences in size, crystals of a substance from different sources 

can vary greatly in their shape. Typical particles in different samples may resemble, for 

example, needles, rods, plates, prisms, etc. Such differences in shape are collectively 

referred to as differences in morphology. This term merely acknowledges the fact of 

different shapes: it does not distinguish among the many possible reasons for the dif

ferent shapes. 
Naturally, when different compounds are involved, different crystal shapes would 

be expected as a matter of course. When batches of the same substance display crystals 

with different morphology, however, further work is needed to determine whether the 

different shapes are indicative of polymorphs, solvates or just habits. Because these 

distinctions can have a profound impact on drug performance, their careful definition is 

very important to our discourse. At this time, only brief definitions are presented, but 

an exhaustive treatment of each will be given later. 

Acids that form I :2 and I: I cocrystals 

Q-co2H H3C-o-C02H 

0,0-
~ IJ C02H 

Acids that form only I: I cocrystals 

d/ QO,H CO,H One of two 

< 
-

polymorphs wns 
ohimned mily 

C02H from solution. 

C02H C02H 

Acids that form I: I and 2: I cocrystals 

CC02H The 2: I cocrystal 
was obtained only by 

C02H 
solid-state grinding. 

Figure 1.7 Observed stoichiometries of cocrystals of2-aminopyridine with the compounds listed here 

(Etter and Adsmond, 1990). 
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1.3 A Given Substance can Crystallize in Different Ways 13 

Polymorphs - When two crystals have the same chemical composition 

but different internal structure (molecular packing) they are poly

morphic modifications, or polymorphs. (fhink of the three forms 

of carbon: diamond, graphite, and fullerenes.) 

Solvates - These crystal forms, in addition to containing molecules of 

the same given substance, also contain molecules of solvent regu

larly incorporated into a unique structure. (Think of wet, setting 

plaster: CaS04 + 2 H20 ~ CaS04·2H20) 
Habits - Crystals are said to have different habits when samples have 

the same chemical composition and the same crystal structure (i.e., 

the same polymorph and unit cell) but display different shapes. 

(fhink of snowflakes.) 

Together, these solid-state modifications of a compound are referred to as crystal

line forms. When differences between early batches of a substance are found by mi

croscopic examination, for exrunple, a reference to "form" is particularly useful in the 

absence of information that a11ows the more accurate description of a given variant 

batch (i.e., polymorph, solvatc, habit, or amorphous material). The term pseudo

polymorphism is applied frequently to designate solvates. 

To put these important definitions into a practical context, let us look at two cases 

in which a drug was crystallized from several different solvents and different-shaped 

crystals resulted in each experiment. (See Figures 1.8 and 1.9.) 

Although sometimes dramatically different shapes were obtained upon changing 

solvents for the various crystallizations, the final interpretations in the two cases were 

significantly different. Figures 1.8 and 1.9 can be used to illustrate the application of 

the terminology defined in the previous paragraphs. Upon first seeing these pictures, it 

might be asked: "Although each of these drugs shows different morphology with dif

ferent treatment, are the different-shaped crystals polymorphs, solvates or merely dif

ferent habits?" After various investigations (cf. Methods, Chapter 2) it was concluded 

that all forms of the aspirin (Figure 1.8) have the same structure and therefore each is a 

different habit of the aspirin crystal. The various crystals of ,8-estradiol, however, 

were found to exist as a number of solvate forms (two unsolvated forms are also 

known but not shown in Figure 1.9). At this point we are aware that: a given structure 

can form crystals of quite different shapes; and a given drug may exist in more than one 

crystal structure or crystal form (i.e., polymorph or solvate). 

C CJ 
hexane benzene acetone 

0 .o 
ethanol chloroform 

Figure 1.8 Aspirin crystals grown from different solvents. 
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14 Chapter 1 Drugs as Molecular Solids 

~'' ~ ~ 
methanol ethanol 1-propanol 

b • 0 
• 2-propanol 1-hexanol acetic acid 

?~~~ 
' .../¾ . 

4-methyl-2-pentanone diethyl ether 1,4-dioxane 

<> 
~ -~a::. 

tetrahydrofuran benzene chlorobenzene 

Figure 1.9 ,B-Estradiol pseudopolymorph crystals (solvate and crystallizing solvent are indicated, 
Kuhnert-Brandstlitter, 1971). 

1.4 PROPERTIES THAT AFFECT PHARMACEUTICAL BEHAVIOR 

The familiar example of pure carbon in its three fonns-diamond (tetrahedral lattice), 
graphite (polyaromatic sheets), and fullerenes (polyaromatic spheresHramatizes the 
profound effect that differences in crystal structure can have on the properties of a-
solid. Similar effects can apply to other solid compounds, including drugs. The com-
plex nature of manufacturing operations and regulatory requirements peculiar to the 
pharmaceutical industry thus demands an even closer look at how the properties of a 
given drug can vary with each of its solid-state forms. Given the endless chemical va-
riety of modem drug molecules it becomes obviou~ why solid-state studies are vital to 
the thorough characterization of pharmaceuticals. 

Many physicochemical properties of a drug (see Table 1.3) vary when the solid
state structure of the substance is altered. The practical significance of any of these dif
ferences will, of course, vary from case to case. 

Other properties of drug crystals that are of concern primarily in pharmaceutical 
operations also need to be addressed. These are properties that vary even when the 
crystal structure is fixed and are directly or indirectly related to surface relationships and 
thus largely controlled by crystal habit and size distribution (see Table 1.4 ). These 
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1.5 Properties that affect Pharmaceutical Behavior 15 

Table 1.3 Properties of a Compound that Depend on Structure Differences 

Density 

Hardness 

Cleavage 

S )lubility 

Water Uptake 

Optical Properties 

Electrical Properties 

Thermoanalytical Behavior 

Solid-State Reactivity 

Physical Stability 

Chemical Stability 

Ta hie 1.4 Some Areas Where Control of Solid Form and Size Distribution are Important 

Yield 

Filtr_tion 

Washing 

Drying 

Milling 

Mixing 

Tableting 

Flowability 

Dissolution 

Suspension Formulation 

Lyophilization 

-------------------

variables determine how particles behave with respect to neighboring particles (and 
upon exposure to solvent or solvent vapor) and thus the physical properties of pow
ders. 

At this point, the concept that these crystal properties are directional is introduced. 
In discussing symmetry and space groups (see Sec. 1.2A), it is important to convey the 
notion that unit cells contain different symmetry elements along their axes. A necessary 
consequence of this fact is that most drug crystals have different properties in different 
directions, or alternatively stated, the chemistry on the different faces of a drug crystal 
may be quite differellt. Both the structure and the properties, in short, are anisot
ropic. For example, one face of a crystal may be studded with carboxyl groups 
whereas another face might be entirely occupied by phenyl moieties, thus giving rise to 
some relatively hydrophilic surfaces and some hydrophobic surfaces, to mention only 
one consequence. Furthermore, with a change in crystal habit, the relative areas, hence 
the relative chemical importance of these two kinds of faces would be altered. If we 
now consider additional crystal forms of the same compound, the anisotropic chemical 
variability must be regarded anew for each polymorph and solvate. 

Although it is by now obvious that control of crystal formation is of extreme im
portance, this control is not always easy to achieve. What general principles dictate the 
formation of crystals? 

1.5 How CRYSTALS FORM 

In this section we discuss how crystals form and the factors that influence crystalliza
tion. Table 1.5 lists the common crystallization methods employed for pharmaceuti
cals. Most of the methods covered in Table 1.5 depend on reducing the solubility of 
the compound by one means or another. It is therefore necessary to carefully define the 
solubility-related terms that will be used repeatedly in the discussions that follow. 

A. SOLUBILITY 

The solubility of a solid substance is the concentration at which the solution phase is in 
equilibrium with a given solid phase at a stated temperature and pressure. Under these 
conditions the solid is neither dissolving nor continuing to crystallize. Note that the 
definition implies the presence of a specific solid phase. Once determined under the 
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16 Chapter 1 Drugs as Molecular Solids 

Table 1.5 Common Methods for the Production of Solids in the Pharmaceutical Industry 

Evaporation (including spray drying and slurry fill) 

Cooling a solution 

Seeding a supersaturated solution with crystals of the desired form 

Freeze drying (including from mixed solvents) 

Addition of antisolvents 

Salting out 

Changing pH 

Addition of reagent to produce a salt or new compound 

Deliberate phase transitions during slurry, washing or drying steps 

Simultaneous addition of two solutions 

stated conditions, however, we can talk about the "solubility" of a given phase (e.g. , a 

specific polymorph or pseudopolymorph) as a quantity, even in the absence of that 

solid phase. 
Use of the term "equilibrium" in connection with crystallizing systems requires 

clarification. When a substance exists in more than one crystal form, that is, when 

other polymorphs are possible, only the least soluble of these at a given temperature is 

considered the most physically stable form at that temperature, all others are considered 

to be metastable forms . In given cases, a solution of a substance may be in apparent 

equilibrium with one of these metastable phases for a long time, in which case, the 

system is in metastable equilibrium and is expressing the thermodynamic solubility of 

that solid form. 
It is important to stress the difference between polymorphs and solvates (pseudo

polymorphs) at this point. If a pseudopolymorph exists, it is always (with few excep

tions) the most stable form in the solvent that produces the pseudopolymorph. 

Undersaturation pertains to solutions at a lower concentration than the saturation 

value (i.e., diluted solutions). Crystals will dissolve in undersaturated solutions. 
Saturation is the state of a system where the solid is in equilibrium with the solu

tion, or in other words, the solution will neither dissolve crystals nor let them grow 

(i.e., the concentration of the solution represents the solubility value for that crystalline 

phase). 
Supersaturation pertains to solutions that, for one reason or another (P.g ., rapid 

cooling of a saturated solution without forming crystals) are at a higher concentr-ation --.. 

than the saturation value. Supersaturation is required for crystals to grow. 

B. NUCLEATION 

Supersaturated solutions can sometimes remain in that condition for long periods with

out forming crystals. For example, the reader may have heard of slowly cooling very 

clean water to well below its freezing point of O °C without the formation of ice crystals 

taking place. The first step in forming crystals from a supersaturated solution requires 

the assembly of a critical number of ordered molecules (unit cells) into viable nuclei. 
This process is termed primary nucleation. Assemblies below the critical number 
tend to dissolve while those above the critical number persist and grow into recogniz

able crystals. This behavior is based on the simple fact that the surface area of a spheri

cal body increases with the square of its radius but the volume increases with the cube 
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n-
Figure 1.10 Free energy changes (6.G) which occur during nucleation. Molecules assemble and dis

assemble until a nucleus of a critical •mmber with an energy t:J.G* is achieved; then crys
tallization ensues as the size of the nu :leus increases (Lieser, 1969). 

of the radius. In other words, as an assembly becomes larger, the internal bonds 
holding it together become relatively more significant than the surface forces (solvent
solute interactions) acting to pull the particle apart. A more formal explanation of this 
phenomenon is given in Figure 1.10. 

Despite various tidy theoretical analyses of nucleus formation that have been de
rived, nucleation in the laboratory or industrial setting remains very difficult to control 
in perhaps the majority of cases, due to the many disparate factors that are observed to 
affect nucleation (Table 1.6). In addition to primary nucleation, there is a phenomenon 
known as secondary nucleation which involves further crystallization after initial 
crystals are formed (either from deliberate seeding or primary nucleation). Among the 
factors which affect secondary nucleation are: agitation (including the design and type 
of crystallization vessel and agitator); temperature and concentration gradients; friable 
(breakable) crystal form or habit; and crystal irregularities caused by impurities. Sec
ondary nucleation sometimes has undesirable consequences since it tends to produce 
excessive numbers of very small particles. Furthermore, once crystallization begins, 
factors like concentration, supersaturation, and many of the parameters in Table 1.6 
may change, producing a dynamic environment that makes continued control of the 
process exceedingly difficult. 

The most important lesson in this discussion is that the number of particles and the 
crystal form resulting from a crystallization procedure are determined by nucleation 

Table 1.6 Factors that may Initiate Nucleation 

Pre-existing nuclei on equipment or in air 

Foreign particles of a suitable nature 

Deliberate seeding with desired phase 

Local hypersaturation by soluble metastable phase 

Separation of a liquid phase during processing (e.g., a temperature change or addition of antisolvent) 

Local hypersaturation at an immiscible solvent interface 

Ultrasonic or shock waves 

Scratched surfaces 

Local temperature irregularities 

Local concentration gradients (e.g., created by surface evaporation or reagent addition) 
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18 Chapter 1 Drugs as Molecular Solids 

events. Thus: "one nucleus, one large crystal; a billion nuclei, a billion tiny crystals." 
In polymorphic systems nuclei of different structures can form and coexist in a given 
crystallization, in which case a mixture of crystal forms may be found in the final prod
uct when kinetic factors prevent achievement of equilibrium. 

Consider the situations shown in Figure 1.11. In the top two panels, a crystalliza
tion procedure, using apparently the same protocol, affords different polymorphs on 
separate occasions (needles and plates). In the bottom panel, the "same procedure" re
sults in a mixture of the polymorphs. In these cases, lack of control of the nucleation 
process leads to lack of control of the polymorphs present. It is therefore common 
practice to add nuclei of the desired phase deliberately at an appropriate stage in an in
dustrial crystallization. This process is called seeding, and is one of many measures 
used to control the outcome of crystallizations. 

C. TRANSITIONS BETWEEN CRYSTAL FORMS 

When different crystal forms are possible for a substance each form has a solubility 
value under a fixed set of conditions: solvent composition; temperature; and pressure. 
Even if crystals of two forms have been produced, however, the system will always 
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Figure 1.11 Uncontrolled crystallization in a polymorphic system showing the different polymorphs 
(top panels) or the mixture of polymorphs lbottom panel) which can result. (SI and SIi 
are the solubility limits for Forms I and II, respectively.) 
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tend to produce only the less soluble of two forms eventually (see Figure I. 11). To be 
sure, the time it takes to express this tendency depends on kinetic factors and may be 
quite variable; but in any event, a less soluble form never converts to the more soluble 
form under rigorously defined conditions. 

A few illustrations of the dissolution behavior of some polymorphic drugs may 
help to review these relationships as they apply to solutions at constant temperature. 
Figure 1.12 shows concentration versus time plots for furosemide and Figure 1.13 
shows the concentration versus time plots for theophy !line. In Figure 1.12 there is no 
conversi )n to the most stable crystal form during the experiment. In contrast, in Figure 
1.13 the less stable anhydrate converts to the hydrate during the experiment providing 
unequivo..;al proof that the hydrate is more stable (less soluble) than the anhydrate. In 
these exa"'ples it is 9bvious which form of theophylline is the less soluble. Under 
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Figure 1.12 Dissolution profiles of the different crystal forms of furosemide in buffer solution at 

various pH values at 37° C (Matsuda and Tatsumi, 1990). 
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Figure 1.13 Concentration versus time curves for anhydrous and hydrated crystal forms of theophyl
line in water at 25 °C (Shefter and Higuchi, 1963). 
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20 Chapter 1 Drugs as Molecular Solids 

these conditions, this form will never convert to the other, and can therefore also be 
referred to as the thermodynamically more stable form. 

When temperature is introduced as a variable, however, further distinctions con
cerning the relative stability of alternative forms need to be made. The thermodynamic 
activity (usually observed as solubility) of each form may change quite differently as a 
function of temperature. Monotropic systems are defined as systems where a single 
form is always more stable regardless of the temperature. Enantiotropic systems are 
defined as systems where the relative stability of the two forms inverts at some trans
ition temperature. These relationships are evident in graphic form (see Figure 1.14). 

In actual practice, it is customary to plot log solubility versus 1/T for each solid 
phase (i.e., as a so-called van't Hoff plot). These plots give, in most cases, the data 
in a linear form that lends itself to extrapolation, so that transition points can be deter
mined even when complete data for a given solid phase are unreliable or unavailable. 
Figure 1.15 shows a van't Hoff plot of solubility versus 1/T. In this case, there is a 
transition point where the lines cross and the relative stabilities of the two forms are the 
same (f:i.G = 0). Extrapolation of data 10 K beyond the experimental range is prone to 
produce large errors and is not reliable. 

Transitions from one solid phase to another can occur in the absence of solvent. 
The mechanisms and kinetics of such solid-state transitions can be very complex and 
are addressed in Chapters 14, 15 and 20. For example, Kitaigorodskii et al. (1965) 
showed that a pin-prick can initiate the solid-state transformation of a-p-dichloroben
zene to j3-p-dichlorobenzene within a single crystal. The transformation of a- to j3-p
dichlorobenzene is delineated by the spread of the reaction front from the nucleation site 
through the crystal. A related process is the thermally-induced rearrangement of the a
to /3 form of p-nitrophenol (Coppens and Schmidt, 1965). In this reaction, needle
shaped single crystals rearrange with the phase boundary moving approximately per
pendicular to the needle axis. Grinding or other input of mechanical energy induces 
the polymorphic transformation of chlorpropamide (Otsuka et al., 1989), fostedil (Ta
kahashi et al., 1985), chloramphenicol palmitate (Kaneniwa and Otsuka, 1985), and 
several other drugs (Chan and Doelker, 1985). 

Monotropic System 

1 
I~::,, 

1 -T 

Enantiotropic System 

Figure 1.14 Schematic graphs of concentration versus temperature for a monotropic system and an 
enantiotropic system. 
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Figure I. 1 S A van 't Hoff plot of the water solubility of two methylprednisolone crystal fo rms (log 
of the solubility as an inverse function of temperature, Higuchi et al., 1963). 

D. OTHER SPONTANEOUS CHANGES IN THE SOLID STATE 

In addition to the crystal-to-crystal transitions treated above, we should mention another 
change that can affect properties of drugs: crystal ripening. Crystal ripening occurs 
when the crystal size increases as the solid remains in contact with solution. In this 
process, larger crystals grow (or ripen) at the expense of smaller crystals. In practice, 
newly formed crystals contain many "high-energy sites" from the inclusion of impuri
ties, disordered areas (due to rapid growth), and other causes. Crystals less than about 
one micrometer in size also have excess free energy because of their high surface cur
vature. These "high-energy" crystals tend to dissolve and then contribute to the ripen
ing process when the material is redeposited on a larger crystal, that is, on a lower free 
energy site. This process is called "Ostwald ripening," after its discoverer (Ostwald, 
1896). The effect of ripening on crystal size is shown in Figure 1.16. Control of this 
process is important in cases where small particle sizes are needed (e.g., aerosol prod-
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Figure 1.16 Change in crystal size distribution as a result of ripening (Lieser, 1969). 
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:2:2 Chapter 1 Drugs as Molecular Solids 

ucts). In addition, ripening can explain particle size changes that take place in suspen
sion during crystallization or wet granulation. 

1.6 PROPERTIES OF AMORPHOUS SOLIDS 

Amorphous solids have no long-range order, are not crystalline, and therefore do not 
give a definitive X-ray diffraction pattern. The properties of these solids are of in
terest because they differ considerably from those of their crystalline counterpa ts. 
Amorphous solids do not exhibit birefringence under crossed polars on the mic ·o
scope. The most profqundly amorphous solid is a glass in which the atoms and mo e
cules exist in a totally non-uniform array. Amorphous solids have no faces and cannot 
be identified as either habits or polymorphs. Because the properties of amorphous 
solids are direction independent these solids are called isotropic. 

Amorphous forms can be prepared by rapid cooling (Fukuoka et al., 199 I), 
grinding (Kitamura et al., 1989; Otsuka and Kaneniwa, 1990), or by lyophilization and 
spray drying (Haleblian et al., 1971; Pikal, 1990). For example, rapid cooling gives an 
amorphous form of chloramphenicol palmitate (Kimura and Hashimoto, 1960), as did 
over 20 other pharmaceuticals (Fukuoka et al., 1991 and references therein). Lyophili
zation gave amorphous forms of fluprednisolone (Haleblian et al., 1971), antibiotics 
(Pikal etal., 1977), and proteins (Pikal, 1990). 

An amorphous solid is characterized by a unique glass transition temperature 
Tg, the temperature at which it changes from a glass to a rubber. When T rises above 
T g, the rigid solid can flow and the corresponding increase in molecular mobility can 
result in crystallization or increased chemical reactivity of the solid. 

Although amorphous solids often have desirable pharmaceutical properties, such 
as rapid dissolution rates (Fukuoka et al., 1987), they are not usually marketed because 
of their lower chemical stability (Pikal et al., 1977) and their tendency to crystallize 
(Fukuoka et al., 1991), thus overriding any adventitious properties. Nevertheless, in 
some cases, amorphous forms are used as products. An excellent example is novobio
cin (Mullins and Macek, 1960) which exists in a crystalline and an amorphous form. 
The crystalline form is poorly absorbed and does not provide therapeutic blood levels; 
in contrast, the amorphous form is readily absorbed and is therapeutically active. Fur
ther studies show that the solubility rate of the amorphous form is 70 times greater than 
the crystalline form in 0.1 NHCl at 25 °C when articles <iO µmare used. Table 1.7 
(Haleblian, 1975) shows d?.ca for the plasma levels of novo 10cin's amorphous and 
crystalline forms and for sodium novobiocin, which also gives detectable plasma lev
els, but is chemically unstable in solution. Unless special precautions are taken, an 
amorphous form will sometimes be slowly converted to the crystalline form (Fukuoka 
et al., 1991 and references therein). 

Table 1. 7 Dog Plasma Levels of Novobiocin after Administration of Different Novobiocin Forms 

Hours after dose (mg/mL) 

Form 

Sodium novobiocin 

Amorphous novobiocin acid 

Crystalline novobiocin acid 

Haleblian. I 975. 

0.5 1.0 2.0 3.0 4.0 5.0 
0.5 0.5 14.6 22.2 16.9 10.4 

5~ ~~ ~.3 n.3 n~ w2 

Not detectable at any time 

6.0 
6.4 

17.5 
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1.7 MOISTURE UPTAKE BY SOLIDS 

Some crystalline solids talce up water from the atmosphere and are termed hygroscopic 
solids in the literature. Unfortunately, there can be no clear definition of hygroscopic 
solids because hygroscopicity is a relative term . Hygroscopicity is determined by 
both a kinetic and a thermodynamic term and is a function of the atmospheric relative 
humidity. In high relative humidities, many solids are hygroscopic. In atmospheres of 
low humidity, only a few solids will be hygroscopic. Another factor influencing hy
groscopicity is surface area and thus porosity. The larger the surface area of the solid, 
the more rapid the uptalce of moisture. This is because solids with larger surface areas 
have more sites for adsorption of water molecules. Zografi et al. ( 1991) suggested that 
hydroscopicity not be used and that the relative humidity at which a water-soluble solid 
deliquesces (RH0) should be used instead. This is a scientific term that can be clearly 
defined and will not vary from investigator to investigator but is only applicable for 
highly \ ,ater soluble solids. 

Zografi et al. ( 1991) also described guidelines for the establishment of pharmaceu
tical compendium water specifications and processes by which water is adsorbed by 
solids. They suggested that surface water generally does not amount to more than I to 
3 molecular layers. Since the cross-sectional area of a water molecule is about 0 . 125 
nm2, I to 3 molecular layers would amount to only negligible percentages of water. 
Table 1.8 shows the calculated layers of water on the surface of a solid as a function of 
surface area and particle diameter. It is clear from this table that even for the smallest 
particles, 0.1 % water will form a monolayer on the surface. Hence, three layers would 
only account for about 0.3% water. Obviously, claims for large increases in weight 
because of surface moisture are not consistent with this observation. 

When solids that are not solvates contain large amounts of water, it has been hy
pothesized that water must be taken up into the solid by disordered or high-energy re
gions such as defects and amorphous sites. They further suggested that such effects 
might be exaggerated by manufacturing processes that reduce particle size, such as mi
cronization, milling, or related processes known to increa~e the number of high energy 
sites. Of course, some solids can take up so much water during these processes that 
they become damp or even liquefy at RH11 (Zografi et al., 1991 ). This tendency is usu
ally easily detected by microscopic observation. The mass of water necessary for the 
solid to change from a glass to a more fluid-like system is designated Wg. 

The formation of crystal hydrates, of course, is another way for water to be incor
porated into a solid. In these cases the water molecules generally occupy a specific 
crystallographic site in the solid. This site can be determined by X-ray crystallography 
which thus unequivocally proves the existence and composition of the hydrate. How-

Table 1.8 Calculation of the Number of Molecular Layers of Water on Solid Spheres 
of Sucrose a.~ a Function of the Surface Area and Particle Diameter.' 

Number of Layers Specific Surface Area (m2/g) Particle diameter (microns) 

I. I 3.8 I 

11 0 .38 IO 

42 0.10 38 

110 0.038 100 

a Density = 1.59 g/cm3 at 0.1 % water content. 
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24 Chapter 1 Drugs as Molecular Solids 

ever, many hydrates exist in which the water is located in tunnels within the crystal. 
The water can be located accurately only by determination of the crystal structure at low 
temperatures (if even then). In these cases, the water content may change rather easily 
with changes in relative humidity. 

Plots of vapor pressure versus relative humidity are an excellent way to determine 
the nature of a solid with respect to water sorption (see Figure 1.17). The different 
kinds of behavior that these plots may be expected to show include: 

1 . Virtually no water uptake 
2. Gradual water uptake, characteristic of an amorphous material or ,t 

nonstoichiometric hydrate (a hydrate without a simple ratio of 
water to host molecule) 

3. "Stair-step" water uptake, characteristic of a stoichiometric hydrate 

Figure 1.18 shows the behavior of two stoichiometric hydrates (a monohydrate 
and a sesquihydrate) as well as a nonstoichiometric hydrate of sodium cefazolin. In 
addition, amorphous sodium cefazolin also exists and takes up and loses water in a 
more or less gradual fashion as described below. 

Sorption of water into amorphous solids or regions of a solid involves dispersion 
or dissolution of the water molecules within a solid. The more polar a solid, the greater 
the amount of water taken up. Obviously, in such systems the water content depends 
upon relative humidity. In addition, the amount of water absorbed may not reach equi
librium for several months (Zografi et al., 1991). 

In summary, Zografi et al. (1991) made the following recommendations with re
gard to water specifications: 

1 . A complete profile of relative humidity versus water content 
(weight) should be reported for all reference standards. 

2. For amorphous solids, both Tg and Wg should be reported. 
3. For deliquescent solids, the Rifo and an appropriate warning on the 

label should be provided. 
4. For stoichiometric hydrates, the water specifications should reflect 

the stoichiometry. 
5. Attention should be paid to materials which do not form well

defined hydrates and can take up or lose water as the humidity is 
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Figure I. 17 Idealized vapor pressure versus relative humidity plot. 
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Figure 1.18 Vapor pressure versus relative humidity diagrams for three hydrates of sodium cefazolin. 
The sesquihydrate and monohydrate behave normally and the "pentahydrate" is actually a 
nonstoichiometric hydrate (Osawa et al., 1988; Pfeiffer, 1988). 

varied. Any structural changes that accompany changes in water 
content should be noted. (Some hydrates can lose water without 
changing crystal structure. This is due to the formation of an ex
tremely stable crystal packing network by the host molecule.) 

1.8 LYOPHILIZED POWDERS 

Many antibiotics, proteins, and other drugs are marketed as lyophilized powders. The 
process of freezing a solution of the drug and then removing the ice by sublimation 
yields a product that is low in moisture and high in specific surface area. Although the 
solid may crystallize during the freeze drying process, the usual product is an amor
phous powder. If the solid crystallizes during storage, a slower dissolution rate would 
be expected. 

1.9 PATENTS ON VARIOUS CRYSTAL FORMS 

A review of the patent literature indicates that crystal forms and processes involving 
crystal forms are patentable. Of the approximately 41,000 patents in the Pharmaceuti
cals section of Chemical Abstracts (listed prior to August 28, 1991 ), 122 use the key
word "crystal," 10 use the keyword "polymorph," 27 use the keyword "solvate," and 
191 use the keyword "hydrate," or keywords involving higher hydrates. In addition, 
79 use the keyword "crystallization." Many of the most interesting patents which were 
retrieved in this search are listed in Table 1.9. It is important to note that this search is 
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Table 1.9 Selected Patents on Various Crystal Forms Listed in Chemical Abstracts 

Substance 

Sodium Acetylsalicylate 

Amoxicillin 

Amoxicillin 

Arnphotericin B 

Azetidine Sulfonic Acid 

Azithromycin 

Beclomethasone 

Beclomethasone 

Beclomethasone Dipropionate 

Beclomethasone Diproprionate 

Beclomethasone Diproprionate 

Benzimidazole Derivative 

Buspirone-HCI 

Catechin 

Cefadroxyl 
Cefadroxyl Monohydrate 

Cefahydroxyl Monohydrate 

Cefamandole Derivative 

Sodium Cefazolin 

Ceftazidirne 

Ceftazidirne Intermediate 

Ceftazidirne-5H20 

Cefurox.irne 
Cephalexin 
Cephalexin 
Cephalexin 

Crystal Form 

crystalline 

anhydrous sodium salt 

pyrrolidone solvate 

crystals 

crystalline anhydrous form 

dihydrate 

bhlorofluorocarbon solvate 

olvates 

reon® solvate 

aU.ane sol vates 

new crystal form 

crystalline 

interconversion 

monohydrate and anhydrate 

runhydrate 

mono hydrate 

crystalline 

y-form 

mono hydrate 

anhydrous crystal modification 

crystalline HCI-H2O 

pentahydrate 

crystalline sodium salt 

crystalline 

monohydrate 

t-type monohydrate 

Utility 

stable 

nonhygroscopic and stable 

injectable 

purification process 

improved stability 

nonhygroscopic 

stability 

aerosol formulation 

aerosols 

formulation 

does not form solvates with propellants 

thermostable with small particle size 

preparation of either form 

formulations 

preparation 

preparation 

preparation from CH3CN solvate 

stability and lack of hygroscopicity 

crystallization process 

stability 

purification 

increased activity 

crystallization 

formulation 

stability 

novel 

~ 
01 

Abstract No. 

108:44030n ~ 
102: 172646! 

~ 
~ 

96:7463lk .... 
I 12:240473f t::, 

99:10852n a 
111 :45265s 

~ 
IO 

94:52972d "' 3: 
96:91650h 

e ;-
113:29296p " e. 
102:209431k e: 

94:162747s 
g, 
&: 

108: 137876h "' 
111 :239476g 

103:59298b 

111 :239478} 

111:239477 h 

103:166151v 

86:78672, 

90:61247, 

102:67395a 

102:191162m 

105:30045x 

102:32299v 

84:184895} 

74:6404} 

89:169093! 
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Table 1.9 (continued) Selected Patents on Various Crystal Forms Listed in Chemical Abstracts 

Substance Crystal Form Utility Abstract No. 

Cephalexin-HCI mono hydrate immediate release 103: 129047v 
r 

Cephalosporin Antibiotic heptahydrate sodium salt improved stability 100:73975q 

Sodium Cephalothin crystallization improved filtration properties 87: 141273z 
I 

A Cephem Carboxylic Acid hydrates stability 110:29096m 

Sodium Cephem-carboxylate crystals formulation 103: 129069d 

Cephradine hydrate stability 115:3574ln 

Cimetidine Form A formulation 100:12669w 

Cimetidine Form B formulation 109:237026v 

Cimetidine Form B preparation 109:176349d 

Cimetidine Form Z formulation 99:I0848r 

Corticosteroids chlorofluorocarbon solvates lack of crystal growth in aerosols 85:51743g 

Cyclosporin orthorhombic form sustained release 112:145575g ... 
DDI, DDT monohydrate high water solubility 115:35706e "' Deoxycholic Acid unsolvated crystals improved formulations 94 :162743n -i:, 

Deoxyspergalin crystalline improved hygroscopicity , stability, handling 115: 15582h a .. 
Dianemycin glycon crystalline anhydrous form 106:23267p a 

"' 
Dibenzopyrone polycrystalline form improved blood levels 86:95990k 0 = 
Famotidine morphologically homogeneous homogeneous forms 108:192770u < ID 

Famotidine separation of crystal forms increased activity 111 : l 80678u 
... s· 
= Flunisolide crystal form aerosols 93:138020h "' 
(") 

Flunisolide crystal form aerosols 94 :214609v -.';! 
Gabapentin Monohydrate monohydrate novel crystal form 113:138572w ~ e. 
Gabexate Mesylate lyophilized crystals high stability 111:63927p "ti 

0 .. 
Ibuprofen crystalline improved flow properties 102:5090lq e 

"' lnotropic Agent hydrates administration 112:204687v 

Insulin crystalline suspension improved release 94 :214619y 
~ 

" 
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Table 1.9 (continued) Selected Patents on Various Crystal Forms Listed in Chemical Abstracts 

S;:bstance 

lsoglutamine Derivative 

Josamycin 

LYl63892 

LYl63892 

LY 163892 (antibiotic) 

Meclophenoxate-HCI 

Mefloquine-HCI 

Methylbutylamine-HCI Derivative 

Methyldopa Salts 

Milrinone 

Naphthyridine Carboxylic Acid 

Necromodil Na 

4-Oxo-2-azetidinyl Derivative 

Penicillin Derivative 

Phenylpropiophenone 

A piperazine-HCI 

Piroxicam 

Prazosin-HCI 

Pyran-9-one Derivative 

N-Pyridylcarboxyamide 

Quinolone Carboxylate 

Sorbitol 

Steroid 

Sulfametrole Hemihydrate 

(S)-Timolol 

Crystal Form 

monohydrate 

solvent-free crystals 

dihydrate and trihydrate 

solvates 

mono hydrate 

type I crystals 

polymorph 

mrn<>hydrate 

$
talline solvates 

3 r}stal modifications 

uihydrate 

F m1B 

c slals 

hf misolvate 

srhe rical crystals 

new crystal form 

/J-form 

a-form 

polymorphs 

polymorphic monoethanolamine salt 

anhydrate 

y-form 

monoclinic or triclinic forms 

hemihydrate 

he mi hydrate 

Utility 

more stable, less hygroscopic 

formulation 

preparation and formulation 

intermediates 

formulation 

more stable, less hygroscopic 

improved solubility and bioavailability 

not hygroscopic 

crystalline 

formulations 

stability 

stability 

crystalline 

stability 

sustained release 

increased solubility 

improved flow properties 

preparation 

particle size 

increased stability 

stability and preparation 

improved tableting 

preparation and formulation 

no sediment upon storage 

preparation 

~ 
00 --

Abstract No. 

106: 125878/ ~ 
{l 

87:90714} 
~ t t4:88656z .... 

l14:88639w t::, 
I 11 :201646z .. 

C: 

l07:64843n ~ 
ID 

l03: I 29044s "' a:: 
l07:223314} ~ 
t07:242598w " e. 
II0:63770m e: 
98 :59888x 

g, 
s: 

I08:226832h "' 
l08: I 37873e 

85:130523p 

115: 155981 

l05: I 58806p 

1lt :140479y 

99:10849s 

83:152334p 

l05:664601 

112: 185779h 

95:30396n 

114:214521s 

t07:223316m 

t14:49576d 
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I. IO Solid-State Reactions of Drugs :29 

by no means comprehensive since several of the most important patents on crystal 
forms, including those on ranitidine hydrochloride and cefuroxime axetil, did not show 
up as "hits." 

It is clear from Table 1.9 that patents based on solid-state properties have been is
sued for a wide range of drugs crystallizing in many different crystal forms and having 
many different uses. The types of drugs included in Table 1.9 range from antibiotics, 
to antiulcer drugs, to anti tumor and antiviral agents, to anti-inflammatory agents. Pro
teins and various salts are also included. Polymorphs, solvates, hydrates of various 
types, and lyophilized crystals are among the crystal forms claimed. As might be ex
pected, a wide range of uses is cited. Among the most frequent uses cited are improved 
formulation, handling, and stability. In addition, there are several patents on crystal 
forms with reduced hygroscopicity and improved solubility and bioavailability. Patents 
will no doubt continue to be issued on crystal forms. In fact, it is likely that the number 
of crystal forms patented will greatly increase since our ability to characterize and un
derstand the crystal forms has greatly improved. 

1.10 SOLID-STATE REACTIONS OF DRUGS 

The scientific discipline of solid-state chemistry of drugs emphasizes studies of the 
chemical and physical properties of the various solid forms just discussed. These 
studies include solid-state phase transformations (polymorphic transformations), reac
tions in which solvent of crystallization is lost or gained, and a broad range of solid
state chemical reactions. 

It is necessary to establish criteria for solid-state reactions in order to focus on true 
solid-state reactions. This will avoid a liquid-state reaction being identified as a solid
state reaction. Morawetz ( 1966) suggested four criteria for determining whether a reac
tion is a true solid-state reaction and a fifth and very important criterion can be added 
from Paul and Curtin (1973): 

1 . A reaction occurs in the solid when the liquid reaction does not occur 
or is much slower. 

2. A reaction occurs in the solid when pronounced differences are found 
in the reactivity of closely related compounds. 

3. A reaction occurs in the solid when different reaction products are 
formed in the liquid state. 

4. A reaction occurs in the solid if the same reagent in different crystal
line modifications has different reactivity or leads to different reaction 
products. 

5. A reactjon occurs in the solid phase if it occurs at a temperature below 
the eutectic point of a mixture of the starting material and products. 

Once it has been established that the reaction is occurring in the solid state, the reaction 
can be understood in terms of a four-step process (Paul and Curtin, 1973): 

1 . loosening of the molecules at the reaction site 
2 . molecular change 
3. solid solution formation 
4. separation of the product phase 
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Table I. 10 Soiin-State Chemical Reactions of Drugs 

Solid-State Oxidations (Chapter 18) 

Dialuric Acid (Clay et al., 1982) 

Dihydrophenylalanine (Ressler, 1972) 

yY 0 OH 

2 · 0.75 H2O 

HYNH 

0 

. 0.75 H2O 
+ 
NH3 ?rJ:2-

Phorbol &ters (Schmidt and Hecker, 19 

a 

O2C(CH2) 12CH3 
.02CCH3 

f Me 

CH2OH 

02 -

02 -

~o 
N 
H 

~ yO:z + H2O 

~~H3 

+ 

CH2OH 

~ 
0 

Q 
{l 
~ .... 
0 .. = 
~ 
~ 
3:: 
0 

i 
g, 
~ 
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Table I.IO (continued) Solid-State Chemical Reactions of Drugs 

Vitamin C (Rubin et al., 1976) 

H:4 I - osy,{ ~ 
O~H H H 

Hydrocortisone tert-Butylacetate (Brenner et al., 1969) 

,CHCH20H 
Ho···' 

CH20 2CCH2t-Bu 

0 2 -
0 

Vitamin D2 (Kanzawa and Kotaku, 1953) 

Me 

Me 

H 

_c;HCH20H 
Ho··' 

0 

0 2 -
0 

f02H 

C02H 

CH20 2CCH2t-Bu 

Me 

Me 

--0 

"' 0 = =-
"' £ .. 
~ 
IO 

&. 
0 
1:1 
"' 0 ... 
i:::, 
a 
~ 

~ 

""' 
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Tallie t. to (continued) Solid-State Chemical Reactions of Drugs 

Additions of Gases to Solids-Solid-State Hydrolyses (Chapter 19) 

Aspirin (Leeson a!1d Mattocks, 1958) 

& 02CCH3 

I 

Nitrazeparn (Genton and Kesselring, 1977) 

H I 0 

N~ 

-H20 

Ph 

H20 - & OH 

I 

~ ~ 
N~oNH, 

Pli 

+ 

~ 

~ 

CH3C02H 

('l('"H2 

NO~O 

Ph 

NY0 

NO~NH2 

Ph 

bl 
{l 
~ .... 
i:::, .. 
C 
~ 
!! 

== e. .. 
n 
C 
[ 
g, 
t:: e-
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Table 1.10 (continued) Solid-State Chemical Reactions of Drugs 

Solid-State Decomposition Reactions: A (solid) ---t B (solid) + C (gas) (Chapter 20) 

Dehydration of Tetracyclines (Simmons et al., 1966) 

OH 

lfNH2 

HO 0 HO 0 0 

Dehydrochlorination of Caffeine Hydrochloride (Biedermann, 1883) 

Me....._=rr=O r 
~ I ; -2HO 

0 N 1 2 
I H c1-

Me 

Decarboxylation of p-Aminosalicylic Acid (Lin et al. , 1978) 

- 0 2~ 

H~~H3 

-H20 

HO HO 0 

-H20 

-HCI 

M ~~e 
})l) 

~e 

h + CO2 

H~NH2 

OH 

lfNH2 

0 

--C> 

Cl) 
0 g: 
0 
a 
"' 
~ 
ID 
il ;· 
= "' 0 ..., 
0 
;:! 
~ 

~ 
~ 
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Table I.JO (continued) Solid-State Chemical Reactions of Drugs 

Solid-State Decomposition Reactions: A (solid) ~ B (solid) + C (gas) (continued) 

Decarboxylation of Moxalactam (Pikal and Dellennan, 1989) 

0 Me<; J;1 r=~ 
H~~)=t) NyN-M,_ 

C02H ~ 

N-N 
0 MeO H / - \ 

H~~yN-M, 
C02H C02H 

Dehydrochlorination of Aminosalicylic Acid Hy~rochlorides (Lin er al., 1978) 

H 

~'~o,H 

7.~H + 

H
3
~C02-

HCI 

Solid-State Photochemical Reactions (Chapter 21) 

Gibberellins (Adam and Voigt, 1971) 

2 -
C02CH3 C02CH3 

' 

+ CO2 

~ 
~ 

9 
{l 
~ ... 
\:) .. = 
~ .. 
"' 
~ g,. 

[ 
e: 
t 
~ 
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Table J.10 (continued) Solid-State Chemical Reactions of Drugs 

Dieldrin (Benson, 1971) 

-
Cl Cl 

Nifedipine (Hayase et al., 1994) 

hv l NO .... - + other products .... 
Vis Me02G..__ ,,..C02Me 

0 

"' e = 
Me 

Po, 

N02 _( Me' N. 0 
C02Me 

a 
"' ill 
"' IO 
::I. 

Me" 'N' 'Me \ II I ;· 
= "' 

hv 

Me02G..__ l N02 e .... - i::, 
UV ,,..C02Me ... = OQ 

"' 

Me 
~ 
\JI 
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Table I.ti} (continued) Solid-State Chemical Reactions of Drugs 

Solid-State Thermal Reactions (Chapter 22) 

Rearrangement of Aspirir, Anhydride (Garrett et al., 1959) 

CH&O~~, ~ CH3CO M2CCH3 

~~o ~ :1 
l) I + 

~ 

CH&C2 0 

~ 02CCH3 

I ,ij 

Rearrangement of a Triazenoimidazole (James et pl., 1969) 

I CONH2 

(Y ~N'N-ca,ca,c, rN I 
-

CICH2CH2 

Rearrangement of the Methyl Ester ofTetraglycine (Sluyterman and Veenendaal, 1952) 

H,00~~00Me -
0 0 

X
CONH2 

f I H Cl ~ B..-:-~ -CH2C 2 N: + . H 
c1-

Me...__N~0N~00-
H2 II H II 

0 0 

~ 
OI 

~ 
{l 
~ ... 
0 
i! 
~ 
"' "' ::: 
0 

i 
(ll 
0 

i 
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Table I.JO (continued) Solid-State Chemical Reactions of Drugs 

Solid-Solid Reactions (Chapter 24) 

Reaction of p-Aminosalicylic Acid Hydrochloride with Sodium Carbonate (Lin et al., 1978) 

q OH 

+ Na2CO:J 

NH3 Cl-

- q OH 

+ H2O + CO2 + NaCl 

NH2 

... 
;.. 
0 

g, 
= c:,. 

0 
a .. 
~ 
a . 
C> 
~ 
C> ... 
t:, 
a 
~ 

(,N 

" 

I 
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3 8 Chapter 1 Drugs as Molecular Solids 

These four steps are discussed in more detail in Part 5 of this book. 

It is important to realize that many solid-state reactions of drugs involve drug 

degradations which have been studied mostly on the macroscopic level. In fact, few 

studies aimed at determining the molecular aspects of the solid-state chemistry of drugs 

have been published. These reactions are of interest because of a desire to prevent such 

degradation. Even for such common drugs as vitamin D2 and vitamin A, the structures 

of only a few of the solid-state degradation products have been published. Therefore, 

in many respects, the solid-state chemistry of drugs is synonymous with drug 

degradation. 
Table 1. 10 summarizes some of the solid-state chemical reaction: , of drugs and is 

arranged according to the type of chemical reaction involved. Only sol d-state reactions 

in which the chemical structure of the product(s) is known are included. The 

classification scheme used in this table is used throughout this book, and each class of 

reaction is treated in a separate chapter or chapters as noted in the table. 

1.11 STABILITY TESTING 

One of the practical areas encompassed by the field of solid-state chemistry of drugs is 

the area of stability testing. Stability tests are conducted on all marketed drugs in order 

to determine an expiration date after which the drug will not be sold. The fDA has 

issued guidelines for stability testing ( Guideline for Submitting Documentation for the 

Stability of Human Drugs and Biologics, 1987) and the draft of an update (Guidance 

for Industry: Stability Testing of Drug Substances and Drug Products, 1998). These 

guidelines describe the design and interpretation of stability studies, the content of 

stability reports, and methods for computing an expiration date. 

Manufacturers are required to ensure that the drugs distributed and marketed are of 

the best possible quality. However, because the phrase "best possible quality" is 

vague, the government has attempted to define this idea in terms of current good 

manufacturing practices (cGMP). 
Good manufacturing practices were published in the Federal Register on 

September 29, 1978. They require, among other things, that 

l . essentially all products must bear an expiration date 

2. all products bearing this date must describe the storage conditions 

under which this date applies 
3. the stability-testing program must be defined in writing 

An expiration date is required to assure that drug products have the identity, purity, 

structure, :md quality described on the label and package insert during their period of 

use under the storage conditions described. If the product is subjected to higher 

temperatures than those described, then the actual expiration date will be sooner than 

the expiration date on the label. 
Generally, stability studies and expiration dates should be determined under 

conditions approximating normal storage conditions rather than under accelerated 

conditions. One of the reasons is that elevated temperatures used in accelerated stability 

tests may be above the eutectic of the reactant or product and may result in misleading 

Page 39



I.ll Stability Testing 39 

information (see Figure 1.18). Nevertheless, a series of accelerated stability tests can 
be used to determine the best storage conditions. 

For accelerated stability tests, each crystalline form and habit of the pure solid 
as well as solid-solid mixtures of the pure solid with excipients and adjuncts 
(additives used to prepare the pharmaceutical product) should be maintained at elevated 
temperature (different companies use different temperatures) in vials or ampoules. In 
addition, accelerated studies in which samples are deliberately exposed to light are often 
carried out. One ampoule or vial should be assayed each day using the most sensitive 
method available. The experiment should be run for at least two weeks, and the data 
should be used to determine the rate of decomposition. The rate is conveniently 
determined using the computer program described in Chapter 23. If the elevated 
temperature is too close to the melting point of the solid, liquid could form after only a 
few percent decomposition through the lowering of the melting point by the 
decomposition products present. Under these circumstances, it is probably best to 
lower the temperature and extend the study. 

The activation energy is also of interest in predicting product stability. For 
determination of the activation energy, the kinetics (percentage of decomposition versus 
time) of the solid-state reactions are determined at three or more temperatures. 
However, the kinetics of solid-state reactions are often much more complicated than in 
the corresponding solution reactions. Solid-state reactions are usually not clearly zero
order, first-order, etc., but are often of fractional orders. Thus determination of the rate 
constant at different temperatures is difficult, if not impossible. In addition, because of 
the slowness of many solid-state reactions, rate studies are usually only carried through 
one or two half-lives. For this reason, Carstensen (1974) suggests that first-order or 
zero-order kinetics should be assumed for determination of the activation energy. Thus 
the rates of decomposition are measured at several temperatures and plotted according 
to zero-order and first-order kinetics. The equation that gives the best fit by statistical 
tests is then assumed to give the best rate constants. An attractive alternative approach 
is to apply the computer program discussed in Chapter 3 to the data. 

The rate constants (k) are then plotted versus temperature (7) according to the 
Arrhenius equation 

(I.I) 

where R is the gas constant. From this plot, A (the pre-exponential factor) and Ea (the 
activation energy) are determined and used to determine the rate constant (k) at the 
labeled storage conditions. This rate constant is then used to estimate the expiration 
date. 

The reactivity of the compound in solution at elevated temperatures should also be 
determined to give information about the "intrinsic reactivity" of the drug. 

The stability of the drug in light is also usually determined. Each crystalline form 
and habit of the pure solid and mixtures with adjuncts and excipients is exposed in a 
suitable light cabinet under the following conditions: inert atmosphere, exposure to air, 
and exposure to increased humidity humidity. These latter studies can conveniently be 
performed using a glove bag. Samples are assayed each day using the most sensitive 
method available. 

The container in which the drug has the greatest stability is selected. The best 
container is determined by measuring the rate of degradation of the drug in various 
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40 Chapter 1 Drugs as Molecular Solids 

containers under various storage conditions. Obviously, the container and storage 

conditions in which the rate of decomposition is slowest should be chosen. 

1.12 SUMMARY 

This chapter summarizes the scope of the area of solid-state chemistry of drugs. It is 

clear that this is a broad, relatively unexplored area involving an understanding of 

crystallization, the properties of crystals, the forces holding crystals together, the 

properties of other solids (i.e., amorphous solids), the chemical or ph/ sical reactions 

involved, the criteria for solid-state reactions, the kinetics of solid-state reactions, and 

the broad field of stability testing. 
There is a need to develop an understanding of solid-state reactio 1s of drugs in 

terms of the molecular details of the reactions. Of particular interest is the determination 

of the molecular parameters that can lead to retardation of the solid-state reactions of 

drugs and thus render drugs more stable. 
It is the aim of the rest of this book to further illustrate the importance and value of 

molecular understanding of solid-state reactions. 
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The X-Ray Powder 
Diffraction Method 

X-Ray powder diffraction, like the single crystal method discussed in the previ
ous section, is an effective method of distinguishing solid phases having dif
ferent internal structure. The X-ray powder method is experimentally simple 

and does not require large single crystals, but instead can readily be applied to any 
powdered sample. While the powder method is much simpler, it gives data about only 
a relatively few hkl planes of a substance, i.e., only the most strongly diffracting 
planes. Nevertheless, this information is quite adequate to distinguish among any solid 
phases present. 

3.1 INSTRUMENTS FOR POWDER DIFFRACTION MEASUREMENTS 

Instruments used in the X-ray powder diffraction method fall into two categories: dif
fractometers and cameras. Figure 3.1 shows a schematic drawing of a modem powder 
diffractometer and Figure 3.2 shows a photograph of a powder X-ray camera. All in
strumentation for X-ray powder diffraction yields the same information about the dif
fraction characteristics of the sample, namely the intensities of the maxima and the an
gles at which they occur. The raw data are recorded either on film (which takes about 

X-ray source 

powdered sample 
in holder 

detector 

Figure 3.1 Schematic drawing of a modem 29 powder X-ray diffractometer 
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60 Chapter 3 The Powder Diffraction Method 

Figure 3.2 A Debye-Scherrer powder camera. 

two hours) or on a plotter or strip chart (which takes from a few minutes up to about a 
half hour). Examples of these data presentations are shown in Figure 3.3 and either is 
suitable for making direct visual comparisons. 

Further treatment of the film data, by visual measurement or with automated den
sitometer, reduces the data to the universal standard form: d verses ///max where d is 
the "d-spacing•· (in Angstroms) obtained from Bragg's law (nA = 2dsin0) and lllmax is 
the peak intensity relative to the strongest peak in the pattern. Likewise, strip chart data 
is readily converted, usually by a computer program, to the same universal standard 
form. Modern instruments with computerized data handling features can express the 
data in any desired format. 
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Two fonns of powder diffractogram data presentation for the same material. The top bar 
represents the film diffractogram obtained by a powder camera and corresponds to the dif

fractogram below it obtained by a computer controlled diffractometer. 

3.2 POWDER DIFFRACTION USING SYNCHROTRON RADIATION 

In recent years, major advances have been made in applying synchrotron X-radiation to 
powder diffraction problems. The high intensity and nearly monochromatic radiation 
obtained from a synchrotron allow measurement of high resolution diffraction patterns. 
In favorable cases, synchrotron radiation has been used to obtain enough diffraction 
data to solve crystal structures of small organic molecules including cimetidine (Cerni.k 
et al., 1991) and 6,13-dichlorotriphendioxazine (Fagan et al., 1995). In the future, 
high speed computers and better computational methods are expected to allow more 
complicated structures to be determined. Even in cases where the structure cannot be 
determined, synchrotron powder diffraction allows accurate determination of the unit 
cell parameters and space group. This information is especially important for detecting 
extraneous phases. 

3.3 THE HANAWALT SYSTEM 

Hanawalt et al. (1938) devised a system for cataloging the X-ray powder data for any 
substance. The system requires the data to be in the universal standard form: d versus 
lllmax. In this form, wavelength and instrument constants are eliminated, and therefore 
data can be compared between laboratories that may be using different conditions. 

A central file is maintained by the ICDD (International Centre for Diffraction Data, 
1998) [formerly called the Joint Commission on Powder Diffraction Specifications 
(JCPDS)] in printed and electronically retrievable forms. Updates are made available 
periodically and, of course, the system is suited to customized additions by any user. 

An example of the file data for a typical entry is given in Figure 3.4 All diffraction 
peaks for the compound are listed in decreasing order of d value along with the corre
sponding relative intensity. Other useful crystallographic data, including optical data, 
are also included when available. 
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Figure 3.4 Examples of powder diffraction data from the Powder Diffraction File (PDF): (top) a card 

entry and (bottom) an entry from the CD-ROM (International Centre for Diffraction Data, 
1998). 

Note that retrieval is based on the d values of the four most intense peaks (boxes at 

upper left). While this system is generally adequate for retrieving close matches, some 
flexibility in applying it does need to be exercised in view of the possible unknown ef
fects of preferred orientation on the intensities (see Sect. 3.4). A group of, say, 
three or four close matches can then usually be reduced or eliminated on the basis of 
other available information. 
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3.4 COMPARING X-RAY POWDER DATA 

The most useful methcxl to compare X-ray powder diffraction data obtained from dif
ferent samples and on the same instrumentation is to overlay and align the respective 
films or plots. When plots are available, a tracing of each previously characterized 
form on transparent film is very helpful. The ensuing comparisons of peak positions 
and intensities may fall anywhere between complete agreement to complete disagree
ment of the patterns. In either of these extreme cases, the respective conclusions are, of 
course, unequivocal: the structures are the same or they are different. An alternative 
methcxl involves comparing 20 values versus intensities of the various forms and not
ing any differences. 

Often, however, two patterns may show many differences but also have several 
peaks that appear to coincide. A judgment must be made as to whether the coincident 
peaks: 1) are indeed, just a few coincidences and the samples do have different struc
tures; or 2) are due to the presence of a common component implying the sample is a 
mixture of structures. The patterns of highly unequal mixtures will contain only the 
strongt r peaks of the minor component at greatly reduced intensity, but all of the peaks 
of the major component. With experience, the pattern recognition capabilities of the 
human mind will play an important role in these comparisons. 

Let us tum to some factors that affect the quality of the X-ray powder diffraction 
data, (i.e., factors that affect the accuracy of peak locations and intensities). Most er
rors in peak locations are usually minor and arise from either film shrinkage in the cam
era methcxl or sample misalignment in the diffractometer method. In both situations, 
these errors can be detected and corrected by mixing an internal standard with the pow
der. 

The observed intensities of one or more peaks, however, can vary considerably 
among different samples of the same substance. This variability is most often the result 
of preferred orientation of the crystals that comprise the powder. For an individual sin
gle crystal, a given hkl plane gives a single diffraction spot when the crystal is at a fixed 
orientation to the X-ray beam and detector. A powder, containing many crystals ran
domly oriented with respect to the X-ray beam and detector, produces a uniform cone 
of diffracted radiation for each hkl plane. This uniform cone results in a uniform inten
sity measurement regardless of the geometry of the diffraction equipment. Preferred 
orientation is most likely to arise when the powder consists of needle-like or plate-like 
crystals (i.e., shapes that are prone to align in a non-random or preferred orientation). 
For example, if several handful of soda straws are thrown into a shoe box, the straws 
will mostly align parallel to each other. Similarly, scatter a deck of cards on a table and 
all of the cards lay flat on the table. For needle- and plate-like crystals, the preferred 
orientation effects can be minimized by reducing the size of the crystals (usually by 
grinding) before the sample is placed onto the sample holder. However, care must be 
taken to guard against grinding to an extent that phase transitions to other crystal forms 
or an amorphous form are induced. Where amorphous material is produced, the inco
herent scattered radiation from the amorphous fraction of the sample adds to the general 
background of the powder pattern (a diffuse halo on films, a broad hump of higher 
background scatter on diffractometer tracings). Therefore, when the pattern of a sub
stance is found to gradually become weaker as the material is milled or ground, it may 
be taken as strong evidence that the structure is being destroyed by the process. If 
these changes occur, serious consideration must be given to how particle-size reduction 
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is achieved. In addition, observations of this kind are useful indications of what kind 

of solid-state changes might occur during processing of the drug product. 
Another situation in which fixed peaks may vary in intensity arises when a sol

vated crystal loses solvent but does not lose its crystal structure. (See Chapter 16 on 

Solvates and Desolvated Crystals.) In this case, the loss of solvent may affect the in

tensity of certain planes more than others. It is therefore good practice to obtain refer
ence patterns of solvated crystals using powders damp with the appropriate solvent. 

The effect of solvent loss on peak intensities will then be easier to interpret. 

3.5 VARIABLE TEMPERATURE AND ATMOSPHERE STUDIES 

Modem diffractometers can be fitted with an environmental chamber that allows control 

of the atmosphere as well as the temperature. This method has been quite useful in the 

study of interconversions of crystal forms under different conditions as well as for the 

study of desolvations and other processes. If changes in the X-ray powder diffraction 
pattern are observed upon heating, additional studies are needed to determine whether 

desolvation, degradation, or a polymorphic transformation is occurring. The method is 
also useful in conjunction with differential scanning calorimetry (DSC) and other 

thermal methods (see Chapter 5). 

3.6 QUANTITATIVE ANALYSIS OF MIXTURES 

X-Ray powder diffraction has also been used to quantify the percentages of a crystal 

form in a mixture of forms. Quantification usually requires extensive calibration using 
known mixtures of the two components, but the effort can provide a powerful method 

for pharmaceutical analysis and assurance of a consistant product. 
Matsuda) et al. (1984) have shown that X-ray powder diffraction can be used to 

analyze mixtures of a- with 8- and /3- with 8-phenylbutazone as shown in Figures 3.5 

and 3.6. In these cases, Matsuda and co-workers made known mixtures of a- with 8-
and /3- with 8-phenylbutazone and obtained the powder diffraction patterns shown in 
Figure 3.5. Figure 3.6 shows the calibration curves obtained by taking the intensity 
ratios of the peaks indicated by the arrows in Figure 3.5. They were able to use these 
calibration curves to determine the rate of interconversion of a- to 8- and /3- to 8-
phenylbutazone. It is important to note that some calibration curves are nearly hori
zontal, meaning that large errors can result. However, in other cases, the calibration 
curves have a relatively large slope and can give more accurate results. Because the 

intensity ratio of the a-8mixture.at6..~.1° aQlfil)ached infinity at low concentra
tions, the reciprocal ratio was also used to establish the calibration curve. Thus for the 

a-8 mixtures, Figure 3.6 shows two curves (diamonds and filled circles) for the peaks 

at 6.6° and 7 .1 ° where the lower portions of the curves (bolded) were used for the cali

bration. 
Suryanarayanan (1989) has used powder diffraction extensively to study the dif

ferent polymorphs and hydrates of carbamazepine determining the relative amounts of 
a- and /3-carbamazepine in mixtures. In this case, the integrated intensities of the IO .1 
A line (unique to a-carbamazepine) in the mixtures were measured. Plots of the intc,. 
grated intensity of this line versus the weight fraction of the a form gave a good 

straight-line calibration curve with coefficients of variation of up to 10% and a mini-
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Figure 3.5 X-Ray diffraction patterns of a- mixed with 8-phenylbutazone and ~ mixed with 8-
phenylbutazone binary mixtures in various ratios (Matsuda) et al., I 984 ). 

mum detectable limit of less than 5%. Furthermore, Suryanarayanan stated that pre
ferred orientation can have a major effect on quantification of powder mixtures and that 
it is thus important to grind the samples in quantitative studies. 

Suryanarayanan ( 1990) also used powder diffraction to determine the ratios of an
hydrous carbamazepine and carbamazepine dihydrate in mixtures. In these studies he 
measured the ratios between the 6.78 and 9.93 A lines. The 6.78 A line was used to 
analyze for anhydrous carbamazepine and the 9.93 A line to analyze for carbamazepine 
dihydrate. Interestingly, he found that if he analyzed loosely packed powders, a rather 
large coefficient of variation resulted. When he compressed the samples, the coeffi
cients of variation were greatly reduced. 

Suryanarayanan and Herman (1991) also used powder diffraction to quantify the 
amount and form of carbamazepine in tablets that also contained microcrystalline cellu
lose, starch, and stearic acid. In this study, the tablets were ground in a ball mill and 
the powder was mixed with LiF (as an internal standard) in a 20% w/w mixture. These 
studies allowed the determination of the carbamazepine content of unknown tablets with 
a coefficient of variation of between 0.28-2. l %. This study was very successful in 
part because carbamazepine was the major ingredient in the tablet. 

Recently, profile-fitting approaches, rather than single-line measurement, have 
been used to quantitate X-ray powder diffraction (Tanninen and Yliruusi, 1992). These 
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Figure 3.6 Calibration curves for a-8 phenylbutazone and {3-8 phenylbutazone binary mixtures using 

intensity ratios at the indicate 20 values (Matsuda) er al. , 1984). 

workers showed that profile-fitting can be quite useful in the study of a- and 8-
prazosin hydrochloridea-. They found that they had a surprisingly good detection sen

sitivity of 0.5 % and that the relative amounts of the two polymorphs could be deter

mined with an accuracy of 0.5 to I .0% depending on the amount of peak overlap. The 

use of peak-profile fitting, which has also been used to quantitate mixtures by FT-IR 

spectroscopy, appears to have significant potential for improving the accuracy of X-ray 

powder diffraction analysis of mixtures. 
Mixtures of crystalline and amorphous materials have also been studied using 

powder diffraction. In early studies, Pikal et al. (1977) determined the percentages of 

amorphous and crystalline forms in antibiotics but found the errors using this procedure 

were large. Ryan (1986) has shown that X-ray powder diffraction can be used to de

termine the crystallinity of imipenem:cilastatin sodium mixtures using the peak intensity 

of the crystalline component. Crocker and McCauley (1995) measured the X-ray dif

fraction intensity of amorphous irnipenem at a diffraction angle where crystalline 

imipenem peaks did not occur. 
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Polymorphs 

s discussed in Chapter 1, polymorphs exist when two crystals have the same 
chemical composition but different internal structure, including different unit 
cell dimensions and different crystal packing. Compounds that crystallize as 
polymorphs can show a wide range of different physical and chemical 

properties, including different melting points and spectral properties. Polymorphs can 
also differ in their solubility. density, hardness, and crystal shape. While some com
pounds may exist in only two polymorphs, others may exist in many polymorphs 
(e.g., progesterone has five polymorphs and water has nine polymorphs). Control of 
polymorphism is particularly important for pharmaceuticals where changing the poly
morph can alter the bulk properties, dissolution rate, bioavailability, chemical stability, 
or physical stability of a drug. The clearest indication of the existence of polymorphs 
comes from the X -ray crystallographic examination of single crystals of the various 
samples that are known to have the same composition. Often, however, X-ray powder 
diffraction is sufficient to establish the existence of polymorphs. 

There is, unfortunately. no standard numbering system for polymorphs. In the lit
erature, the various polymorphs have been designated by Roman numerals (preceded 
by the word "Form," e.g., Form I), Greek letters (with the suffix "-form," e.g., a
form), or in some cases, capital letters (similar to the Roman numeral system). To add 
to the confusion, some of numbering schemes of polymorphs also include solvates 
(e.g., the a- and y-forms of indomethacin are anhydrates, yet the /)-form is the benzene 
solvate). Furthermore, some polymorphs have been identified only by their crystallo
graphic classification (e.g., the two polymorphs of (±)-/)-promedol are designated the 
monoclinic form and the rhombohedral form). It has been suggested that polymorphs 
be numbered consecutively in the order of their stability at room temperature or by their 
melting point. This of course would lead to confusion upon the discovery of a new 
polymorph having intermediate stability or melting point and thus requiring renumber
ing of the existing polymorph system. It has also been suggested that polymorphs be 
numbered consecutively in the order of discovery, but this requires knowledge of their 
history and a timely access to that information. Whatever the numbering system, it is 
imperative that it be consistent. Thus, when a new polymorph is discovered and 
characterized, the designation of the new polymorph should be the next increment in the 
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previous system. However, this is not always practical when more than one laboratory 
is involved in the development process at the same time. 

10.1 CLASSIC EXAMPLES OF POLYMORPHISM 

This section summarizes several classic examples of polymorphism which have ap
peared in the chemical literature. 

A. 4-CHLOROPHENOL 

Cl-o-OH 4-chlorophenol 

The crystal structure of both the thermodynamically stable (a) and unstable (/1) forms 
of 4-chlorophenol have been determined (Perrin and Michel, 1973a-b ). Both forms 
belong to the same space group (P2dc); they both have the same number of molecules 
per unit cell (Z = 8) and nearly identical densities, yet they have different cell parame
ters (see Table 10.1). The crystal structure of the J3-form projected on the (100) plane 
is shown in Figure 10.1. The packing consists of tetramers of molecules connected by 
hydrogen bonding. The crystal packing of the a-form (shown in Figure 10.2) also 
consists of tetramers connected by hydrogen bonds, but the arrangement of the rings is 
slightly different than that of the /3-form. Although the J3-form converts to the a-form, 
no detailed studies of this transformation have been reported. 

Figure 10.1 Projection of the crystal structure of the /3-form of 4-chlorophenol (. chlorine atom, 
®hydroxyl group) (Perrin and Michel, 1973b). 

Table 10.1 Crystallograph 
4-Chlorophenc 

Parameter a-F 

Space Group 
a(A) 

b(A) 

c(A) 

/3 
z 

p 

1: 

Peale (g em-') 
v (A3) 

I 

122( 

a Perrin and Michel, 1973a. 

Figure 10.2 Projection of t 
e hydroxyl gn 

B. DIBENZ[a,h]ANTHRA 

In an early study of polyr 
fil)r]anthracene (1,2:5,6-; 
1947; 1956). Although tl: 

r-~-•""' (Table 10.2) and 
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previous system. However, this is not always practical when more than one laboratory
is involved in the development processat the sametime.

 

10.1 CLASSIC EXAMPLES OF POLYMORPHISM 

This section summarizes several classic examples of polymorphism which have ap-
peared in the chemicalliterature.

ot\-OH 4-chlorophenol
The crystal structure of both the thermodynamically stable (c) and unstable ($8) forms
of 4-chlorophenol have been determined (Perrin and Michel, 1973a—b). Both forms
belong to the same space group (P2;/c); they both have the same number of molecules
per unit cell (Z = 8) and nearly identical densities, yet they have different cell parame-
ters (see Table 10.1). The crystal structure of the 6-form projected on the (100) plane
is shown in Figure 10.1. The packing consists of tetramers of molecules connected by
hydrogen bonding. The crystal packing of the a-form (shown in Figure 10.2) also
consists of tetramers connected by hydrogen bonds, but the arrangement of the rings is
slightly different than that of the B-form. Although the B-form converts to the a-form,
no detailed studies of this transformation have been reported.

A. 4-CHLOROPHENOL 
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Table 10.1 Crystallographic Parameters for Two 
4-Chlorophenol Polymorphs 

Parameter a-Forma f:J-Formb 

Space Group P2t!C P2 1/c 
a(A) 8.84 4.14 
b(A) 15.726 12.85 
c(A) 8.790 23.20 
{3 92.61° 93.00° 

z 8 8 

Peale (g cm-3
) 1.40 1.38 

V(A3) 1220.7 1232.5 

a Perrin and Michel, l973a. b Perrin and Michel, l973b. 

Figure 10.2 Projection of the crystal structure of the a-form of 4-chlorophenol (. chlorine atom, 
@)hydroxyl group) (Perrin and Michel, 1973a). 

B. DIBENZ[a,h]ANTHRACENE 

dibenz[a,h ]anthracene 
{1,2:5,6-dibenzanthracene) 

In an early study of polymorphism, the crystal structures of Forms I and II of dibenz
[a,h]anthracene (1,2:5,6-dibenzanthracene) were determined (Robertson and White, 
1947; 1956). Although the forms have the same density, they belong to different space 
groups (Table 10.2) and have quite different packing. The crystal packing of Form I 
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Parameter a-Form‘’ £-Form’

Space Group P2,/e P2i/e
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P- cA) 8.790 23.20
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. Figure 10.2. Projection of the crystal structure of the a-form of 4-chlorophenol (@ chlorine atom.
@ hydroxyl] group) (Perrin and Michel, 1973a).

B. Dipenz[a,h] ANTHRACENE

dibenz[a,janthracene
(1,2:5,6-dibenzanthracene)

ine atom. In an early study of polymorphism, the crystal structures of Forms I and UI of dibenz-
{a,AJanthracene (1,2:5,6-dibenzanthracene) were determined (Robertson and White,
1947; 1956). Although the forms have the same density, they belong to different space
groups (Table 10.2) and have quite different packing. The crystal packing of Form I
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(orthorhombic form) is shown in Figure 10.3 and the crystal packing of Form ll 
(monoclinic form) is shown in Figure 10.4. 

Figure 10.3 Crystal packing of Form I (orthorhombic form) of dibenz[a,h]anthracene (Robertson and 

White, 1947). 

Figure 10.4 Crystal packing drawing of Form II (monoclinic form) of dibenz[a,h]anthracene (Robert

son and White, 1956). 

Table 10.2 Crystallographic 1 
Dibenz[a,h]anthra 

Parameter F< 

Space group f 

a(A) 

b(A) 

c(A) I 

/3 9 

z 
Peale (g cm-3) 

v <A3> 141 

V/molecule 35 

Robertson and White, 1947; R 

C. ACRIDINE 

Acridine crystallizes in fi 
Schmidt, 1955). The cry! 
and are shown in Figures 
forms appear to be quite si1 

Table 10.3 Crystal Parameter 

Parameter a-For 

Space group P2th 
a(A) 16.18 

b<A> 18.88 
c(A) 6.08 

/3 95.67' 

z 8 

Peale (g cm-3 ) 1.27 
V(A3) 1848.: 

V/Z(N) 231.1 

Habit Needle 

Herbstein and Schmidt, 1955 
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and are shown in Figures
forms appear to be quite si:

0.3 Crystal packing of Form I (orthorhombic form) of dibenz[a,#Janthracene (Robertson and
White, 1947).

Figure 1

Table 10.3 Crystal Parameter

Parameter a-For

Space group P2yk
afA) 16.18
b(A) 18.88
cA) 6.08
B 95.67
Zz 8

Praic (g crm) 1.27
Vv (A3y 1848..
WIZ (A) 2314
Habit Needle

Herbstein and Schmidt, 1955
 

Figure 10.4 Crystal packing drawing of Form [I (monoclinic form) of dibenz{a,h]anthracene (Robert-
son and White, 1956).
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Table 10.2 Crystallographic Parameters for Two 
Dibenz[a,h]anthracene Polymorphs 

Parameter Form I Form II 

Space group Pcab P2t 
a(A) 8.22 6.59 

b(A) 11.39 7.84 

c(A) 15.14 14.17 

fJ 90.0° 103.5° 

z 4 2 

Peale (g cm-3) 1.29 1.29 

V(A3) 1417.5 711.9 

V/molecule 354.4 355.9 

Robertson and White, 1947; Robertson and White, 1956. 

C. AcRIDINE 

oco ~ N 

acridine 

Acridine crystallizes in five polymorphs as shown in Table 10.3 (Herbstein and 
Schmidt, 1955). The crystal structures of the a- and y-forms have been determined 
and are shown in Figures 10.5 and 1 0.6, respectively. The crystal packing of these 
forms appear to be quite similar although the cell parameters are obviously different. 

Table 10.3 Crystal Parameters of the Various Polymorphs of Acridine 

Parameter a-Form fJ-Form y-Form .5-Form £-Form 

Space group P2tla A a PIUlb P2t2t2l P2 1/n 

a(A) 16.18 16.37 17.45 15.61 11.37 

b(A) 18.88 5.95 8.89 6.22 5.98 

c(A) 6.08 30.01 26.37 29.34 13.64 

fJ 95.67° 141.33° 90.00° 90.00° 98.67° 

z 8 8 16 12 4 

Peale (g cm-3) 1.27 1.29 1.15 1.24 1.29 

V(A3) 1848.2 1826.3 4090.8 2848.7 918.2 

VIZ (A') 231.0 228.3 255.7 237.4 229.5 

Habit Needles Plates Laths Laths Prisms 

Herbstein and Schmidt. 1955 
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Acridine crystallizes in five polymorphs as shown in Table 10.3 (Herbstein and
Schmidt, 1955). The crystal structures of the a@- and ~forms have been determined
and are shown in Figures 10.5 and 10.6, respectively. The crystal packing of these
forms appear to be quite similar although the cell parameters are obviously different.

tobertson and

Table 10.3 Crystal Parameters of the Various Polymorphs of Acridine 

Parameter o-Form £-Form y¥Form 6&Form=¢-Form

Space group P2yla Aa Pnab P2,2,2, P2/n
a{A) 16.18 16.37 17.45 15.61 11.37
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p························································~ 

-~&:P ~ &:P 
c?r~c?r 
'~ i 

~····················· ~ 
Figure 10.5 Crystal packing of acridine a-form with 0 representing the nitrogen atom of the 

acridine ring (Phillips, 1956). 

Figure 10.6 Crystal packing of acridine y-form with ED representing the nitrogen atom of the acridine 
ring (Phillips et al., 1960). 

10.2 CONFORMATIONAL AND CONFIGURATIONAL POLYMORPHISM 

In this section, two special types of polymorphism will be discussed. Conformational 
polymorphism occurs when a molecule adopts a significantly different conformation in 
different crystal polymorphs (Bernstein, 1987). (The term "significantly different" is 
open to interpretation.) This term does not adequately describe cases where different 
types of isomers crystallize in different forms. Thus an additional term--configura
tional polymorphism-is defined. Configurational polymorphism exists when different 
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Figure £6.5 Crystal packing of acridine o-form with @ representing the nitrogen atom of the
acridine ring (Phillips, 1956).

Figure 10.6 Crystal packing of acridine ¢form with © representing the nitrogen atom of the acridine
ring (Phillips e¢ at., 1960).

10.2 CONFORMATIONAL AND CONFIGURATIONAL POLYMORPHISM

In this section, two special types of polymorphism will be discussed. Conformational
polymorphism occurs when a molecule adopts a significantly different conformation in
different crystal polymorphs (Bernstein, 1987). (The term “significantly different” is
open to interpretation.) This term does not adequately describe cases where different
types of isomers crystallize in different forms. Thus an additional term—cenfigura-
tional polymerphism—is defined. Configurational polymorphism exists when different
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configurations (i.e., cis,trans isomers or tautomers) crystallize in separate crystalline 
forms. 

Crystallization of cis,trans isomers in different crystalline forms is well known and 
occurs whenever the pure isomer is crystallized. Crystallization of pure tautomeric 
forms in separate crystals leads to what may be called tautomerizational polymorphism. 
The crystallization of equilibrating isomers in configurational polymorphs is of signifi
cantly more interest. When this occurs, the phenomenon of configurational polymor
phism can be used to isolate and study the individual isomers provided they exist in 
crystalline form. 

A. TRI-a-NAPHTHYLBORONAMINE 

tri-a-naphthylboronamine 
FormA 

tri-a-naphthylboronamine 
FormB 

Brown and Sujishi (1948) reported an early example of conformational polymorphism 
with the following observations: 

1. Two crystalline forms oftri-a-naphthylboronamine are found. 
2. The metastable Form A is converted to the stable Form B slowly at 

room temperature and rapidly above 100 oc. 
3. The dissociation pressure of the metastable form is higher than the 

stable form. 
4. Removal of NH3 from either form gives identical samples of tri-a

naphthylboron. 

Based on these results, the two forms were suggested to have structures depicted 
above. In these forms, the conformation of the tri-a-naphthylboron is the same except 
that the NH3 is connected to the boron on the more hindered side for the unstable form 
and the less hindered side for the stable form. Thus these structures explain the differ
ence in dissociation pressures of the two forms and the fact that removal of NH3 gives 
the same conformer of tri-a-naphthylboron. They also explain why the unstable form, 
being the most sterically hindered, can be converted to the stable form. 

Unfortunately, while tri-a-naphthylboron was one of the first suggestions of con
formational polymorphism, it was never confirmed by X-ray crystallographic analysis. 
The example, nevertheless, points out some of the molecular factors that influence 
polymorph formation. 
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B. ETHYL 2-[(PHENYLMETHYL)AMIN0]-2-BUTENOATE 

ethyl Z-2-[(phenylrnethyl)
arnino ]-2-butenoate 

--
ethyl E-2-[(phenylrnethyl)

arnino]-2-butenoate 

Infrared studies (Dabrowski, 1963) and NMR studies (Dudek and Volpp, 1963) 
indicate that the Schiff base ethyl 2-[(phenylmethyl)amino]-2-butenoate (ethyl {3-
benzylaminocrotonate) exists in configurational polymorphs; the low-melting form (mp 
23 °C) has the cis- or Z-conformation and the high-melting form (mp 75-80 oq has the 
trans- or £-conformation. These conformers equilibrate in solution, but upon crystalli
zation, the configurations shown are "frozen" out in their respective polymorphic 
structures. 

The crystal structure of the £-isomer has been determined in our laboratory (Shieh 
et al., 1983). Crystals of the £-isomer belong to space group P212121 with a = 
19.655 A., b = 5.778 A., and c = 10.632 A.. Figure 10.7 shows the structure of this 
isomer, and indeed it has the structure of the £-isomer suggested by spectroscopic 
evidence (Dudek and Volpp, 1963). 

The NMR and IR spectra of ethyl 2-[(phenylmethyl)amino]-2-butenoate are com
pletely consistent with this assignment. A solution-NMR spectrum of the low-melting 
form (prepared by dissolving crystals at low temperature) indicates that it is indeed the 
Z-isomer (Dudek and Volpp, 1963). In this experiment the isomer present in the solid 
state predominates in solution because of the low temperature. In our laboratory we 
have studied the isomerization rate of the Z-isomer to the £-isomer at ambient tempera
ture in DMSO where it is relatively rapid. Measurement of the rate of this reaction at 
various temperatures gives an activation energy of 56.9 kJ/mol. 

Figure 10.7 Stereoview of ethyl2-[(phenylmethyl)amino]-2-butenoate in the high-melting £-isomer: 
H 0, C e. N@, 0 e (Shiehet al., 1983). 

10.2 
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B. ETHYL 2-[(PHENYLMETHYL)AMINO]-2-BUTENOATE

HOor A FHroe
H

 

Et

H CH2Ph

ethyl Z-2-[(phenylmethy})-
amino]-2-butenoate

ethyl E-2-[(phenylmethyD-
amino}-2-butenoate

Infrared studies (Dabrowski, 1963) and NMR studies (Dudek and Volpp, 1963)
indicate that the Schiff base ethyl 2-[(phenylmethylamino]-2-butenoate (ethyl B-
benzylaminocrotonate) exists in configurational polymorphs; the low-melting form (mp
23 °C) has the cis- or Z-conformation and the high-melting form (mp 75-80 °C) has the
trans- or E-conformation. These conformers equilibrate in solution, but upon crystalli-
zation, the configurations shown are “frozen” out in their respective polymorphic
structures.

The crystal structure of the Z-isomer has been determined in our laboratory (Shieh
et al., 1983). Crystals of the E-isomer belong to space group P2,2,2, with a =
19.655 A, b= 5.778 A, and c = 10.632 A. Figure 10.7 showsthe structure of this
isomer, and indeed it has the structure of the E-isomer suggested by spectroscopic
evidence (Dudek and Volpp, 1963).

The NMR andIR spectra of ethyl 2-[(phenylmethy!)amino]-2-butenoate are com-
pletely consistent with this assignment. A solution-NMRspectrum of the low-melting
form (prepared by dissolving crystals at low temperature) indicates that it is indeed the
Z-isomer (Dudek and Voipp, 1963). In this experiment the isomer present in the solid
state predominates in solution because of the low temperature. In our laboratory we
have studied the isomerization rate of the Z-isomer to the E-isomer at ambient tempera-
ture in DMSO where it is relatively rapid. Measurement of the rate of this reaction at
various temperatures gives an activation energy of 56.9 kJ/mol.

 
Figure 10.7 Stereoview of ethyl] 2-[{(phenylmethylantino]-2-butenoate in the high-melting E-isomer:

HO,C@,N ®@, 0 @ (Shieher ai., 1983).
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The energies in kJ/mol for a number of rotamers of the E- and Z-isomers have 
been calculated using the CAM SEQ program (Weintraub and Hopfinger, 1 975) which 
employs semiempirical potential and electrostatic functions to calculate the energies of 
each rotamer. These calculations indicate that the conformation of the E-isomer as 
determined by X-ray crystallography is one of the lowest energy conformations, 
although the E- and Z-isomers have nearly the same energy in a vacuum. 

C. 4-(N-CHLOROBENZYLIDENE)-4-CHLOROANILINE 

Cl~c(~ I\_ ~N~Cl 
4-(N -chlorobenzylidene )-4-chloroaniline 

The Schiff base 4-(N-chlorobenzylidene)-4-chloroaniline crystallizes in two poly
morphs (Bernstein and Hagler, 1978). Although the structures of both polymorphs are 
disordered, it can be seen that the conformation of the molecule is strikingly different in 
the two polymorphs. Hence, these forms are termed conformational polymorphs. 
Conformational polymorphism of drugs is discussed in more detail later in Section 
10.11. In the stable (triclinic) form, the molecules are planar, whereas in the unstable 
(orthorhombic) form the phenyl rings are rotated by equal but opposite amounts (24.8°) 
with respect to the H-C N least-squares plane of the imine. The crystal packings of 
these two forms is shown in Figures 10.8 and 10.9. 

Molecular orbital and lattice energy calculations were used to analyze the reasons 
for conformational polymorphism of 4-(N-chlorobenzylidene)-4-chloroaniline (Bern
stein and Hagler, 1978). Quantum-mechanical calculations for a single molecule 

Figure 10.8 Stereoview of 4-(N-chlorobenzylidene)-4-chloroaniline triclinic polymorph (Bernstein 
and Hagler, 1978). 
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The energies in kJ/mol for a number of rotamers of the E- and Z-isomers have
been calculated using the CAMSEQ program (Weintraub and Hopfinger, 1975) which
employs semiempirical potential and electrostatic functions to calculate the energies of
each rotamer. These calculations indicate that the conformation of the E-isomer as
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Figure 10.9 Crystal packing stereoview of 4-(N-chlorobenzylidene)-4-chloroaniline orthorhombic 

form. (Bernstein and Hagler, 1978). 

showed that the nonplanar conformation was energetically favored by perhaps 
2.09-6.28 kJ/mol but the lattice-energy calculations, using semiempirical potential 
functions, showed that the planar structure (triclinic form) gave a lower lattice energy 
by about 4.19 kJ/mol. These calculations explain why the triclinic polymorph is the 
stable crystalline polymorph even though it contains the less stable (planar) conformer. 

Programs that calculate the packing energy are now available, for example, Ceriui 
(Molecular Simulations, Inc., 1997). These programs alone or in combination with 
structure elucidations based on powder diffraction data will provide new approaches to 
the structure analysis of materials when suitable single crystals are not available. 

D. 3-0xo-3H-2,1-BENZOXIODOL-I-YL 3-CHLOROBENZOATE 

~(fi-5 
y u 

Cl 

3-oxo-JH-2,1-benzoxiodol-1-yl 
3-cblorobenzoate 

As part of their extensive study of the crystal chemistry of iodoperoxides, Gougoutas 
and Lessinger (1974) determined the crystal structure of two polymorphs of 3-oxo-3H-
2, 1-benzoxiodol-1-yl 3-chlorobenroate. This compound crystallizes in a- and j3-forms 
that both belong to the monoclinic crystal system (Table 10.4). 

10. 

Figure 10.10 The crystal p; 
(Gougoutas and 

Figure 10.11 The crystal 1 
(Gougoutas anc 

Table 10.4 Crystallographic 
2,1-benzoxiodol-1 

Parameter 

Space Group 
a(A) 

b(A) 

c(A) 

{3 
z 
Peak (g em-') 

V(A3 ) 

Gougoutas and Lessinger, 19~ 

The a-form is essent 
make an angle of aJ 

forms is also quite d 
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Crystal packing stereoviewFigure 10.9
form. (Bernstein and Hagler. 1978).

 showed that the nonplanar conformation was energetically favored by perhaps
7.09-6.28 kI/moi but the lattice-energy calculations, using semiempirical potential
functions, showed that the planar structure (triclinic form) gave 4 lower lattice energy
by about 4.19 k}/mol. These calculations explain why the triclinic polymorph is theugh it contains theless stable (planar) conformer.stable crystalline polymorph even thoProgramsthat calculate the packing energy are now available, for example, Cerius’
(Molecular Simulations, Inc., 1997). These programs alone or in combination with
structure elucidations based on powder diffraction data will provide new approachesto
the structure analysis of materials when suitable single crystals are not available.
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As part of their extensive study of the crystal chemistry of iodoperoxides, Gougoutasand Lessinger (1974) determined the crystal structure of two polymorphs of 3-0x0-3H-
2,1-benzoxiodol-1-yl 3-chlorobenzoate. This compoundcrystallizes in c- and B-forms
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Figure 10.10 The crystal packing of 3-oxo-3H-2.1-benzoxiodol-l-yl 3-chlorobenzoate a-form 
(Gougoutas and Lessinger, 1974). 

Figure 10.11 The crystal packing of 3-oxo-3H-2, 1-benzoxiodol-1-yl 3-chlorobenzoate ~form 
(Gougouta..;; and Lessinger, 1974). 

Table 10.4 Crystallographic Unit Cell Parameters for 3-0xo-3H-
2, 1-benzoxiodol-1-yl 3-Chlorobenzoate 

Parameter a-Form ~Form 

Space Group P2,1n Pc 

a(A) 6.376 5.057 

b(Al 10.547 13.035 

c(A) 20.066 10.339 

fJ 92.0° 99.5° 

z 4 2 

Peak (g cm-1
) 1.984 2.009 

v <A3l 1348.6 672.2 

Gougoutas and Lessinger. 1974. 

The a-form is essentially planar in the crystal while in the /3-form the two phenyl 
rings make an angle of approximately 55o with each other. The crystal packing of the 
two forms is also quite different as shown in Figures I 0.10 and 1 0.11. These two 
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Figure 10.10 The crystal packing of 3-oxo0-3H-2,i-benzoxiodol-1-yl 3-chlorobcnzoate
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forms have different solid-state infrared spectra (see Figure 10.12), as expected since 
the molecule is in different conformation in the two crystal forms. 

2000 
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~ 1600.6cm-> 
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Wavelength (microns) 

3000 2500 2000 1500 cm-1 1000 
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6 7 8 9 10 11 12 13 14 15 
Wavelength (microns) 

3000 2500 2000 1500 cm-1 1000 

/}form {KBr pellet) 

6 8 9 10 11 12 13 14 15 
Wavelength (microns) 

Figure 10.12 Infrared spectra of 3-oxo-3H-2,l-benzoxiodol-l-yl 3-chlorobenzoate {Gougoutas and 
Lessinger, 1974). 
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forms have different solid-state infrared spectra (see Figure 10.12), as expected since
the molecule is in different conformation in the two crystal forms.
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E. TAUTOMERIZATIONAL POLYMORPHISM 

Cl 

keto form 
3-( 4-chlorophenyl)-

2-[2-(2-(methoxycarboxyphenyl)
amino)phenyl]-3-oxopropanoic acid 

Cl 

enol form 
3-(4-chlorophenyl)-3-hydroxy-

2-[2-(2-(methoxycarboxyphenyl)
amino)phenyl]propenoic acid 

Schulenberg (1968) has reported that 3-(4-chlorophenyl)-2-[2-(2-(methoxycarboxy
phenyl)amino)phenyl]-3-oxopropanoic acid crystallizes in two tautomeric forms. One 
form has a melting point of 93-99 oc that upon dissolution in CDC13 gave NMR spectra 
consistent with the keto form, 3-(4-chlorophenyl-2-[2-(2-(methoxycarboxy
phenyl)amino)phenyl]-3-oxopropanoic acid. The other form had a melting point of 
110-122 oc and upon dissolution gave NMR spectra consistent with the enol form, 3-
(4-chlorophenyl)-3-hydroxy-2-[2-(2-(methoxycarboxyphenyl)amino)phenyl]propenoic 
acid. Addition of triethylamine to either solution gave an equilibrium mixture contain
ing 70% of the keto form and 30% of the enol form. 

Although the crystal structures of the keto and enol forms have not been deter
mined, this study illustrates a case in which two different crystalline forms exist, each 
containing an individual tautomer. This situation is termed tautomerizational polymor
phism (cf. p. 143). 

£-conformer of the enol ate of 
1,3-diphenylpropane-1 ,3-dione 

Z-conformer of the enolate of 
1,3-diphenylpropane-1,3-dione 

Several other cases of tautomerizational polymorphism exist. For example, the 
enol of 1,3-diphenylpropane-1 ,3-dione crystallizes in two forms. One form contains 
theE-isomer and the other contains the Z-isomer (Eistert et al., 1952). In addition, 
there are numerous examples of the crystallization process freezing one configurational 
isomer or tautomer out of solution. These cases are reviewed by Curtin and Engelmann 
(1972). 
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F. POLYCHROMISM 

One of the most striking differences in physical properties among polymorphs is 
polychromism (i.e., different colors). Polychromism has been reported for only a 
limited number of cases. Dimethyl 3,6-dichloro-2,5-dihydroxyterephthalate, for 
example, crystallizes in yellow, light-yellow, and white polymorphs (Bym et al., 
1972; Fletton et al., 1986; Yang et al., 1989; Richardson et al., 1990). The colors of 
these three polymorphs are attributed to differences in orientation of the carboxylate 
group with respect to the aromatic ring (see also Sections 10.7E and 20.\A). 

Me 

5-methyl-2-[ (2-nitrophenyl)amino 1-
3-tbiophenecarbonitrile 

(ROY) 

5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile is a dramatic example 
of polychromism. Crystallization of this compound from ethanol yields a mixture of 
yellow and red prisms, whereas crystallization from methanol yields orange needles; 
hence the alias ROY for the red, orange, and yellow forms (Borchardt, 1997). Crystals 
of the red form also appear to be pleochroic, displaying both red and orange colors 
under polarized illumination. 

The three polymorphs are free of solvent and stable at room temperature. The red, 
orange, and yellow forms are similar in energy with melting points of 106.2, 114.8, 
and 109.8 oc, respectively (Yu, 1998). The red and orange forms undergo solution
mediated transformation to the yellow form at room temperature, indicating the latter is 
the most stable at room temperature. The yellow and orange forms are related enantio
tropically, with yellow being more stable at low temperature. Between room temper
ature and the melting point, the red form is always less stable than the yellow form. 
The heats of melting, as measured by DSC, confirmed these stability relationships. 
Solid-state phase transitions from red to yellow and from red to orange have been 
observed between 70-90 oc in a solvent free environment. The transition from red to 
yellow (at temperatures greater than 90 °C) results in a dramatic change in color but no 
apparent change in crystal morphology, whereas the transition from red to orange leads 
to the growth of orange needles from the initial red crystals. 

The crystal structures of red, orange, and yellow forms have been determined by 
single-crystal X-ray diffraction and show that the molecule adopts a dramatically 
different conformation in each of the forms. Subsequent studies show that these 
different conformations are the reasons for the different colors. Hydrogen bonding in 
the polymorphs is exclusively intramolecular--between the adjacent amine and nitro 
substituents. The heteroatom-to-heteroatom distances of the hydrogen bond in red, 
orange, and yellow are 2.636(2), 2.607(3), and 2.625(3) A, respectively. The con
formations of the molecule in the three polymorphs are significantly different (Figure 
10.13). In the yellow and orange forms, the nitro group is essentially co-planar with 
the phenyl ring, whereas in the red form it is twisted out-of-plane by 18°. The color of 
the polymorphs may be related to the degree of electron de localization, which is related 
to the angle between the planes of the phenyl and the thiophene moieties (red 46°, 
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F. POLYCHROMISM

One of the most striking differences in physical properties among polymorphs is
polychromism (i.¢., different colors). Polychromism has been reported for only a
limited number of cases. Dimethyl 3,6-dichloro-2,5-dihydroxyterephthalate, for
example, crystallizes in yellow, light-yellow, and white polymorphs (Byrn er ai.,
1972; Fletton et al., 1986, Yang et al., 1989; Richardson et al., 1990). The colors of
these three polymorphs are attributed to differences in orientation of the carboxylate
group with respect to the aromatic ring (see also Sections 10,7E and 20.1A).

\
§-methy]-2-[(2-nitrophenylamino]-

3-thiophenecarbonitrile
(ROY)

 

5-Methy]-2-[(2-nitropheny)lamino]-3-thiophenecarbonitrile is a dramatic example
of polychromism. Crystallization of this compound from ethanol yields a mixture of
yellow and red prisms, whereas crystallization from methanol yields orange needles;
hence the alias ROY for the red, orange, and yellow forms (Borchardt, 1997). Crystals
ofthe red form also appear to be pleochroic, displaying both red and orange colors
under polarized illumination.

The three polymorphsare free of solvent and stable at room temperature. The red,
orange, and yellow forms are similar in energy with melting points of 106.2, 114.8,
and 109.8 °C, respectively (Yu, 1998). The red and orange forms undergo solution-
mediated transformation to the yellow form at room temperature, indicating the latter is
the most stable at room temperature. The yellow and orange formsare related enantio-
tropically, with yellow being more stable at low temperature. Between room temper-
ature and the melting point, the red form is always less stable than the yellow form.
The heats of melting, as measured by DSC, confirmed these stability relationships.
Solid-state phase transitions from red to yellow and from red to orange have been
observed between 70—90 °C in a solvent free environment. The transition from red to

yellow (at temperatures greater than 90 °C) results in a dramatic change in color but no
apparent change in crystal morphology, whereasthe transition from red to orange leads
to the growth of orange needles from the initial red crystals.

The crystal structures of red, orange, and yellow forms have been determined by
single-crystal X-ray diffraction and show that the molecule adopts a dramatically
different conformation in each of the forms. Subsequent studies show that these
different conformations are the reasons for the different colors. Hydrogen bonding in
the polymorphs is exclusively intramolecular—between the adjacent amine and nitro
substituents. The heteroatom-to-heteroatom distances of the hydrogen bond in red,
orange, and yellow are 2.636(2), 2.607(3), and 2.625(3) A, respectively. The con-
formations of the molecule in the three polymorphs are significantly different (Figure
10.13). In the yellow and orange forms, the nitro group is essentially co-planar with
the phenyl ring, whereas in the red form it is twisted out-of-plane by 18°. The color of
the polymorphs may berelated to the degree of electron delocalization, which is related
to the angle between the planes of the pheny! and the thiophene moieties (red 46°,
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red 

F"tgure 10.13 Conformations of 5-methyl-2-[(2-nitrophenyl)amino)-3-thiophenecarbonitrile in three 
crystalline forms. 

orange 54°, and yellow 106°). The order of these angles appears to correlate with the 
order of the expected wavelengths of absorption by the colored polymorphs (see 
Section 8.1 ). Studies have shown that the different colors of the polymorphs are a 
direct result of the difference in molecular conformation (Borchardt, 1997; Smith et al., 
1998; Yu, 1998). The observed XRPD patterns of the three polymorphs agree with 
those calculated from the single-crystal structures. 

13C CP/MAS solid-state NMR, solid-state Ff-IR, and XRPD can be used to dis
tinguish the polymorphs. The observed spectral differences are among the largest 
reported for polymorphic organic compounds. For example, the 13C NMR chemical 
shifts of C3 (the carbon in the thiophene ring to which the nitrile group is attached) are 
97.9, 105.2, and 109.3 ppm for the red, orange, and yellow forms, respectively, 
covering a range of 11.4 ppm. (For comparison, the chemical shift of C3 is 
104.41 ppm in solution.) This indicates an increase in the electron density of C3 in the 
red form with respect to the yellow and orange forms, possibly a result of an increased 
conjugation effect. Smith and coworkers (1998) have used a two-dimensional TOSS 
(total suppression of spinning sidebands) pulse sequence to investigate the chemical
shift anisotropy (CSA) of C3. These studies show that the extent of the CSA for C3 
increases in magnitude by 30 ppm and the line shape appears to become more asymmet
ric as the coplanar angle increases. This was taken to reflect a greater transfer of 1r 

electrons between the two ring systems and hence a greater electron density at the C3 
site. 

This parallels the results from IR spectroscopy in which the nitrile stretching fre
quency are 2211, 2223, and 2231 cm-1

, for the red, orange, and yellow forms, respec
tively (see Section 8.1). This shift is indicative of the decreased nitrile bond strength in 
the red form from a higher degree of conjugation with the aromatic ring. These obser
vations confirm the significant changes in the electronic structure, as demonstrated by 
pronounced color changes among different polymorphs. 

A number of derivatives of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbo
nitrile were synthesized in order to determine the extent of the color polymorphism of 
nitrophenylaminothiophenes. 2-[(2-Nitrophenyl)amino]-3-thiophenecarbonitrile (Nor
Me) crystallized in three forms: red, orange, and gold. Numerous attempts to obtain 
the gold form were unsuccessful thus placing the gold from in the "disappearing 
polymorph" class. However, crystallization of a newly synthesized lot of NorMe gave 
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Figure 10.13. Conformations of 5-methyl-2-[{(2-nitrophenyl)amino]-3-thiophenecarbonitrile in three

crystalline forms.

orange 54°, and yellow 106°). The order of these angles appears to correlate with the
order of the expected wavelengths of absorption by the colored polymorphs (see
Section 8.1). Studies have shown that the different colors of the polymorphs are a
direct result of the difference in molecular conformation (Borchardt, 1997; Smither al.,

1998; Yu, 1998). The observed XRPD patterns of the three polymorphs agree with
those calculated from the single-crystal structures.

3C CP/MASsolid-state NMR, solid-state FT-IR, and XRPD can be used to dis-
tinguish the polymorphs. The observed spectral differences are among the largest
reported for polymorphic organic compounds. For example, the ‘°C NMR chemical
shifts of C3 (the carbonin the thiophene ring to which the nitrile group is attached) are
97.9, 105.2, and 109.3 ppm for the red, orange, and yellow forms, respectively,
covering a range of 11.4 ppm. (For comparison, the chemical shift of C3 is
104.41 ppm in solution.) This indicates an increase in the electron density of C3 in the
red form with respect to the yellow and orange forms, possibly a result of an increased
conjugation effect. Smith and coworkers (1998) have used a two-dimensional TOSS
(total suppression of spinning sidebands) pulse sequence to investigate the chemical-
shift anisotropy (CSA) of C3. These studies show that the extent of the CSA for C3
increases in magnitude by 30 ppm and the line shape appears to become more asymmet-
ric as the coplanar angle increases. This was taken to reflect a greater transfer of 7
electrons between the two ring systems and hence a greater electron density at the C3
site.

This parallels the results from IR spectroscopy in which the nitrile stretching fre-
quency are 2211, 2223, and 2231 cm", for the red, orange, and yellow forms, respec-
tively (see Section 8.1). This shift is indicative of the decreased nitrile bond strength in
the red form from a higher degree of conjugation with the aromatic ring. These obser-
vations confirm the significant changes in the electronic structure, as demonstrated by
pronounced color changes among different polymorphs.

A number of derivatives of 5-methy!-2-[((2-nitrophenyl)amino]-3-thiophenecarbo-
nitrile were synthesized in order to determine the extent of the color polymorphism of
nitrophenylaminothiophenes. 2-[(2-NitrophenyDamino]-3-thiophenecarbonitrile (Nor-
Me)crystallized in three forms: red, orange, and gold. Numerous attempts to obtain
the gold form were unsuccessful thus placing the gold from in the “disappearing
polymorph” class. However,crystallization of a newly synthesized lot of NorMe gave

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 



158 Chapter 10 Polymorphs 

the gold form once again only to disappear when the material was subjected to further 
crystallization and handling. As with other disappearing polymorphs, this behavior is 
due to the presence of impurities and the fact that the gold polymorph is unstable in the 
presence of seeds of the other forms (Dunitz and Bernstein, 1995). 

2-[ (2-nitrophenyl)amino 1-
3-thiopbenecarbonitrile 

(NorMe) 

The XRPD patterns of the three forms of NorMe are different from the parent 
compound. The crystal structure of the red form NorMe was determined (Borchardt, 
1997). The red form is nearly coplanar further substantiating the concept that the red 
color is associated with planarity. TheIR spectra of the NorMe polymorphs are quite 
similar to ROY. The red form has a nitrile stretching absorption at 2210 em -I, the 
orange is a 2222 cm-1

, and the yellow at 2230 cm-1
• 

4-metbyl-
2-[(2-nitrophenyl)amino 1-
3-thiophenecarbonitrile 

(4-Me) 

4,5-dimethyl-
2-[(2-nitrophenyl)amino]-
3-tbiophenecarbonitrile 

(4,5-DiMe) 

5-methyl-2-[(4-methyl-
2-nitropbenyl)amino 1-

3-thiophenecarbonitrile 
(4'-Me) 

The conformation of the red form of 4-methyl-2-[(2-nitrophenyl)amino]-3-thio
phenecarbonitrile (4-Me) is the most coplanar of the structures determined (see Figure 
10.14). 4,5-Dimethyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (4,5-DiMe) 
crystallized in two polymorphs: red and orange. As with the previous derivatives, the 
conformation of the red form as determined by single-crystal X-ray methods is mther 
coplanar (see Figure 10.14). 5-Methyl-2-[4-methyl-2-nitrophenyl)amino]-3-thiophene
carbonitrile (4'-Me) was crystallized in red, dark red, light red, and orange forms. 
Only the red form gave crystals suitable for structure determination. As with the 
previous derivatives, this red form has a nearly coplanar conformation. Figure 10.14 
compares the conformation of the various red forms in this nitrophenylaminothiophene 
series. In all cases, the red form has the most coplanar conformation of the poly
morphs. This further supports the conclusion that the conformation of the nitrophenyl
aminothiophene determines the color of the polymorph. 

Griesser and He (1998) have carried out a preliminary study of the solubilities and 
interconversions of the four forms of 4'-Me and found that all four forms are within 
4 kJ/mol or less of each other in energy. These studies allowed the development of the 
energy-temperature diagram (see Section 5.2) shown in Figure 10.15. Such diagmms 

are extremely useful 
polymorphs. 
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 158 Chapter 10 Polymorphs

the gold form once again only to disappear when the material was subjected to further
crystallization and handling. As with other disappearing polymorphs, this behavior is
due to the presence of impurities and the fact that the gold polymorph is unstable in the
presence of seeds of the other forms (Dunitz and Bernstein, 1995).

\
2-[(2-nitrophenylamino]-

] \ 3-thiophenecarbonitrile(NorMe)

NO, H

The XRPD patterns of the three forms of NorMeare different from the parent
compound. The crystal structure of the red form NorMe was determined (Borchardt,
1997). The red form is nearly coplanar further substantiating the concept that the red
coloris associated with planarity. The IR spectra of the NorMe polymorphsare quite
similar to ROY. The red form has a nitrile stretching absorption at 2210 cm’, the
orange is a 2222 cm'', and the yellow at 2230 cm™.

Y he \

4-methyl- 4,5-dimethyl- 5-methyl-2-[(4-methyl-
2-[(2-nitrophenyDamino}- 2-[(2-nitrophenyDamino]- 2-nitropheny)amino]-
3-thiophenecarbonitrile 3-thiophenecarbonitrile 3-thiophenecarbonitrile

(4-Me) (4,5-DiMe) (4-Me}

The conformation of the red form of 4-methyl-2-[(2-nitrophenylamino]-3-thio-
phenecarbonitrile (4-Me) is the most coplanar of the structures determined (see Figure
10.14). 4,5-Dimethy!-2-[(2-nitropheny)amino}]-3-thiophenecarbonitrile (4,5-DiMe}
crystallized in two polymorphs: red and orange. As with the previous derivatives, the
conformation of the red form as determined by single-crystal X-ray methods is rather
coplanar (see Figure 10.14). 5-Methyl-2-[4-methyl-2-nitrophenylamino]-3-thiophene-
carbonitrile (4'-Me) was crystallized in red, dark red, light red, and orange forms.
Only the red form gave crystals suitable for structure determination. As with the
previous derivatives, this red form has a nearly coplanar conformation. Figure 10.14
compares the conformation of the various red forms in this nitrophenylaminothiophene
series. In all cases, the red form has the most coplanar conformation of the poly-
morphs. This further supports the conclusion that the conformation of the nitrophenyl-
aminothiophene determinesthe color of the polymorph.

Griesser and He (1998) have carried out a preliminary study of the solubilities and
interconversions of the four forms of 4'-Me and found that all four forms are within

4kJ/moior less of each other in energy. These studies allowed the developmentof the
energy—temperature diagram (see Section 5.2) shown in Figure 10.15. Such diagrams
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are extremely useful in visualizing the energy-temperature relationships between 

polymorphs. 

Figure 10.14 Stereoview showing a comparison (both stacked and overlayed) of the conformations of 
the thiophene and phenyl rings in the nitrophenylaminothiophene series red forms. 

Hydrogens were omitted for clarity. 

273 

Temperature (K) 

Hliquid 

Hred 

Horange 
Hdark red 

Hlightred 

Glight red 

• Gdark red 

Go range 

Gred 

Gliquid 

Figure 10.15 Energy-temperature diagram for the four forms of 5-methyl-2-[4-methyl-2-nitro
phenyl)amino]-3-thiophenecarbonitrile (Griesser and He. 1998). 
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are extremely useful in visualizing the energy—temperature relationships between
polymorphs.

 
SS NorMe —-_S NorMe

2
Figure 10.14 Stereoview showing a comparison (both stacked und overlayed) of the conformations of

the thiophene and phenyl rings in the nitrophenylaminothiophene series red forms.
Hydrogens were omitted for clarity.
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t6o Chapter 10 Polymorphs 

10.3 SULFONAMIDE$ 

The polymorphism of sulfonamides has been investigated and reviewed by Kuhnert
BrandsHitter (1971). These studies were carried out using microscopy on a Kohfler hot 
stage (see Section 4.4). Sulfonamides exhibited behavior expected of polymorphs, 
including successive melting points as the temperature is raised and changes in color 
under crossed Nicol gratings (crossed polarizers). Table 10.5 summarizes the results 
of Kuhnert-Brandstatter's (1971) studies on these compounds. 

Although all of these studies have not been confirmed by crystallographic data, the 
crystal structures of several polymorphs of sulfonamides have been determined and will 

Table 10.5 Polymorphism of Sulfonamides and Related Compounds" 

Compound 

Acetazolamide 

Acetyl Sulfisoxazole 

Chlorthalidone 

Clofenamide 

Diphenylmethane-
4.4'-disulfonamide 

Mafenide HCI 
4'-(Methylsulfamoyl)-

sulfanilanilide 

Phthalylsulfathiazole 

Sulfachlorpyridazine 

Sulfadicramide 
Sulfadimethoxine 

Sulfaethidole 
Sulfaguanidine 

Sulfameline 

Sulfamerazine 

Sulfamethazine 

Sulfamethizole 

Sulfamethoxazole 

Sulfamethoxypyridazine 

Sulfamidochrysoidine 

Sulfamoxole 

Sulfanilamide 
N-Sulfanilyl-3,4-xylamide 

Sulfapyridine 

Sulfathiazole 

Sulfathiourea 

Sulfatriazine 

Sulfazamet 

Sulfisoxazole 

Tolbutamide 

Melting Point of Form eq 
n m IV v 

258-260 248-250 
190-195 176-177 173-174 

212-224 188-189 
210-215 203-207 183-185 168-170 

185-187 172-174 

250-260 235-240 220-225 2!0-212 

148-151 144-146 

260-274 230 
!96-197 178-181 

176-180 174-176 

194-198 176-!77 156-158 

188 181 149 

187-191 

2!0-212 

174-176 143-145 

197-199 181-183 

235-238 228 

179-181 

206-208 199 178 -175 

209 193 

169 168 166 

180-182 158-159 153-154 

224-228 217-219 

200-204 188-195 

165 156 

215-218 

192 

202 

178-180 

158-166 

182-185 
190-195 

127 

208 

185 

175 

168-171 

132-135 

176-178 

131-133 

117 

212 

177-180 

!53 

203 

179 

162 

106 

196 

176 

158 

176-177 

174 

a Kuhnert-Brandstatter ( 1971 ). 

VI vn 

155 

167 149 
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Table 10.6 Crystallographi• 

Parameter 

Space group 

a(A) 

b(A) 

c(A) 

fJ 
z 
Peak: (g cm-3 ) 

V(A3) 

O'Conner and Maslen. 1%5 
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10.3 SULFONAMIDES 
 

The polymorphism of sulfonamides has been investigated and reviewed by Kuhnert-
Brandstiatter (1971). These studies were carried out using microscopy on a Kohfler hot
stage (see Section 4.4). Sulfonamides exhibited behavior expected of polymorphs,
including successive melting points as the temperature is raised and changes in color
under crossed Nicol gratings (crossed polarizers). Table 10.5 summarizes the results

hy of Kuhnert-Brandstitter’s (1971) studies on these compounds., Althoughal! of these studies have not been confirmed by crystallographic data, the
crystal structures of several polymorphs of sulfonamides have been determined and will

Table 19.5 Polymorphism of Sulfonamides and Related Compounds?
Melting Point of Form (°C) 
 Compound I Ht Tl Iv Vv VI Vii

% Acetazolamide 258-260 248-250
Acetyl Sulfisoxazole 190-195 176-177 173-174
Chlorthalidone 212-224 188-189
Clofcnamide 210-215 203-207 183-185 168-170
Dipheny!methane- ¥85-187 172-1744,4'-disulfonamide

Mafenide HCI 250-260 235-240 220-225 210-212

av 4'-(Methylsulfamoy!)- 148-151 144-146- sulfanilanilide

Phthaly!sulfathiazole 260-274 230
Ne, Sulfachiorpyridazine 196-197 178-181

Sulfadicramide 176-180 174-176
Sulfadimethoxine 194-198 176-177 156-158
Sulfaethidole 188 18! 149
Sulfaguanidine 187-191 174-176 143-145
Sulfameline 210-212 197-199 181-183 179-181 176-177 155
Sulfamerazine 235-238 228

* Sulfamethazine 206-208 199 178 ~175
Sulfamethizole 209 193
Sulfamethoxazole 169 168 166

Sulfamethoxypyridazinc 180-182 158-159 153-154
Sulfamidochrysoidine 224-228 217-219 212
Sulfamoxole 200-204 188-195 177-180
Sultanilamide 165 156 153

N-Sulfanilyl-3,4-xylamide 215-218 208 203 196
Sulfapyridine 192 185 179 176 174 167 149
Sulfathiazole 202 175 162 158
Sulfathiourea 178-180 168-17!
Sulfatriazine 158-166 132-135
Sulfazamet 182-185 176-178
Sulfisoxazale 190-195 131-133
Tolbutamide 127 1i7 106 

a Kuhnert-Brandstiuer (1971).
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10.3 Sulfonamides 161 

be discussed next. In general, the conformations of the drug are similar in the different 
polymorphs. Thus, in these cases, differences in crystal packing are mainly responsi
ble for polymorphism. 

A. SuLFANILAMIDE 

NH2S02--o--NH2 sulfanilamide 

Sulfanilamide exists in three crystalline forms which have the crystallographic parame
ters shown in Table 10.6. The a-form has the crystal packing shown in Figure l 0.16 
(O'Conner and Maslen, 1965). The crystal packing of this form contains layers of 
phenyl rings. In each stack, the order of the substituent groups on successive rings is 
···amino-· -sulfonamide·· -sulfonamide·· -amino···, etc., resulting in alternating pairs of 
substituent in each stack. 

The crystal packing of the /3-form shown in Figure I 0.1 7 is quite different from 
the a-form (Alleaume and Decap, 1965). There are, again, columns of phenyl rings 
but the order of the substituent groups on successive rings is .. -sulfonamide· .. 
··-amino·· -sulfonamide·· -amino···, etc., resulting in alternating substituents in the 
stack. 

The crystal packing of the y.form (Alleaume and Decap, 1966) shown in Figure 
10.18 appears, in general, to be similar to the a-form with layers of phenyl rings and 
sulfonamide amino groups. In these columns, the order of substituent groups on 
successive rings in a stack is .. -amino- .. sulfonamide .. -amino .. -sulfonamide ... , etc., 
which resembles that of the /3-form. 

The density of the /3-form (the most thermodynamically stable form) is greatest 
(see Table I 0.6). The polymorphic interconversions and thermodynamic properties of 
sulfanilamide have been investigated by Burger (1973a-b) and an energy-temperature 
diagram constructed. It is interesting to note that the conformation of the sulfanilamide 
group is similar in all forms, with the nitrogen atom being the atom furthest out of the 
plane of the phenyl ring. A comparison of the a-, {3-. and y.forms showing the 
relationships between the arrangement of the substituents in successive molecules 
depicted in Figures 10.16, 10.17, and 10. 18 is illustrated in a stereoview in Figure 
10.19. 

Table 10.6 Crystallographic Data for the Polymorphs of Sulfanilamide 

Parameter Form a FonnfJ Form y 

Space group Pbca P21/c P21/c 

a(A) 5.65 8.98 7.95 

b<A> 18.51 9.01 12.95 

c(A) 14.79 10.04 7.79 

fJ 90.00° 111.43° 106.50° 

z 8 4 4 

Peale (g cm-3) 1.47 1.51 1.49 

V(AJ) 1547.1 755.2 768.7 

O'Conner and Maslen. 1965 
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161 10.3 Sulfonamides

be discussed next. In general, the conformations of the drug are similar in the different
polymorphs. Thus, in these cases, differences in crystal packing are mainly responsi-
ble for polymorphism.

A. SULFANILAMIDE

Nnswlb sulfanilamide
Sulfanilamide cxists in three crystalline forms which have the crystallographic parame-
ters shown in Table 10.6. The o-form has the crystal packing shown in Figure 10.16
(O’Conner and Maslen, 1965). The crystal packing of this form contains layers of
phenyl rings. In each stack, the order of the substituent groups on successive rings is
---amino- - sulfonamide---sulfonamide.--amino---, ctc., resulting in alternating pairs of
substituent in each stack.

The crystal packing of the B-form shown in Figure 10.17 is quite different from
the a-form (Alleaume and Decap, 1965). There are, again, columns of phenyl rings
but the order of the substituent groups on successive rings is ---sulfonamide.-.-
--amino---sulfonamide---amino.---, etc., resulting in alternating substituents in the
stack.

The crystal packing of the ~form (Alleaume and Decap, 1966) shown in Figure
10.18 appears, in general, to be similar to the @-form with layers of phenyl rings and
sulfonamide amino groups. In these columns, the order of substituent groups on
successive rings in a stack is ---amino---sulfonamide.--amino---sulfonamide.-.., etc.,
which resembles that of the #-form.

The density of the B-form (the most thermodynamically stable form) is greatest
(see Table 10.6). The polymorphic interconversions and thermodynamic properties of
sulfanilamide have been investigated by Burger (1973a—b) and an energy-temperature
diagram constructed. It is interesting to note that the conformation of the sulfanilamide
group is similar in all forms, with the nitrogen atom being the atom furthest out of the
plane of the phenyl ring. A comparison of the a, f-. and forms showing the
relationships between the arrangement of the substituents in successive molecules
depicted in Figures 10.16, 10.17, and 10.18 is illustrated in a stereoview in Figure
10.19.

Table 10.6 Crystallographic Data for the Polymorphsof Sulfanilamide 

 Parameter Form a Form 6 Form y

Space group Pbea Pile P2ifc
a(A) $.65 8.98 7.95
b(A) 18.51 9.01 12.95
c(A) 14.79 10.04 7.79
B 90.00° 111.43° 106.50"
Zz 8 4 4

Deatc (E cm73) 1.47 1.51 1.49
v (A) 1547.1 758.2 768.7 

 
O'Conner and Maslen, 1965

 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



1.62 Chapter 10 Polymorphs 

·.~ .. 
Figure 10.16 Molecular packing of the a-form of sulfanilamide (O'Conner and Maslen, 1965). 

\c 
~ 

Figure 10.17 The crystal packing of the f:J-forrn of sulfanilamide (Alleaurne and Decap, 1965). 

l 
Figure 10.18 Crystal packing of the y.forrn of sulfanilamide (Alleaume and Decap, 1966). 
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Figure 10.19 Stereovie 
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Table 10.7 Crystallogr 

Parameter 

Space Group 
a(A) 
b(A} 
c(A) 

{3 
z 
P""'as (g cm-3) 

V(A3) 

Habit 
Melting point 
Transition point 

a Kruger and Gafner, 19 
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a-form ,8-form y-form a-form ,8-form y-form 

Figure 10.19 Stereoview showing the molecular arrangement of sulfanilamide columns in the 
a-, fJ-, and y-forms. 

B. SULFATHIAZOLE 

NH2-oS02-NH--{J sulfathiazole 

H 

Table 10.7 indicates that sulfathiazole exists in four polymorphs. Burger and Dialer 
(1983) have studied this system and have produced an energy-temperature diagram of 
the four polymorphs. Form I is the least stable of the four forms; Form III is thermo
dynamically stable at room temperature. Figures I 0.20-10.22 show packing drawings 
of all three polymorphs of sulfathiazole. It is obvious that the nitrogen of the sulfona
mide group is the atom that is the greatest distance from the plane of the phenyl ring. 
This is in marked similarity to sulfanilamide. In addition, the conformation of the 
molecule in all three forms is very similar. The major crystallographic ditlerence 
between these forms is the nature and type of hydrogen bonds. 

Table 10.7 Crystallographic Parameters for the Polymorphs of Sulfathiazole 

Parameter Form I" Form lib Form Ill'' 

Space Group P2tfC P2tfc P2tfC 

a(A) 10.554 8.235 17.570 
b(AJ 13.220 8.550 8.574 
c(A) 17.050 15.558 15.583 
{3 108.06° 93.67° 112.93° 
z 8 4 8 
Prneas (g cm-3) 1.50 1.55 1.57 
v (;\:1) 2261.7 1093.2 2162.0 
Habit Rods Hexagonal prisms Hexagonal plates 
Melting point 200-202 200-202 173-175 (or 200-202) 
Transition point 173-175 173-175 

a Kruger and Gafner. 197la. b Kruger and Gafner, 1971 b. 
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Figure 10.19 Stereoview showing the molecular arrangement of sulfanilamide columns in the
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3, 1965). 4 ; Table 10.7 indicates that sulfathiazole exists in four polymorphs. Burger and Dialer
. (1983) have studied this system and have produced an energy-temperature diagram of

the four polymorphs. Form I is the least stable of the four forms; Form III is thermo-
dynamically stable at room temperature. Figures 10.20-10.22 show packing drawings

~ of all three polymorphsof sulfathiazole. It is obvious that the nitrogen of the sulfona-
mide group is the atom that is the greatest distance from the plane of the phenyl ring.

: This is in marked similarity to sulfanilamide. In addition, the conformation of the
molecule in all three forms is very similar. The major crystallographic difference
between these forms is the nature and type of hydrogen bonds.—

Table 10.7 Crystallographic Parameters for the Polymorphs of Sulfathiazole

Parameter Form F Form LH Form TIF

Space Group P2le P2j,fc Pyle
atA) 10.554 8.235 17.570
b(A) 13.220 8.550 8.574
c(A) 17.050 15.558 15.583
B 108.06° 93.67° $12.93°
Zz 8 4 8

66). Press (2 em} 1.50 1.55 1.57
Vv (A) 2261.7 1093.2 2162.0
Habit Rods Hexagonalprisms Hexagonalplates
Melting point 260-202 200-202 173-175 (or 200-202)
Transition point vee 173-175 173-175

a Kroger and Gafner, 1971a. b Kruger and Gafner, 1971b.
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(~··, .. ~\\ /--/11: 
Figure 10.20 Crystal packing of sulfathiazole Form I (Kruger and Gafner. 1971 a). 

Figure 10.21 Crystal packing of sulfathiazole Form II (Kruger and Gafner, 1971b). 
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Figure 10.22 Crystal packing of sulfathiazole Form Ill (Kruger and Gafner. 197\a). 
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Figure 16.20 Crystal packing of sulfathiazole Form I (Kruger and Gafner, 197 ta).
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Table 10.8 Dissolution Rate and Solubility of Forms I and II of Sulfathiazole 

Temperature 
("C) 

59.1 

48.8 

39.4 

29.6 

24.1 

20.4 

Milosevich, 1964. 

Dissolution Rate 

Fonnl Fonnll 
(mg cm-2 sec-1) (mg cm-2 sec-1) 

0.185 0.239 

0.102 0.145 

0.0598 0.0913 

0.0355 0.0597 

0.0237 0.0413 

0.0201 0.0371 

SolubHity 
Fonnl Fonn II 

(g/1000 gm) (g/1000 gm) 

31.5 40.7 

19.8 28.1 

14.0 21.4 

9.93 16.7 

8.15 14.2 

7.10 13.1 

The crystallographic data clearly established the existence of at least four poly
morphs of sulfathiazole; however, at this point, it is worthwhile to review studies of the 
polymorphism of this drug using other techniques. As reported earlier in this section, 
Kuhnert-Brandstatter reported that sulfathiazole has four polymorphs based on hot 
stage microscopy. In the 1960's, three groups of workers [Milosovich (1964), Guil
lory (1967), and Higuchi et al. (1967)] reported only two polymorphs. DSC work by 
Shenouda ( 1970) also indicated the existence of only two polymorphs. Studies by 
Mesley (1971) using IR, DSC, and X-ray powder diffractometry showed the existance 
of three polymorphs. He suggested that most of the earlier workers had been dealing 
with mixtures of the three polymorphic forms. Burger and Dialer ( 1983) reinvestigated 
these findings and characterized four polymorphs by IR-spectroscopy, DSC, thermo
microscopy, solubility, and density. 

To avoid prolonged confusion of this sort, studies of unfamiliar systems should 
involve separation of habits under a microscope and then crystallographic studies of 
each habit. X-ray powder diffraction patterns should be calculated from the single 
crystal X-ray data and compared with the experimentally observed XRPDs. This 
approach would make sure that mixtures of polymorphs are not involved. 

The physical properties of sulfathiazole Forms I and II have been studied (Sun woo 
and Eisen, 1971; Milosovich, 1964 ). These studies, which used a tlow cell, measured 
the dissolution rate under conditions where Form II did not transform to Form I. The 
results in Table I 0.8 show that Form II has a significantly higher dissolution rate and 
solubility than Form I. This is not consistent with the densities which predict that Form 
II should have a slower dissolution rate and be less soluble than Form I. 

C. SucciNYLSULFATHIAZOLE 

succinylsulfathiazole 

In early studies of succinylsulfathiazole (Armour Research Foundation, 1949; Shefter 
and Higuchi, 1963) a large number of different crystal forms were found. The studies 

Page 76

 

 
10.3 Sulfonamides 

Table 10.8 Dissoiution Rate and Solubility of Forms J and ll of Sulfathiazole 

 

 

Dissolution Rate Solubility

Temperature Form I Form Ii Form I Form Il
ec (mg em™see“) (mg cm? sec (g/1000 gm) (g/1000 gm)
59.4 0.185 0.239 31.5 40.7
48.8 0.102 0.145 19.8 28.4
39.4 0.0598 0.0913 14.0 214
29.6 0.0355 0.0597 9.93 16.7
24.1 0.0237 0.0413 8.15 14.2
20.4 0.0201 0.0371 7.10 13.1 

Milosovich, 1964.

The crystallographic data clearly established the existence of at least four poly-
morphs of sulfathiazole; however, at this point, it is worthwhile to review studies of the
polymorphism of this drug using other techniques. As reported earlier in this section,
Kuhnert-Brandstitter reported that sulfathiazole has four polymorphs based on hot
stage microscopy. In the 1960’s, three groups of workers [Milosovich (1964), Guil-
lory (1967), and Higuchi et al. (1967)] reported only two polymorphs. DSC work by
Shenouda (1970) also indicated the existence of only two polymorphs. Studies by
Mesley (1971) using IR, DSC, and X-ray powder diffractometry showed the existance
of three polymorphs. He suggested that most of the earlier workers had been dealing
with mixtures of the three polymorphic forms. Burger and Dialer (1983) reinvestigated
these findings and characterized four polymorphs by IR-spectroscopy, DSC, thermo-
microscopy, solubility, and density.

To avoid prolonged confusion of this sort, studies of unfamiliar systems should
involve separation of habits under a microscope and then crystallographic studies of
each habit. X-ray powder diffraction patterns should be calculated from the single
crystal X-ray data and compared with the experimentally observed XRPDs. This
approach would make sure that mixtures of polymorphsare not involved.

The physical properties of sulfathiazole Forms | and Il have been studied (Sunwoo
and Eisen, 1971; Milosovich, 1964). These studies, which used a flow cell, measured
the dissolution rate under conditions where Form II did not transform to Form I. The

results in Table 10.8 show that Form IT has a significantly higher dissolution rate and
solubility than Form I. This is not consistent with the densities which predict that Form
II should have a slowerdissolution rate and be less soluble than Form I.

C. SUCCINYLSULFATHIAZOLE  

QR ff \
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succinylsulfathiazoleHi H

0 H

In early studies of succinylsulfathiazole (Armour Research Foundation, 1949; Shefter
and Higuchi, 1963) a large numberof different crystal forms were found. The studies
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%T 

Figure 10.23 IR spectra (KBr pellets) of the unsolvated crystal forms of succinylsulfathiazole (Burger 
and Griesser, 1989). 

by Burger and Griesser (1989; 1991) provide the most complete summary of the solid
state behavior of this compound. As summarized in Table 10.9, they found that 
succinylsulfathiazole crystallized in six anhydrous crystal forms, three polymorphic 
monohydrates, as well as an acetone solvate and an n-butanol solvate. These different 
crystal forms were prepared by a variety of methods involving crystallization from 
different solvents and by drying the different solvates. For example, Form IV was 
prepared by drying the acetone solvate at 150 oc. Form VI was prepared by dehydra
tion of one of the monohydrates in vacuum at 100 °C. The three monohydrates are 
termed "polymorphic" because they contain the same chemical composition (compound 
and solvent) but exist in different crystal structures. The IR spectra of all eleven crystal 
forms were measured in KBr pellets. The polymorphs and solvates were also charac
terized by thermal microscopy and DSC. Figure 10.23 shows theIR spectra of the six 
unsolvated crystal forms and Figure 10.24 shows the DSC thermograms of these 
polymorphs. The IR spectra of the different crystal forms are different and indicate that 
these are different polymorphs. The DSC thermograms of Forms I through V show 
destinctive differences in melting points. The DSC thermogram of Form VI shows an 
incongruent melting process. However, IR appears to be better than DSC for distin
guishing these forms. Figure 10.25 shows the X-ray powder diffraction patterns of the 
six crystal forms which are all different and confirm theIR results. 
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   Figure 10.23 IR spectra (KBrpellets) of the unselvated crystal forms of succinylsulfathiazole (Burger
and Griesser, 1989). 

 
 
 

 by Burger and Griesser (1989; 1991) provide the most complete summary cf the solid-
state behavior of this compound. As summarized in Table 10.9, they found that
succinylsulfathiazole crystallized in six anhydrous crystal forms, three polymorphic
monohydrates, as well as an acetone solvate and an n-butanol solvate. These different
crystal forms were prepared by a variety of methods involving crystallization from
different solvents and by drying the different solvates. For example, Form IV was
prepared by drying the acetone solvate at 150 °C. Form VI was prepared by dehydra-
tion of one of the monohydrates in vacuum at 100 °C. The three monchydrates are
termed “potymorphic” because they contain the same chemical composition (compound
and solvent) but exist in different crystal structures. The IR spectra of all eleven crystal
forms were measured in KBr pellets. The polymorphs and solvates were also charac-
terized by thermal microscopy and DSC. Figure 10.23 shows the IR spectra of the six
unsolvated crystal forms and Figure 10.24 shows the DSC thermograms of these
polymorphs. The IR spectra of the different crystal forms are different and indicate that
these are different polymorphs. The DSC thermograms of Forms I through V show
destinctive differences in melting points. The DSC thermogram of Form VI shows an
incongruent melting process. However, IR appears to be better than DSC for distin-
guishing these forms. Figure 10.25 shows the X-ray powder diffraction patterns of the
six crystal forms whichare all different and confirm the IR results.
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Table 10.9 Comparison of the Physical Properties of the Polymorphic Anhydrates and Monohydrates 
of Succinylsulfathiazole 

Stability MPI> MPC 1st Peak 
Densitr, Solubilitl 

Form Preparation in IR 
(20 °C} eq eq (cm-1) 

(gem-) Ratio to H 1 

Stable" Suspension of acetone 204 205 3361 1.592 3.24 
solvate in EtOAC 

ll <I Evaporation of absolute 195-199 195 3360 1.535 5.69 
EtOH solution 

ill <II Dehydration of H1 at 100 189-194 188-191 3372 1.571 6.15 
"C 

N <III Suspension of V or VI in 187-191 189 3338 1.518 9.26 
EtOAC 

v <IV Annealing of I at 182-185 182-187 3330 1.488 -12.7 
160°C 

VI <V Dehydration of H11 139-143 135-138 3350 1.463 

HI Stable Suspension of any form in 123-125 3480(0H) 1.527 l.OO 
water 3320(NH) 

Hu <Ht Crystallization from water -110 3500(0H) 1.520 1.81 
3350 (NH) 

Hm <Hn Suspension of III in water 105 3450 (OH) 
for 15 min 3335 (NH) 

a in the absence of water. b by thermomicroscopy. c by differential scanning calorimetry (DSC). din 
water at 20 oc. (Burger and Griesser, 1991) 

1 
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..dtl 

)L dt 

IV 

v L 
VI 

Temperature ('"C) 

F'~gt~re 10.24 DSC therrnograrns of the unsolvated crystal forms of succinylsulfathiazole (Burger and 
Griesser, 1989). 
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Table 10.9 Comparison of the Physical Properties of the Polymorphic Anhydrates and Monohydrates
of Succinylsulfathiazole 
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Ww <T Dehydration of Hy at 100 189-194 188-191 3372 1.571 6.15Cc

<I Suspension of V or VI in 187-191 189-3338 1.518 9.26EtOAC
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VI <WV Dehydration of Hy 139-143 135-138 3350 1.463 —
H Stable Suspension of any formin 123-125 3480 (OH) 1.527 1.00water 3320 (NH)

Hy <H, Crystallization from water ~tLO 3500 (OH) 1.520 1.813350 (NH)

Hin <H, Suspension of ML in water 105 3450 (OH)for 15 min 3335 (NH) 

ain the absence of water. b by thermomicroscopy. ¢ by differential scanning calorimetry (DSC). din
water at 20 °C. (Burger and Griesser, 1991)
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 Figure 10.24 DSC thermogramsof the unsolvated crystal forms of suceinylisulfathiazole (Burger and
Griesser, 1989).
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Figure 10.25 X-ray powder diffraction patterns of the six unsolvated crystal forms of succinylsulfa

thiazole (Burger and Griesser, 1989). 

Figure 10.26 IR spectra of the polymorphic monohydrates of succinylsulfathiazole (Burger and 

Griesser, 1989). 
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Figure 10.26 shows the IR spectra of the polymorphic monohydrates of succinyl
sulfathiazole. The IR spectra of these materials are also different establishing that these 
are different polymorphs. This conclusion is confirmed by the X-ray powder diffrac
tion patterns shown in Figure 10.27. 

The physical stability, water sorption, and solubility of the different crystal forms 
of succinylsulfathiazole have also been studied and are summarized in Table 10.9 and 
Figure 10.28. The most stable forms are Form I and hydrate H,. In addition, the 
variety of methods used to prepare the different crystal forms are noted. The different 
crystal forms have differences in hygroscopicity and interconvert in the presence of 
high humidity. The solubilities of the different forms are also different. Most notable 

Figure 10.27 X-ray powder diffraction patterns of the three monohydrates of succinylsulfathiazole 
(Burger and Griesser, 1989). 
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Figure 10.28 Water vapor sorption isotherms of the different crystal forms of succinylsulfathiazole 
(Burger and Griesser, 1991). 
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Figure 10.26 shows the IR spectra of the polymorphic monohydrates of succinyl-
sulfathiazole. The IR spectra of these materials are also different establishing that these
are different polymorphs. This conclusion is confirmed by the X-ray powder diffrac-
tion patterns shown in Figure 10.27.

The physical stability, water sorption, and solubility of the different crystal forms
of succinylsulfathiazole have also been studied and are summarized in Table 10.9 and
Figure 10.28. The most stable forms are Form I and hydrate H,. In addition, the
variety of methods used to prepare the different crystal forms are noted. The different
crystal forms have differences in hygroscopicity and interconvert in the presence of
high humidity. The solubilities of the different forms are also different. Most notable

  
 

 
 

 
Figure 10.27. X-ray powder diffraction patterns of the three monohydrates of succinylsulfathiazole

(Burger and Griesser, 1989).

 

WalerContant(Yow) 
Relative Humidity (%}

Figure 10.28 Waiter vapor sorption isotherms of the different crystal forms of succinylsulfathiazole
(Burger and Griesser, 1991).
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is that the differences in solubility among the anhydrate crystal forms is as large as a 
factor of 4 and that differences in solubility between anhydrate and hydrate crystal 
forms are as large as a factor of 12. This is one of many cases where anhydrate crystal 
forms have significantly higher solubilities than the hydrate. 

Figure 10.28 shows the water vapor sorption isotherms for the different succinyl
sulfathiazole crystal forms. It is clear that some of the anhydrate forms absorb water 
relatively easily; furthermore, this data shows that the metastable forms are more 
hygroscopic. 

Figure 10.29 shows the dissolution behavior of the different crystal forms of suc
cinylsulfathiazole in buffer solution at pH 1.20 at 20 oc. It is clear that at equilibrium 
many of the anhydrates recrystallize and approach the solubility of the hydrates as 
might be expected. Figure 10.30 shows a van't Hoff plot for four of the crystal forms 
of succinylsulfathiazole. These curves do not cross in the temperature ranges studied 
and this indicates, in connection with the thermodynamic data, that all of the forms are 
monotropically related. Recall that monotropic forms retain the order of stability at all 
temperatures (see Section 5.2). 

Figure 10.31 shows a scheme which illustrates the interconversion of the different 
crystal forms and methods to prepare each form. This figure illustrates how compli
cated interconversion of the different crystal forms can be. The van't Hoff plot clearly 
shows that the transformation of the more soluble form into the less soluble hydrate 
will occur at room temperature. This indicates the complications that can arise by 
relying on just one study and shows that several different approaches should be used to 
try to understand the interconversion of different crystal forms. 

1.4 

1.2 

o.oL-----'-----'--------'-----'------....___ ___ _j 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Time(h) 

Figure 10.29 Dissolution behavior of the different crystal fonns of succinylsulfathiazole in buffer 
solution. pH 1.3 at 20 oc (Burger and Griesser. 1991 ). 
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is that the differences in solubility among the anhydrate crystal forms is as large as a
factor of 4 and that differences in solubility between anhydrate and hydrate crystal
forms are as large as a factor of 12. This is one of many cases where anhydrate crystal
forms have significantly higher solubilities than the hydrate.

Figure 10.28 shows the water vapor sorption isotherms for the different succinyl-
sulfathiazole crystal forms. It is clear that some of the anhydrate forms absorb water

: relatively easily; furthermore, this data shows that the metastabic forms are more

h hygroscopic.
Figure 10.29 shows the dissolution behavior of the different crystal forms of suc-

cinylsulfathiazole in buffer solution at pH 1.20 at 20 °C. It is clear that at equilibrium
many of the anhydrates recrystallize and approach the solubility of the hydrates as

’ might be expected. Figure 10.30 shows a van’t Hoff plot for four of the crystal forms
of succinylsulfathiazole. These curves do not cross in the temperature ranges studied

i and this indicates, in connection with the thermodynamic data, that all of the forms are
monotropically related. Recall that monotropic forms retain the order of stability at all
temperatures (see Section 5.2).

Figure 10.31 shows a scheme whichillustrates the interconversion of the different
crystal forms and methods to prepare each form. This figure illustrates how compli-
cated interconversion of the different crystal forms can be. The van’t Hoff plot clearly
showsthat the transformation of the more soluble form into the less soluble hydrate
will occur at room temperature. This indicates the complications that can arise by
relying on just one study and showsthat several different approaches should be used to
try to understand the interconversion of different crystal forms.
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Figure 10.29 Dissolution behavior of the different crystal forms of succinylsulfathiazole in buffer
solution, pH 1.3 at 20 °C (Burger and Griesser, 1991).
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O.Q1 L_ _ __l __ _L __ _j__ __ .L. __ L-_ __l __ _l 
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1000/K 

Figure 10.30 Van 't Hoff plot of the solubility of four of the crystal forms of succinylsulfathiazole at 
pH 1.3 (Burger and Griesser, 1991 ). 

Figure 10,31 Diagram illustrating the most important transformation paths and production ways to 
produce the different crystal forms of succinylsulfathiazole. The thick, gray arrows 
mark paths whereby the different crystal forms can be produced in gram quantities. The 
most stable forms, Forms I and H1• are shaded (Burger and Griesser. 1991). 
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D. SuLFAMETER 

NH2-o-SOz-NH-{J--ocH3 sulfameter 

Sulfameter (sulfamethoxydiazine) exists in at least six different forms (Moustafa et al., 
1971 ). Form I (see Figure 10.32 and Table I 0.1 0) is obtained by crystallization from 
boiling water or by heating any other form to 150 °C. Form II is prepared by rapid 
cooling of a saturated ethanol solution. Form III (see Figure 10.33 and Table 10.10) is 
obtained from a number of solvents including methanol, isopropanol, and ethanol. 
Forms IV and V are probably solvates and are obtained from dioxane and chloroform, 
respectively. An amorphous form is also known. 

These forms were characterized by their infrared spectra, which are all slightly dif
ferent, particularly in the 800-875, 900-970, 1550-1600, and 3000-3500 cm-

1 
regions 

of the spectrum. The powder diffraction patterns of these forms are also significantly 

different. 
The forms can be interconverted by heating or grinding. Heating converts all 

forms to Form I, while grinding or suspension in water converts all forms to Form III. 
This behavior is discussed in more detail in the interconversion section (see Section 

13.2B). 

Figure 10.32 Crystal packing of sulfameter Form I (Giuseppetti et al., 1977). 

Figure 10.33 Crystal packing of sulfameter Form Ill (Giuseppetti et al., 1977). 

Table 10.10 Crystallographio 

Parameter 

Space Group 
a(A) 

b(A) 

c cA) 
{3 
z 
Peale (gm em--') 
V(k') 

Giuseppetti eta!., 1977. 
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sulfameter

\ boiling water or by heating any other form to 150 °C. Form II is prepared by rapid
cooling of a saturated ethanol solution. Form III (see Figure 10.33 and Table 10.10) is
obtained from a number of solvents including methanol, isopropanal, and ethanol.

respectively. An amorphousform is also known.

i These forms were characterized by their infrared spectra, which are all slightly dif-ferent, particularly in the 800-875, 900-970, 1550-1600, and 3000-3500 cm™ regions
of the spectrum. The powder diffraction patterns of these forms are also significantly
different.

The forms can be interconverted by heating or grinding. Heating converts all
forms to Form I, while grinding or suspension in water converts all forms to FormIII.
This behavior is discussed in more detail in the interconversion section (see Section
13.2B).

 
Figure 10.33 Crystal packing of sulfameter Form WIE (Giuseppetti er al., 1977).

Sulfameter(sulfamethoxydiazine) exists in at least six different forms (Moustafa efai., 3
1971). Form I (see Figure 10.32 and Table 10.10) is obtained by crystallization from
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Table 10.10 Crystallographic Parameters for Sulfameter Forms I and III 

Parameter Form I Form Ill 

Space Group P2/c C2/c 
a(A) 8.358 13.370 
b (Jq 26.833 I 1.735 
c(A) I 1.964 15.928 

f3 111.36° 97.90° 

z 8 8 

Peak (gm cm-3) 1.490 1.504 

v <A'> 2499 2475 

Giuseppetti et al .. 1977. 

The dissolution rates of these forms have been measured as a means of estimating 
their relative bioavailabilities (Moustafa et al., 1971 ). The results of these measure
ments are shown in Figure 1 0.34. Obviously, Form II and the amorphous form 
dissolve most rapidly. Form III has the slowest dissolution rate, about half that of 
Form II. It is also interesting to note that Form II has a faster dissolution rate than the 
amorphous form, suggesting that the amorphous form may crystallize or that the 
surface area of Form II maybe much larger than that of the amorphous form. 

Commercial preparations were also studied and, in general, contained Form I or 
mixtures of Forms I and III. These forms are the most stable and the slowest dissolv
ing. The significance of any such differences with respect to bioavailability would have 
to be determined in separate experiments. 

100 

90 

: Form II 

amorphous 

Form IV 

FormV 
Form l 

Form Ill 

Time{min) 

Figure 10.34 Dissolution rates of the different forms of sulfameter (Moustafa eta!., 1971 ). 
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Table 10.10 Crystallographic Parameters for Sulfameter Forms I and HI

 

 
 
 

 
 
 

 
 
 

 
 

 
 
 
 

 

Parameter Form 1 Form Ill

Space Group P2lc C2le
a(A) 8.358 13.370

: b(A) 26.833 11.735
: c{A) 11.964 15.928

4 B 111.36° 97.90°
z 8 8

Pene (2m em-) 1.490 1.504
Vv (AS) 2499 2475
Giuseppetti et al, 1977.

The dissolution rates of these forms have been measured as a means of estimating
their relative bioavailabilities (Moustafa er al., 1971). The results of these measure-
ments are shown in Figure 10.34. Obviously, Form II and the amorphous form
dissolve most rapidly. Form III has the slowest dissolution rate, about half that of
Form II. It is also interesting to note that Form II has a faster dissolution rate than the
amorphous form, suggesting that the amorphous form maycrystallize or that the
surface area of Form II maybe muchlarger than that of the amorphousform.

Commercial preparations were also studied and, in general, contained Form I or
mixtures of Forms I and HI. These forms are the most stable and the slowest dissolv-

ing. The significance of any such differences with respect to bioavailability would have
to be determined in separate experiments.
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Figure 10.34 Dissolution rates of the different forms of sulfametcr (Moustafa et al., 1971).
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E. OTHER SuLFONAMIDES 

sulfabenzamide 

Sulfabenzamide. Sulfabenzamide exists in four polymorphs and three solvates 
(Yang and Guillory, 1972). Form III can be transformed to Form I by trituration, 
and Form IV can be transformed to Form III and then Form I by heating. Desolvation 
of two of the solvates yielded Form II (see Figure I 0.35). 

H2~SOr-N~ sulfapyridine 

Sulfapyridine. Sulfapyridine (see Figures 10.35-10. 39) exists in at least four 
polymorphs and one amorphous form (Yang and Guillory, 1972). The infrared spectra 
of two of these forms are identical, but their X-ray diffraction patterns are completely 
different. In addition, hot-stage experiments indicated that sulfapyridine crystallized in 
at least seven forms (Kuhnert-Brandstlitter, 1971 ). 

Figure 10.35 Crystal packing of sulfabenzamide Form II (Rambaud et ai.. 1980). 

Figure 10.36 Cryst; 

Figure 10.37 Cryst~ 

Figure 10.38 Crysta 
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wn\—sonul_CY sulfabenzamide
Sulfabenzamide. Sulfabenzamide exists in four polymorphs and three solvates

(Yang and Guillory, 1972). Form HI can be transformed to Form I by trituration,
and Form IV can be transformed to Form III and then Form 1 by heating. Desolvation
of two of the solvates yielded Form II (see Figure 10.35).

H2 SO—N sulfapyridine .- ‘ } ~~ iY Figure 10.36 Cryst:
Sulfapyridine. Sulfapyridine (see Figures 10.35-10.39) exists in at least four

polymorphs and one amorphous form (Yang and Guillory, 1972). The infrared spectra
of two of these forms are identical, but their X-ray diffraction patterns are completely
different. In addition, hot-stage experiments indicated that sulfapyridine crystallized in
at least seven forms (Kuhnert-Brandstatter, 1971).  
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Figure 10.35 Crystal packing of sulfabenzamide Form H (Rambaud ef al., 1980).
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  Figure 10.38 Crysta
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Figure 10.36 Crystal packing of sulfapyridine Form II (Bar and Bemstein, 1985). 

Figure 10.37 Crystal packing of sulfapyridine Form Ill (Basak eta/., 1984). 

\a 
~ 

FlgUI'e 10.38 Crystal packing of sulfapyridine Form IV (Bernstein, 1988 ). 
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 Figure 10.38 Crystal packing of sulfapyridine Form [V (Bernstein, 1988).
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Figure 10.39 Crystal packing of sulfapyridine Form V (Bar and Bernstein, 1985). 

Figure 10.40 Crystal packing of sulfamethoxypyridiazine Form I (Basak et al., 1987). 

H2~SOrN~OCH3 
N-N 

sulfamethoxypyridazine 

Suljamethoxypyridiazine. Sulfamethoxypyridiazine (see Figure 10.40) exists in at 
least three crystalline forms (Yang and Guillory, 1972). Form ll can be transformed to 

Form l at 154 °C. 

NH2-o-S02N~CH3 sulfamethoxazole 

Sulfamethoxazole. Sulfamethoxazole (see Figures 10.41-10.42) exists in three 
polymorphs, and Form ll can be converted to Form l at 164 OC (Yang and Guillory, 
1972). These studies are in agreement with Kuhnert-Brandstiitter (1971) who also 

Figure 10.41 Crystal packing 

Figure 10.42 Crystal packin~ 
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] Figure 10.41 Crystal packing 

Figure 10.39 Crystal packing of sulfapyridine Form V (Bar and Bernstein, 1985).
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Figure 10.40 Crystal packing of sulfamethoxypyridiazine Form I (Basak et al., 19
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Form I at 154 °C.

wi)SO2Nllcu, sulfamethoxazole
Sulfamethoxazole. Sulfamethoxazole (see Figures 10.41-10.42) exists in three

polymorphs, and Form Il can be converted to Form { at 164 °C (Yang and Guillory,
1972). These studies are in agreement with Kuhnert-Brandstatter (1971) who also
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Flgure 10.41 Crystal packing of sulfamethoxazole Form I (Bettinetti et al., 1982). 

F1gure 10.42 Crystal packing of sulfamethoxazole Form II (Bettinetti et al., 1982). 

showed there were three polymorphs of sulfamethoxazole. The crystal structures of the 
two forms of sulfamethoxazole were determined by Bettinetti et al. (1982). Figures 
10.41 and 10.42 show the crystal packing in these two different forms. It appears that 
the conformations of the molecule in the two crystal forms are similar. 

chlorpropamide 

Chlorpropamide. Chlorpropamide (see Figure 10.43) exists in at least three poly
morphs that have different diffraction patterns (Simmons et al., 1973). Form I is 
obtained from aqueous ethanol, Form II from benzene, and Form III by heating Form I 
or II at 110 oc. The infrared spectra of all three forms are slightly different and the 
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at'-----
Figure 10.43 Crystal packing of chlorpropamide Form I (Koo era/., 1980). 

X-ray powder patterns of all three forms are significantly different, whereas the DSC 

thermograms obtained for the three forms are very similar. 
The three forms of chlorpropamide have different dissolution rates. The dissolu-

tion rates of Forms I and III in water are identical, while Form II dissolves about half 
as fast. However, in beagle dogs, the serum levels following oral administration are 
identical for all three forms (Simmons et al., 1973). Further single-crystal studies are 
necessary to completely characterize these forms and explain these results. 

tolbutamide 

Tolbutamide. Early studies (Simmons et al., 1972) showed that tolbutamide crys
tallizes in two forms. Form I (see Figure 10.44) is obtained from benzene-hexane, and 
the crystals are prismatic with mp 127-128 oc_ Form II is obtained from aqueous 
ethanol and the crystals are plates with mp 126-128 oc_ Both the infrared spectra and 
the DTA thermograms of Forms I and II are slightly different. The DTA of Form II 
shows an endotherm at 113 oc that is not present in Form L This endotherm apparently 
corresponds to the conversion of Form II to Form L The dissolution rates of Forms I 
and II are the same in water at pH 5.5 and 7 .3. The serum levels of these two forms 
are also identical. One explanation of this data is that, upon exposure to liquid, Form II 
is converted to Form I by a solution-mediated phase transformation. 

More recent studies showed that tolbutamide exists in four crystal forms (Burger, 
1975). In addition, aqueous suspensions of tolbutamide were found to thicken to an 
unpourable state upon occasional agitation. Analysis of the IR spectra and X-ray 
diffraction patterns confirmed that Form III had crystallized (Rowe and Anderson, 

a tL---'-'-
Figure 10.44 Crystal packing of tolbutamide Form I (Donaldson et al., 1981; Ninnala and Gowda. 
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Flglll'e 10.45 Van't Hoff plot of the solubilities of Forms I and !II of tolbutamide showing the 
transition temperature (Rowe and Anderson, 1984). 

1984). This is surprising since the suspensions were prepared with Form I which was 
thought to be the most stable polymorph. Solubility studies gave the van't Hoff plot 
shown in Figure 10.45. The aqueous solubilities of Form I and Form Ill are very 
close. Because of this, Form I may appear to be quite stable at low temperatures in 
suspensions; however, given sufficient time, Form I will transform to the Form III, the 
lower energy form. This interconversion was observed at room temperature in ten 
other solvents. 

These data suggests that Form III is more stable than Form I at room temperature 
and that Form I is more stable than Form III at higher temperatures. This observation 
was verified by microscopy (Rowe and Anderson, 1984) in which Form III crystals 
were placed in mineral oil on a microscope hot stage. The sample was heated at I 00 'C 
for several hours with periodic agitation by pressing and rotating the cover slip. When 
the· temperature was reduced to 95 °C, prismatic crystals, typical of Form I, began to 
grow throughout the oil mixture and the Form III crystals dissolved. Upon cooling to 
room temperature, fine needles, typical of Form III, grew and the Form I crystals 
dissolved. These observations experimentally verify the result of the van't Hoff plot 
shown in Figure 10.45. These studies show the power of van't Hoff plots and also 
thermal microscopy in studying the interconversion of polymorphs. 

F. CoNCLUSION 

This section shows the extent of polymorphism in the sulfonamides. The fact that 
polymorphism of these drugs is widespread yet unpredictable is probably due to (a) the 
availability of a variety of hydrogen-bonding schemes and (b) the occurrence of a 
number of ring-ring stacking modes. Further study of the polymorphism of these 
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Figure 10.45 Van’t Hoff plot of the solubilities of Forms 1 and HI of tolbutamide showing the
transition temperature (Rowe and Anderson, 1984).

1984). This is surprising since the suspensions were prepared with Form I which was
thought to be the most stable polymorph. Solubility studies gave the van’t Hoff plot
shown in Figure 10.45. The aqueous solubilities of Form I and Form IW are very
close. Because of this, Form I may appear to be quite stable at low temperatures in
suspensions; however, given sufficient time, Form I will transform to the Form TII, the
lower energy form. This interconversion was observed at room temperature in ten
other solvents.

These data suggests that Form III is more stable than Form I at room temperature
and that Form lis more stable than Form III at higher temperatures. This observation
was verified by microscopy (Rowe and Anderson, 1984) in which Form III crystals
were placed in mineral oil on a microscope hot stage. The sample was heated at 100
for several hours with periodic agitation by pressing and rotating the cover slip. When
the temperature was reduced to 95 °C, prismatic crystals, typical of Form 1, began to
grow throughoutthe oil mixture and the Form ILI crystals dissolved. Upon cooling to
room temperature, fine needles, typical of Form Hl, grew and the Form I crystals
dissolved. These observations experimentally verify the result of the van’t Hoff plot
shown in Figure 10.45. These studies show the power of van’t Hoff plots and also
thermal microscopyin studying the interconversion of polymorphs.

F. CoNcLusion

This section shows the extent of polymorphism in the sulfonamides. The fact that
polymorphism of these drugs is widespread yet unpredictable is probably due to (a) the
availability of a variety of hydrogen-bonding schemes and (b) the occurrence of a
number of ring-ring stacking modes. Further study of the polymorphism of these
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compounds using single-crystal X-ray techniques should, no doubt, lead to a better 
general understanding of polymorphism. 

10.5 STEROIDS 

Steroids exhibit widespread polymorphism that may affect their bioavailability. A few 
examples of the polymorphism of steroids have been discussed in preceding sections. 

Kuhnert-Brandstatter (1971) has studied the polymorphism of steroids using a 
Kofler hot stage, and the results of her studies are summarized in Table 1 0.11. This 
table clearly shows the extent of polymorphism in this important class of compounds. 
It should be noted that these studies are based mainly on hot-stage results. Other 
methods would be useful to verify the existence of these polymorphs and clarify the 
possible involvement of solvates. 

Table 10.11 Melting Points of Polymorphic Steroids a 

Fonns 
Compound I n Ill IV v 

Allopregnane-3Jj,20a-dio1 215-219 162-168 

Allopregnane-3,20-dione 202-206 198-203 

Androstane-3Jj, 17 /J-diol 168-169 163-164 158-161 146--147 

Androstane-3, 17 -dione 132-134 128-130 

Androstanolone 182 168 
~5-Androstene-3p, 17 a-diol 202-205 180-195 
~5-Androstene-3/3,17 JJ-diol 181-185 177-180 155-158 

~4-Androstene-3, 17-dione 170-174 142-145 

Corticosterone 180-186 175-179 162-168 155-160 

Cortisone enanthate 138-140 135-137 129-132 

Dehydroepiandrosterone 149-153 139-141 137-140 130-136 

Dehydroepiandrosterone acetate 170-172 132-135 94-96 65-69 

Epiandrosterone 174-176 167-169 

a-Estradiol 225 223 

/3-Estradiol 178 169 
Estradiol benzoate 188-195 177.5 176 

Estradiol dipropionate !07 97 82 

Estradiol !?-propionate 198-200 154-156 

Estrone 260-263 256 254 

Estrone methyl ether 172-174 123-126 88-92 

Etiocholane-3a-ol-17 -one 150-152 141-143 133 

Etiocholane-17 /3-o 1-3-one 141-143 103 

Fluorocortisone trimethylacetate 192-198 184-190 

9a-Fiuorohydrocortisone acetate 225-233 208-212 205-208 

Hydrocortisone hemisuccinate 198-205 182-188 168-172 

Methandriol 205-208 202-205 196--198 

Methandriol dipropionate 83-86 74-75 

17 a-Methandrostane-3Jj,l7 fJ-diol 213 205 

a Data from Kuhnert-Brandstatter (1971) 

Table 10.11 (continued) Melt 

Compound 

1-Methylandrostenolone aceta 

17 a-Methylestradiol 

6a-Methylprednisolone acetat 
17 -Norethisterone 

Prednisolone 

Prednisolone acetate 
Progesterone 
Testosterone 

Testosterone isobutyrate 

Testosterone nicotinate 
Testosterone propionate 

a Data from Kuhnert-Brandstatl 

A. ESTRONE 

As indicated in Table 10.1 
of all three polymorphs ha 
of the estrone molecule is : 
three forms is shown in 
molecules, but not obviou 
and stacks of estrone mol 
molecules. The crystal p< 
of 2.26 and 2.47 A; the c 

Table 10.12 Crystallographi( 

Fonnl 

Space group ?2,2,2, 
a(A) 12.188 
b(A) 16.301 
c <A> 7.463 
p 90.00° 
z 4 
V(A3 ) 1481 
Source Sublimati 

Busetta eta/.. 1973 

Page 91

 
 180.=Chapter 10 Polymorphs

   
 

compounds using single-crystal X-ray techniques should, no doubt, lead to a better Table 10.11 (continued) Me
general understanding of polymorphism. 
 
  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

 
 
 
 
 

 

 

Compound

10.5 STEROIDS 1-Methylandrostenolone acet
17 a@-Methylestradioi

Steroids exhibit widespread polymorphism that may affect their bioavailability. A few : 6a-Methylprednisoloneacets
examples of the polymorphism of steroids have been discussed in preceding sections. 4 : 17-Norethisterone

h, Kuhnert-Brandstatter (1971) has studied the polymorphism of steroids using a . Prednisolone
Kofler hot stage, and the results of her studies are summarized in Table 10.11. This Prednisolone acetate
table clearly shows the extent of polymorphism in this important class of compounds. 1 : Progesterone
Tt should be noted that these studies are based mainly on hot-stage results. Other 4 Testosterone

| methods would be useful to verify the existence of these polymorphs and clarify the ; i Testosterone isobutyrate
possible involvementof solvates. Testosterone nicotinate

D: ~ Be
a, Table 10.11 Melting Points of Polymorphic Steroids“ @ Data from Kuhnert-Brandstit 

Forms , A. EsTRone
Compound 1 U 1 IV v E _—_ereeemencnseeceermanatana 

 

 

 
 

 
 
 

Allopregnane-38,20e-diol 215-219 162-168 :
Allopregnane-3,20-dione 202-206 198-203

Androstane-38,17B-diol 168-169 163-164 i58-161 146-147 :
Androstane-3, 17-dione 132-134 128-130 :
Androstanolone 182 168 ] ;AS-Androstene-3,17a-diok 202-205 180-195 i a
AS-Androstene-38,17A-diol 181-185 177-180 155-158 ; c
A*- Androstene-3, 1 7-dione 170-174 142-145 : Asindicated in Table 10.1
Corticosterone 180-186 175-179 162-168 155-160 5 : of all three polymorphs ha
Cortisone enanthate 138-140 135-137 129-132 1 4 of the estrone molecule is
Dehydroepiandrosterone 149-153 139-141 137-140 130-136 4 three forms is shown in
Dehydroepiandrosterone acetate 170-172 132-135 94-96 65-69 7 : molecules, but not obviou
Epiandrosterone 174-176 167-169 : and stacks of estrone mol

ety a-Estradiol 225 223 j ] molecules. The crystal pe
-Estradiol 178 169 q of 2.26 and 2.47 A;the cEstradiol benzoate 188-195 177.5 176 ; a

Estradiol dipropionate 107 97 82
Estradiol 17- jonate 198-200 154-156

Estrone 260-263 256 254 4Table10.12|Crystallographic
Estrone methyl ether 172-174 123-126 88-92 . Form I

Etiocholane-3.a-ol-17-one 150-152 141-143 133 i q Space group P2,2,2,
Etiocholane-178-01 -3-one 141-143 103 3 E atA) 12.188
Fluorocortisone trimethylacetate 192-198 184-190 E BtA) 16.301
9a-Fluorohydrocortisone acetate 225-233 208-212 205-208 ctA) 7.463
Hydrocortisone hemisuccinate 198-205 182-188 168-172 B 90.00°
Methandriol 205-208 202-205 196-198 Zz 4
Methandrioi dipropionate 83-86 74-75 Vv (A 1481
170-Methandrostane-38,17f-diol 213 205 Source Sublimatite 

a Data from Kuhnert-Brandstatter (1971) Busetta ef al., 1973
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Table 10.11 (continued) Melting Points of Polymorphic Steroids a 

Fonns 
CompoWJd n m IV v 

1-Methy1androstenolone acetate 143 106 
17 a-Methylestradiol 190-194 188 
6a-Methylprednisolone acetate 225-229 208-212 205-210 
17 -Norethisterone 200-207 199 
Prednisolone 218-234 215 
Prednisolone acetate 232-241 225-228 217-220 
Progesterone 131 123 Ill 106 100 
Testosterone 155 148 144 143 
Testosterone isobutyrate 131-133 88-90 
Testosterone nicotinate 194-196 185-188 
Testosterone propionate 122 74 

a Data from Kuhnert-Brandstatter ( 1971) 

A. EsTRONE 

estrone 

As indicated in Table 10.12 estrone exists in three polymorphs. The crystal structures 
of all three polymorphs have been determined (Busetta et al., 1973). The conformation 
of the estrone molecule is similar in all three polymorphs. The crystal packing of these 
three forms is shown in Figures 10.46-10.48. Form I contains layers of estrone 
molecules, but not obvious stacks of estrone molecules. Form III contains both layers 
and stacks of estrone molecules. Form II has a herringbone arrangement of estrone 
molecules. The crystal packing of Form I appears to be controlled by H · · · H contacts 
of 2.26 and 2.47 A; the crystal packing of Form II appears to be controlled by C· · ·C 

Table 10.12 Crystallographic Parameters of Three Estrone Po1ymorphs 

Fonnl Fonnll Fonnlll 

Space group P2 1212 1 P2,2t2t P2t 
a(A) 12.188 10.043 9.271 
b(A) 16.301 18.424 22.285 
c(A) 7.463 7.787 7.610 
f3 90.00° 90.00° 111.45° 

z 4 4 4 
V(A3) 1481 1440 1461 
Source Sublimation Acetone Sublimation 

Busetta et al., 1973 
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Forms

Compound I Il ii Iv Vv

1-Methylandrostenolone acetate 143 106
17a-Methylestradiot 190-194 188
6a-Methylprednisolone acetate 225-229 208-212 205-210
17-Norethisterone 200-207 199
Prednisolone 218-234 215
Prednisolone acetate 232-241 225-228 217-220

Progesterone 131 123 Lil 106 100
Testosterone 155 148 144 143

Testosterone isobutyrate 131-133 88-90
Testosterone nicotinate 194-196 185-188

Testostcronc propionate 122 74 

 

a Data from Kuhnert-Brandstatter (1971)

A. ESTRONE 

Hi

estrone

As indicated in Table 10.12 estrone exists in three polymorphs. The crystal structures
of all three polymorphs have been determined (Busetta et al., 1973). The conformation
of the estrone molecule is similarin all three polymorphs. The crystal packing of these
three forms is shown in Figures 10.46—-10.48. Form I contains layers of estrone
molecules, but not obvious stacks of estrone molecules. Form III contains both layers
and stacks of estrone molecules. Form II has a herringbone arrangement of estrone
molecules. The crystal packing of Form I appears to be controlled by H---H contacts
of 2.26 and 2.47 A;the crystal packing of Form U appears to be controlled by C--:C

Table 10.12 Crystallographic Parameters of Three Estrone Polymorphs 

 Form I Form il Form lll

Space group P2,2,2, P2,2;2; P2,
atAy 12.188 10.043 9.271
btA) 16.301 18.424 22.285
c(A) 7.463 7.787 7.610
B 90.00° 90.00° 111.45?
Zz 4 4 4

Vv (Ay 1481 1440 1461
Source Sublimation Acetone Sublimation 

Busetta ef af., 1973
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Figure 10.46 Crystal packing of estrone Form I (Busetta et al .• 1973). 

Figure 10.47 Crystal packing of estrone Form II (Busetta et al., 1973). 

~~~~~ 
~~·r=~ 
~~·~/~·.~ 
~~~~ 
~a~~~~ 
Figure 10.48 Crystal packing of estrone Form III (Busetta et al., 1973). 
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Table 10.13 Cryst~ 

Space Group 
a(A) 

Jx.A> 
c(A) 

p 
z 
Peale (g cm-3) 

v (A3> 
R 

Sutton, 1984 
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B. PREDNISOLO 
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Figure 10.46 Crystal packing of estrone Form I (Busctta er al., 1973).

Table 10.13 Cryst:

Space Group
aA
BA)
cfAy
B
Zz

Prate (Z cm)
V (A3)

Rk
Sutton, 1984

 

 

 
 

  

Figure 10.47 Crystal packing of estrone Form {1 (Busetta et al., 1973). 

Figure 10.49 Stereo
al packing of estrone Form ii (Busetta er al., 1973). StereoFigure 10.48 Cryst   
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contacts of 3.35 A. No transformations or interconversions of these forms have been 
reported; however, it is likely that the densest form, Form II, is the most stable. 

B. PREDNISOLONE 

prednisolone 

In our laboratory we have investigated the polymorphs of prednisolone (Sutton, 1984 ). 
Three crystal forms were obtained by crystallization from various solvents. The cell 
parameters and other crystallographic data for these three forms are shown in Table 
10.13. The crystal structures of Forms I and II were determined but the crystal struc
ture of Form III could not be refined to an acceptable R value. The conformation of 
prednisolone in the two crystal forms (Forms I and II) is shown in Figure I 0.49 and 

Table 10.13 Crystallographic Data for the Polymorphs of Prednisolone 

Form I Form II Form III 

Space Group P21 P212 121 P212 12 1 
a(A) 6.350 (3) 11.808 (7) 24.56 (2) 

b(AJ 12.985 (8) 6.009 (2) 24.77 (4) 
c(A) 10.971 (9) 25.643 (!2) 6.415 (3) 

/3 91.24° 90.00° 90.00° 
z 2 4 8 

Peale (g cm-3) 1.32 1.32 1.29 
v (A3) 904.4 1819.5 3903.5 
R 0.672 0.672 > 0.!0 

Sutton, 1984 

Stereoview of prednisolone Forms I (upper) and II (lower) conformations in the crystal 
(Sutton, 1984). 

Page 94

  
  
 

 
 

 

 

10.5 Steroids 183

contacts of 3.35 A. No transformations or interconversions of these forms have been
reported; however,it is likely that the densest form, Form I, is the most stable.

B. PREDNISOLONE  

prednisolone 
In our laboratory we have investigated the polymorphs of prednisolone (Sutton, 1984).
Three crystal forms were obtained by crystallization from various solvents. The cell
parameters and other crystallographic data for these three forms are shown in Table
10.13. The crystal structures of Forms I and II were determined butthe crystal struc-
ture of Form III could not be refined to an acceptable R value. The conformation of
prednisolone in the two crystal forms (Forms | and I) is shown in Figure 10.49 and 

 
 
 
 
 
 
 
 

 
 

 
 

Table 19.13 Crystallographic Data for the Polymorphs of Prednisolone 

. Form! Form H Form I

Space Group P2, P2,2,2, P2,2,2,
a(A) 6.350 (3) 11.808 (7) 24.56 (2)
A) 12.985 (8) 6.009 (2) 24.77 (4)
c(A) 10.971 9) 25.643 (12) 6.415 (3)
B 91.24° 90.00" 90.00°

‘ Zz 2 4 8

Peat (g cme) 1.32 1.32 1.29
V (A3) 904.4 1819.5 3903.5
R 0.672 0.672 > 0.16  

Sutton, 1984

 
Figure 10.49 Stereoview of prednisolone Forms | (upper) and II (ower) conformations in the crystal

: (Sutton, 1984).
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Figure l 0.50 Crystal packing stereo view of prednisolone Fonn l (Sutton, 1984). 

j 
a 

Figure 10.51 Crystal packing stereoview of prednisolone Fonn II (Sutton, 1984). 

the crystal packing is shown in Figures 10.50-10.51. 
The crystal packing shows that the arrangements of the prednisolone molecules in 

the unit cells of Forms I and II are similar but not identical. However, the solid-state 
NMR spectra of Forms I and II of prednisolone are different as illustrated by the 
spectra and the chemical shifts in Figure l 0.52 and Table 10.14 (Saindon et al., 1993). 
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13C NMR Chern 

Atom Form I Fonnll 

C20 209.5 211.8 

C3 188.1 187.g 

C5 175.1 171.0 

159.8 157.3 

125.9 130.2 

121.8 123.8 

91.4 90.2 

69.9 70.4 

67.1 67.7 

55.4 54.8 

52.2 52.8 
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Figure 10.50 Crystal packing stereoview of prednisolone Form 1 (Sutton, 1984).
 

Soe.
200

Figure 10.52 Solid-state CP/,
(Saindoner ai.,

| Table 10.14 RC NMR Chem
Atom Form! Form ii

c20 209.5 211.8

C3 188.1 187.g
cs 175.1 178.0

_ €13 159.8 157.3

  
 
        

Figure 10.51 Crystal packing stereoview of prednisolone Form II (Sutton, 1984). 125.9 130.2121.8 123.8

| . 914 90.2the crystal packing is shown in Figures 10.50-10.51. i °° aoThe crystal packing shows that the arrangements of the prednisolone molecules in 3 ot athe unit cells of Forms f and Ii are similar but not identical. However, the solid-state | 55.4 ;ent as illustrated by the | 322 328 
  NMR spectra of Forms I and Il of prednisolone are differspectra and the chemical shifts in Figure 10.52 and Table 10.14 (Saindon etal., 1993).4 

     ; 4 The assignmentof this peak
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Especially important for purposes of identification is the difference in chemical shifts of 
the resonances assigned to carbons C2 and C4 which occur between 120 and 140 ppm, 
respectively. 

The solid-state CP/MAS 13C NMR spectra of three generic prednisolone products 
(labeled amount of 5 mg) were also determined. These spectra are shown in Figure 
10.53 and required long acquisition times since the active ingredient (prednisolone) 
comprises only about 5% of the approximately 100 mg tablets. Inspection of these 
spectra shows that products A and B contain Form I while product C contains Form II. 
Further analysis showed that all three products passed the USP dissolution test. Thus, 

Form I 

l 1 __.._ a \ - - -I 
200 150 100 50 Oppm 

Form II 

a l J 

I 
200 150 100 50 Oppm 

figure 10.52 Solid-state CP/MAS "C NMR spectra of prednisolone Forms I (top) and II (bottom) 
(Saindon et al., 1993). 

Table 10.14 Be NMR Chemical Shifts of Prednisolone in the Solid-State and Solution 

Atom Fonnl Fonnll Solution Atom Fonnl Fonn II Solution 
C20 209.5 211.8 211.5 Cl3 47.5 47.1 46.7 
C3 188.1 187.g 185.1 CIO 45.3 45.1 43.9 
C5 175.1 171.0 170.5 Cl2 42.1 43.1 39.0 
Cl3 159.8 157.3 156.8 ega 35.3 34.7 34.1 
C2 125.9 130.2 127.2 Cl6a 34.3 33.5 33.0 
C4 121.8 123.8 12!.7 Cl5a 33.5 32.7 32.7 
Cl7 91.4 90.2 88.5 C6a 31.8 31.5 31.6 
Cll 69.9 70.4 68.6 C7a 24.6 25.4 31.2 
C21 67.1 67.7 66.1 Cl8a 23.9 23.7 21.0 
C9 55.4 54.8 55.5 Cl9a 17.3 18.1 17.0 
Cl4 52.2 52.8 51.2 

a The assignment of this peak should be considered tentative (Saindon et al.. 1993) 
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10.5 Steroids 185

Especially important for purposesofidentification is the difference in chemical shifts of
the resonancesassigned to carbons C2 and C4 which occur between 120 and 140 ppm,
respectively.

The solid-state CP/MAS C NMR spectra ofthree generic prednisolone products
(labeled amount of 5 mg) were also determined. These spectra are shown in Figure
10.53 and required long acquisition times since the active imgredient (prednisolone)
comprises only about 5% of the approximately 100 mg tablets. Inspection of these
spectra showsthat products A and B contain Form I while product C contains Form II.
Further analysis showedthatall three products passed the USP dissolution test. Thus,.

Form |

eeee|
203 150 100 50 Oppm

Form il

200 180 190 50 Oppm

Figure 10.52 Solid-state CP/MAS ‘*C NMR spectra of prednisolone Forms I (top) and H (bettom)
(Saindon et al., 1993).

Table 10.14 ‘°C NMR Chemical Shifts of Prednisolone in the Solid-State and Solution  

  

 
 
 

 

Aten Forml FormIl Solution Atom FormI=FormIl Solution

C20 209.5 2418 211.5 Ci3 ATS Avi 46.7
c3 188.1 187.2 185.1 cio 45.3 45.1 43.9
c5 175.1 171.0 170.5 C12 42.1 43.1 39.0
C13 159.8 157.3 156.8 cs 35.3 34.7 34.4
C2 125.9 130.2 127.2 C164 34.3 33.5 33.0
c4 121.8 123.8 121.7 cise 33.5 32.7 32.7
Cl7 91.4 90.2 88.5 C64 31.8 31.5 31.6
cil 69.9 704A 68.6 cy 24.6 25.4 31.2
C2I 67.1 67.7 66.1 C1g¢ 23.9 23.7 21.0
co 55.4 54.8 55.5 C194 17.3 18.1 17.0
Ci4 52.2 52.8 S12  

a Theassignmentof this peak should be considered tentative (Saindon etal... 1993)
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240 200 

Figure 10.53 Solid-state CP/MAS 13C NMR spectra of prednisolone tablets from three different 
vendors. The most evident differences are noted within the shaded region and the ex
cipient signals are labeled with a star. (Bym et al., 1988). 

these tablets represent a control problem because they contain different crystal forms 
but hopefully do not represent a serious clinical problem since they all meet the USP 

dissolution test. 

C. SPIRONOLACTONE 

spironolactone 

The polymorphism of spironolactone has been carefully studied using X-ray crystallog
raphy (Agafonov et al., 1991). The data for the different forms are described in Table 

10.15. 
Spironolactone is of interest because it shows variable solubility and dissolution 

rate as well as pharmaceutical performance as an oral drug. Recently, a number of 
crystal forms of this compound have been discovered (see Table 1 0.15). As is the case 
for many steroids, both solvated and unsolvated crystal forms have been obtained. 
Figure 10.54 shows the TGA curves of the different crystal forms, clearly Forms Ill 

Table 10.15 Spironolactc 

Solvent Method• 

Acetone 

Acetone 2 
Dioxane 

Dioxane 2 
Chloroform 

Chloroform 2 

Acetonitrile 

Ethanol 

Ethyl acetate 

Methanol 

a Method 1-the sample i1 
oo C within a few hours; m• 
ture and the solvent allowe• 
the two methods of prepan 
fraction pattern. (Agafono 

through VI are solvate! 
crystal forms confirmin 

Table 10.16 lists t1 
spironolactone, clearly ! 
10.17 tabulates the pow 
that Forms I through 1 
(Agafonov et al., 1991' 
crystal forms of spiron; 
(Form I) is shown in Fi1 
Figure 10.57. The confc 
it is clear that the crystal 

FigUre 10.54 TGA curves ( 

Page 97

  

 

 Chapter 10 Polymorphs

Vendor X

Vendor Y

Vendor Z

   
 

 

  

 

240 200 180 7160 440 120 700 80 60 40 20 OQ ppm

Figure 10.53 Solid-state CP/MAS 13C: NMR spectra of prednisolone tablets from three different
vendors. The most evident differences are noted within the shaded region and the ex-
cipient signals are labeled with a star. (Bym ef al., 1988).

trol problem because they contain different crystal formsthese tablets represent a con!
linical problem since they all meet the USPbut hopefully do not represent a serious ¢
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Table 10.15 Spironolactc 

Solvent Method*

Acetone

TenetAcetone
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10.5 Steroids 

Table 10.15 Spironolactone Single-Crystal Preparation Methods and Thermodynamic Data 

Solvent Method" Form Obtained Tdec !J.Hdec Tr !J.Hr 
(OC) (J/g) (OC) (Jig) 

Acetone 205 ± l 48 ± 3 

Acetone 2 ll 210 ±I 53± 4 
Dioxane l Glassc 

Dioxane 2 ll 210 ±I 53± 4 
Chloroform I Gla~sc 

Chloroform 2 ll 210 ±I 53± 4 
Acetonitrile _h Solvate (2: I) (Ill) 137 ± 2 38 ± 2 210 ±I 52± 4 
Ethanol Solvate (2: l) (IV) 100 ± 2 28 ± 2 210 ±I 54± 4 
Ethyl acetate Solvate (4:1) (V) 102±6 28 ±I 210 ± 1 54± 4 
Methanol _b Solvate (1 :2) (VI) 25-126 50± 2 210 ±I 52± 3 

a Method !-the sample is dissolved in the solvent at close to its boiling point and cooled to 
0' C within a few hours; method 2-the sample is dissolved in the solvent at room tempera
ture and the solvent allowed to evaporate slowly during several weeks. b For these solvents, 
the two methods of preparation give the same results. c Glass-like solid without X-ray dif
fraction pattern. (Agafonov eta/., 1991) 

187 

through VI are solvates. Figure 10.55 shows the DSC thermograms of the different 
crystal forms confirming that Forms III through VI contain solvent of crystallization. 

Table 10.16 lists the crystallographic parameters of the different crystal forms of 
spironolactone, clearly showing that the different forms have distinct structures. Table 
I 0.17 tabulates the powder patterns for Forms I through III. It is clear from this table 
that Forms I through III have different powder diffraction patterns. These workers 
(Agafonov et al., 1991) were able to determine the crystal structures of three of the 
crystal forms of spironolactone and the contents of the unit cell for the needle form 
(Form I) is shown in Figure 10.56, the contents of the unit cell for Form II is shown in 
Figure 10.57. The conformation of the steroid is the same in all three crystal forms but 
it is clear that the crystal packing is different. 

e» ~----------, 
.§. 

"' "' ~ ~--------------

0 50 100 150 200 250 

T (OC) 

Form I 

Form II 

Form Ill 

Form IV 

FormV 

FJgUre 10.54 TGA curves of spironolactone crystal forms (Agafonov eta!., 1991 ). 
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Table 10.15 Spironolactone Single-Crystal Preparation Methods and Thermodynamic Data
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Solvent Method? Form Obtained Tyee AAigec Ty AH,
 

Acetone i I 205+1 4843
Acetone 2 il 210+1 5344
Dioxane 1 Glass 7 : tee
Dioxane 2 U see oe 21041 53 +4
Chloroform i Glass* a
Chloroform 2 U te ot 21041 5344

Acetonitrile —h Salvate (2:1) UID 137 +2 3842 210+1 5224
Ethanol — Solvate (2:1) (IV) 100 + 2 28+2 210+ 1 5424
Ethyl acetate — Solvate (4:1) (V) 102 +6 28+1 21041 5444
Methanol ed Solvate (1:2) (VD 25-126 . 5042 21041 5243

CO (dig) (ec) (Jig)

 

a Method 1—the sample is dissolved in the solvent at close to its boiling point and cooled to
0° C within a few hours; method 2—the sample is dissolved in the solvent at room tempera-
ture and the solvent allowed to evaporate slowly during several weeks. 4 Por these solvents,
the two methods of preparation give the same results. ¢ Glass-like solid without X-ray dif-
fraction pattern. (Agafonovef al., 1991)

 
 
 
 
 
 

 
 
 
 

through VI are solvates. Figure 10.55 shows the DSC thermograms of the different
crystal forms confirming that Forms [I through VI contain solventofcrystallization.

Table 10.16 lists the crystallographic parameters of the different crystal forms of
spironolactone, clearly showingthat the different forms have distinct structures. Table
10.17 tabulates the powder patterns for Forms I through UI. It is clear from this table
that Forms I through HI have different powder diffraction patterns. These workers
(Agafonov et al., 1991) were able to determine the crystal structures of three of the
crystal forms of spironolactone and the contents of the unit cell for the needle form
(Form 1) is shown in Figure 10.56, the contents of the unit cell for Form II is shown in
Figure 10.57. The conformation of the steroid is the samein all three crystal forms but
itis clear that the crystal packing is different.

Form t

Form it 
 
 
 

Form lit

Form IvMass(mg) Form V

Form Vl

0 50 100 180 200 250

TC)

Figure 10.54. TGAcurvesofspironolactonecrystal forms (Agafonover al., 1991).
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Table 10.17 (continued) 

Form I 

dbld(A) I" hkl 

6.13 w 0 1 I 
5.93 vw 060 
5.10 w 160 
4.94 m 2 I 0 
4.68 vs 0 5 1 
4.599 230 
4.528 I 7 0 
4.351 m 240 
3.870 m 20 1 
3.699 m I 9 0 

a vs-very strong intensit 
intensity (Agafonov et a 

100 200 
T(OC) 

Figure 10.55 DSC thermograms of spironolactone crystal forms {Agafonov et al., 1991). 

Table 10.16 Crystallographic Data for the Crystal Forms of Spironolactone 

Parameter Form I Form II Form Ill Form IV FormV 

Space group P2t2t2t P2 12 12 1 P2t P2t2121 P2t2t2t 

a (A.) 9.979 10.584 11.857 10.14 10.15 

b (Al 35.573 18.996 19.655 36.21 36.22 

c{A.) 6.225 11.005 11.346 6.28 6.29 

J3 90.00 90.00 118.13 90.00 90.00 

z 4 4 2 4 4 

v <A3l 2209.8 2212.6 2318.7 2306 2315 

Crystal System Orthorhombic Orthorhombic Monoclinic Orthorhombic Orthorhombic 

Morphology Needle-like Prisms Trigonal prisms Needle-like Needle-like 

Solvate 
\6 acetonitrile \6ethano1 ~ ethyl acetate 

Figure 10.56 Contents o 

Agafonov et al., 1991. 

Table 10.17 X -ray Powder Diffraction Data for the Different Crystal Forms of Spironolactone 

Form I Form II Form III 

dhld(A) I" hkl dhld(A) I" hkl dhld(A) I" hkl 

17.8 w 020 9.5 020 9.8 020 

8.9 m 040 7.63 w l 0 I 8.9 w 0 I 1 

8.7 vs 1 2 0 7.00 m l 2 0 8.8 w l l l 

7.63 1 3 0 5.43 1 3 0 6.99 w 1 2 I 

6.64 m 140 5.29 0 I 2 5.55 I 3 0 

a vs-very strong intensity, s-strong intensity. m-medium intensity. w-weak intensity, vw-very weak 

intensity (Agafonov et al.. 1991 ). 

__j 

Figure 10.57 Contents oi 
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Figure 10.55 DSC thermograms of spironolactone c

he Crystal Forms of Spironolactone

 

rystal forms (Agafonov ef ai., 1991).

 
 

Table 19.16 Crystallographic Data for t

Parameter Form I Form II Form Ill Form IV Form V
Space group P2 (2,2, P2422) P2, P2,2,2, P2212)
afA) 9.979 10.584 11.857 10.14 10.15
b(A) 35.573 18.996 19.655 36.21 36.22
ctA) 6.225 11.005 11.346 6.28 6.29
B 90.00 90.00 118.13 90.00 90.00
Z 4 4 2 4 4
Vv (A?) 2209.8 2212.6 2318.7 2306 2315
Crystal System Orthorhombic Orthorhombic Monoclinic|Orthorhombic Orthorhombic
Morphology Needle-like Prisms Trigonal prisms Needle-like Needie-like
Solvate - ¥% acetonitrile ¥ ethanol “ethyl acetate 
Agafonov ef al., 1991.

Table 10.17 X-ray Powder Diffraction Data for the Different Crys
tal Forms of Spironolactone
 

 

Form Ii Form Ii Form III
dug (A) 1° hkI dig (A) Akl dyg(A) I Akt
17.8 w 020 9.5 s 020 98 s 020
a9 m 040 7.63 w 101 8.9 w oll
8.7 vs 120 7.00 m 120 8.8 w bil
7.63 $ 130 5.43 s 130 6.99 w 121
6.64 m 140 5.29 s 012 5.55 s 130vw-very weak 
a vs-very strong intensity, s—strong intensity,
intensity (Agafonov ef ai., 1991}.

 
m-medium intensity, w-weak intensity, 

Table 10.17 (continued)

Form I

dus)
6.13 w oll
5.93 vw 060
5.10 Ww 160
4.94 m 210
4.68 VS 051
4.599 s 230
4.528 Ss 170
4.331 m 240
3.870 m 201

3699om190
@ vs—very strong intensit
intensity (Agafonov er a

 

Figure 10.56 Contents o
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Table 10.17 (continued) X-ray Powder Diffraction Data for the Different Crystal Forms of 

Spironolactone 

Fonnl Fonn II Fonnlll 
dw(A) Ia hid dhkl(A) Ia hid dw(A) I" hkl 

6.13 w 0 l I 5.10 rn 2 l 0 5.48 0 3 I 
5.93 vw 060 4.87 w I 0 2 5.46 I 3 I 
5.10 w I 6 0 4.73 w l I 2 5.09 I 2 I 
4.94 rn 2 I 0 4.333 rn 140 5.05 w 2 I 0 
4.68 VS 0 5 l 4.263 w 2 I 2 4.97 rn 2 0-2 
4.599 230 4.032 rn I 4 I 4.91 0 4 0, I 2 2 
4.528 l 7 0 3.815 w 202 4.456 rn 0 2 2, I 4 0 
4.35I rn 240 3.74I w 2 I 2 4.287 rn I 3 2 
3.870 rn 2 0 I 3.576 w I 50 3.931 w 2 0 l 
3.699 rn l 9 0 3.540 w 222 3.837 w 311,302 
a vs-very strong intensity, s-strong intensity, m-medium intensity, 
intensity (Agafonov et al .. 1991). 

w-weak intensity, vw-very weak 

al .• I99I). 

v FonnV 

P2t2t2t 

4 10.15 

36.22 

8 6.29 

0 90.00 

4 
23I5 

Figure 10.56 Contents of the unit cell of Form I of spironolactone (Dideberg et al., 1972). 

mbic Orthorhombic 

like Needle-like 

101 ;4 ethyl acetate 

'Spironolactone 

II 
,) I" hkl 

020 

w 0 I I 

w I l l 

w l 2 l 
fil-e 10.57 Contents of the unit cell of Form II of spironolactone (Agafonov et al., 1989). 

l 3 0 

ttensity, vw-very weak 
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  Table 10.17 (continued) X-ray Powder Diffraction Data for the Different Crystal Forms of  
 

  

 
     

  
Spironolactone

Form I Form II FormI
dus(A) I bk dag(A) I hk dng (A) 4 hkl

6.13 w oll 5.10 m 210 5.48 5 031
5.93 vw 060 4.87 w 102 5.46 8 131
5.10 w 160 4.73 w 112 5.09 s 121
4.94 m 210 4333 om 140 5.05 w 210
4.68 vs 051 4.263 w 212 4.97 m 20-2
4.599 ss 230 4.032 m 141 4.9] s 040,122
4528 5 170 3.815 w 202 4456 m 022,140
4351 m 240 3.741 ow 212 4.287 om 132
3870 m 201 3.576 ow 150 3.931 ow 201
3.699 m 190 3.540 + w 222 3.837 w 311,302  

 
 

 
 

@ V8-very strong intensity, s—strong intensity, m—medium intensity, w—weak intensity, vw-very weakintensity (Agafonovef ai., 1991).

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 

al., 1991).

vy Form V
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D. METHYLPREDNISOLONE 

methylprednisolone 

Me 

Methylprednisolone exists in two polymorphs. Form I can be prepared by recrystalli
zation from acetone, and Form II by sublimation at 190 OC (Hamlin et al., 1962). Dis
solution rates of pellets of these two forms were studied under varying conditions of 
agitation. Under all conditions, except the most rapid agitation, Form II has a faster 
dissolution rate than Form I. In vivo tests of the rate of dissolution of Forms I and II 
using pellet implants in rats showed that Form II has a faster dissolution rate than 

Form I. 
Studies of the intrinsic dissolution rates (see Chapter 6) of Forms I and II also 

showed that Form II has a faster dissolution rate than Form I. At increased stirring 
rates, Forms I and II had more similar dissolution rates. These studies also indicated 
that low agitation rates give data that correlate with the pellet-implant in vivo data, while 
higher agitation rates are required to give results that correlate with data from trials 
involving tablets dissolving in the stomach (Levy and Procknal, 1964). 

Infrared spectroscopy showed that the surfaces of pellets of Form II revert to Form 
I in water, even after only a 2-minute exposure. This appears to be a water-mediated 
phase transformation of the type discussed by Haleblian and McCrone (1969). This 
observation explains some of the conflicting data obtained in measuring the dissolution 
rates of Form II in water (Higuchi et al., 1969). 

E. HYDROCORTISONE 21-TERT-BUTYLACETATE 

hydrocortisone 21-tert-butylacetate 

Biles (1963) reported that hydrocortisone 21-tert-butylacetate crystallizes in three 
forms. X-ray diffraction studies in our laboratory indicate that there are actually at least 
four different forms, and elemental analysis shows that two of these forms contain 
different amounts of ethanol. The results of these studies are shown in Table 10.18. 
Several other forms (from other solvents or from desolvation of a solvate by heating) 
are also known and have a melting point of 234-238 oc (Lin et al., 1982). 

Table 10.18 Crysta 

Crystal Form 

n 
ill 

IV 

a The exact melting 
at this temperature r 
melt resolidified as 

During recry~ 
III, often formed I 
new form, design 
120 °C. Forms I 
while Form III ch 

d
HO 

' 

~ 

hydrocortis01 

All crystal fc 
light. Form I \ 
ultraviolet light ir 
oc. The formatio 
NMR chemical st 
by gas chromatol 
21-tert-butylaceta 

Table 10.19 Desol 
Butyl: 

Days 

I 

2 

3 

6 
10 
14 

21 

Lin et al .. 1982. 
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methylprednisolone 
Me

Methylprednisolone exists in two polymorphs. Form I can be prepared by recrystalli-
zation from acetone, and Form II by sublimation at 190 °C (Hamlin er al., 1962). Dis-
solution rates of pellets of these two forms were studied under varying conditions of
agitation. Underall conditions, except the most rapid agitation, Form II has a faster
dissolution rate than Form I. In vive tests of the rate of dissolution of Forms I and II
using pellet implants in rats showed that Form II has a faster dissolution rate than
Form I.

Studies of the intrinsic dissolution rates (see Chapter 6) of Forms J and II also
showed that Form II has a faster dissolution rate than Form I. At increased stirring
rates, Forms { and II had more similar dissolution rates. These studies also indicated
that lowagitation rates give data that correlate with the pellet-implantin vivo data, while
higher agitation rates are required to give results that correlate with data from trials
involving tablets dissolving in the stomach (Levy and Procknal, 1964).

Infrared spectroscopy showed that the surfaces of pellets of FormII revert to Form
1 in water, even after only a 2-minute exposure. This appears to be a water-mediated
phase transformation of the type discussed by Haleblian and McCrone (1969). This
observation explains someofthe conflicting data obtained in measuring the dissolution
rates of Form Il in water (Higuchietal., 1969).

BE. HyDROCORTISONE 21-TERT-BUTYLACETATE
  

hydrocortisone 24 -tert-butylacetate 
Biles (1963) reported that hydrocortisone 21-tert-butylacetate crystallizes in three
forms. X-ray diffraction studies in our laboratory indicate that there are actually at least
four different forms, and elemental analysis shows that two of these forms contain
different amounts of ethanol. The results of these studies are shown in Table 10.18.
Several other forms (from other solvents or from desolvation of a solvate by heating)
are also known and have a melting point of 234-238 °C (Lin et al., 1982).

Table 10.18 Crysta

Crystai Form

I
a

HE
IV

a The exact melting
at this temperature r
melt resolidified as‘

During recry:
III, often formed |
new form, design
120 °C. Forms I
while Form HI ch

 
hydrocortisor

All crystal fc
light. Form I v
ultraviolet light ir
°C. The formatio
NMRchemicalst

by gas chromato;
21-rert-butylaceta

Table 10.19 Desol
Butyl:

Days
1
2
3
6

10
14
21

Lin et ai., 1982.
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Table 10.18 Crystal Fonns of Hydrocortisone 21-tert-Butylacetate 

Crystal Form 
Ethanol Content Oxidation in Mp•eq 

(mole ratio) UVLight 

0.9 (variable) Reaction 170-180 

n 1.0 No Reaction 110-120b 

m 0 No Reaction 123-126c 

IV 0 No Reaction 234-238 

a The exact melting temperature may vary from one crystal to another. b Opaque 
at this temperature range with final melting at 234-238 °C. c After melting, the 
melt resolidified as the temperature was increasing. (Lin et al., 1982) 

During recrystallization from ethanol, a mixture of crystal forms, Forms I, II, and 
III, often formed but a pure single form could be obtained under certain conditions. A 
new form, designated Form IV, was produced when Forms I, II, and III were heated at 
120 °C. Forms I and II underwent desolvation and phase transformation to Form IV, 
while Form III changed from one phase to another. 

hydrocortisone 21-tert-butylacetate cortisone 21-tert-butylacetate 

All crystal forms, except for Form I, were stable upon irradiation with ultraviolet 
light. Form I was oxidized to cortisone 21-tert-butylacetate upon irradiation with 
ultraviolet light in air. A known weight of crystals was put in vials and irradiated at 30 
°C. The formation of cortisone 21-tert-butylacetate was determined by the change in the 
NMR chemical shift of the C 18 methyl signal, and the content of ethanol was measured 
by gas chromatography. The percent of desolvation and oxidation of hydrocortisone 
21-tert-butylacetate to cortisone 21-tert-butylacetate is shown in Table 10.19. The loss 

Table 10.19 Desolvation and Oxidation of Crystalline Hydrocortisone 21-tert
Butylacetate Form I (0.9 Ethanolate) upon Exposure to UV Light 

Days %Oxidation Ethanol Lost 

I 20.0 43.3% 

2 38.9 75.6% 

3 50.0 83.3% 

6 52.9 88.9% 

10 56.3 93.3% 

14 66.7 95.6% 

21 71.4 96.7% 

Lin et al., 1982. 
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Table 10.48 Crystal Forms of Hydrocortisone 21-sert-Butylacetate
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 Crystal Form acreconent Oe Mp* °O)
I 0.9 (variable) Reaction 170-180
I 1.0 No Reaction 110-120”

mW 0 No Reaction 123-126°
IV 0 No Reaction 234-238 

a The exact melting temperature may vary from one crystal to another. & Opaque
at this temperature range with final melting at 234-238 °C. ¢ After meking, the
melt resolidified as the temperature was increasing. (Lin et al., 1982}

Duringrecrystallization from ethanol, a mixture of crystal forms, Forms I, TI, and
Ill, often formed but a pure single form could be obtained undercertain conditions. A
new form, designated Form IV, was produced when FormsI, H, and IH were heated at
120°C. Forms I and Il underwent desolvation and phase transformation to Form IV,
while Form III changed from one phase to another.

‘CMe; CMe3
[ghanee OH 0.9° GHsOH

hydrocortisone 21-/ert-butylacetate cortisone 21-tert-butylacetate

All crystal forms, except for Form 1, were stable upon irradiation with ultraviolet
light. Form I was oxidized to cortisone 21-fert-butylacetate upon irradiation with
ultraviolet light in air. A known weightof crystals was put in vials and irradiated at 30
°C, The formation of cortisone 21-tert-butylacetate was determined by the change in the
NMR chemical shift of the C18 methyl signal, and the content of ethanol was measured
by gas chromatography. The percent of desolvation and oxidation of hydrocortisone
21 -tert-butylacetate to cortisone 21-tert-butylacetate is shown in Table 10.19. The loss

Table 10.19 Desolvation and Oxidation of Crystalline Hydrocortisone 21-rert-
Butylacetate FormI (0.9 Ethanolate) upon Exposure to UV Light 

 Days % Oxidation Ethanol! Lost
1 20.0 43.3%
2 38.9 75.6%
3 50.0 83.3%
6 52.9 88.9%

10 56.3 93.3%
14 66.7 95.6%
21 qba4 96.7% 

Lin ef al., 1982.
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of ethanol is faster than oxidation but does not completely precede oxidation. In 
addition, ethanol loss does not occur from crystals stored in the dark, indicating that 
oxidation is required for ethanol loss to begin. Further studies of this interesting 
reaction are in order. This behavior is different from that of dihydrophenylalanine 
hydrate, in which water loss almost completely preceded oxidation (Bym and Lin, 
1976). 

F. CoNCLUSION 

The steroids exhibit a wide range of polymorphic and solvate behavior which appears 
to affect both the bioavailability and stability of these compounds. Of particular interest 
are the cases where one form is chemically reactive in the solid state while the others are 
stable. 

10.6 BARBITURATES 

Barbiturates are another class of drugs which generally exhibit polymorphism. As in 
the discussions of the polymorphism of sulfonamides and steroids just presented, this 
section begins with Table 10.20 describing the results of hot-stage experiments on 
barbiturates (Kuhnert-Brandstatter, 1971). 

Table 10.20 Melting Points of Polymorphs of Barbiturates a 

Compound I n m IV v VI vn VIH IX X XI 

Allobarbital 173 -122 

5-Allyl-5-(2-Cyclopenteny1-l- 148 126 124 115 
y1)barbituric acid 

5-Al1y1-5-pheny1- 159 133 130 129 128 126 
barbituric acid 

Amobarbital 157 151 

Aprobarbital 141 139 133 130 -116 -95 

Barbital 190 184 183 181 176 159 

Butallylonal 131 128 104 

Buthalitone 149 117 -95 

5-Croty1-5-ethyl- 117 90 
barbituric acid 

Cyclobarbital 173 161 

Dipropy1barbita1 148 146 126 120 -llO 105 85 

Dormovit 171 146 

Ethallobarbital 160 149 137 129 117 108 

5-Ethyl-5-(1-piperidyl)- 217 210 204 
barbituric acid 

Heptabarbital 174 150 145 143 141 137 127 100 

Hexobarbital 146 

a Kuhnert-Brandstatter (1971). 

Table 10.20 (continued) Melting Points 

Compound I 

5-Methyl-5-phenyl-
barbituric acid 

226 

Pentobarbital 

Phenobarbital 

Propallylonal 

129 

176 

184 

166 -

146 

176 I 

166 I: 
a Kuhnert-Brandstatter (1971). 
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oxidation is required for ethanol loss to begin. Further studies of this interesting —__“ompomnd
reaction are in order. This behavior is different from that of dihydrophenylalanine >Methyl5-pheny!- 226 7
hydrate, in which water loss almost completely preceded oxidation (Byrn and Lin, Pe .
1976). mtobarbital 129 4

Phenobarbital 176 I
F. CoNncLusion Propailytonal 184 1

. _. . . : ; Secobutabarbital 166 _
The steroids exhibit a wide range of polymorphic and solvate behavior which appears f  ‘Thialbarbital
to affect both the bioavailability and stability of these compounds. Of particular interest |: Thioth M46 1
are the cases where one form is chemically reactive in the solid state while the others are Py vr 176 8

1 stable, Vinbarbital 166 1
@ Kuhnert-Brandstatter (97).
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  Barbiturates are another class of drugs which generally exhibit polymorphism. As in 4
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Me
Table 10.20 Melting Points of Polymorphs of Barbiturates®

Compound t TT 6 h6T¥V06h6UVChUVE) h6CVER sOVETE OX x Xi
Allobarbital 173 ~122

Et  
 
 
 

 and Vizzini (1969) have det 

  
  

S-Allyl-5-(2-Cyclopentenyl-I- 148-126 124 115.) — $ of amobarbital (5-ethyl-5-isc
ylbarbituric acid eters shown in Table 10.21

5-Allyl-5-phenyl- 159 133 130 129 128 126 € conformation of amobarbita  barbituric acid 4 erysta
. Amobarbital 157 151 packing is different (see F

ouble-ribbon arrangement; ho 

  
 
 
 
 
 
 
 
 

 
 
 
 

 

 

 

 
 

Aprobarbital 141 139 133 130 ~116 ~95 ts, while in Form II an interl

. Barbital 190 184 183 181 176 159
: , Butallyional 131 128 104

Buthalitone 149 117 ~95

‘ 5-Croty!-5-ethy!- 117-90
; barbituric acid

Form ¥

Cyclobarbital 173 161 a
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i Dormovit 171 146 rae
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Table 10.20 (continued) Melting Points of Polymorphs of Barbiturates0 

Compound I n m IV v VI vn vm IX X XI 

5-Methyl-5-phenyl- 226 226 200 
barbituric acid 

Pentobarbital 129 114 108 

Phenobarbital 176 174 167 163 160 157 153 141 133 126 112 

Propallylonal 184 180 -179 -127 -123 

Secobutabarbital 166 

Thialbarbital 146 125 

Thiothyr 176 172 

Vinbarbital 166 129 106 

a Kuhnert-Brandstatter (1971 ). 

A. AMOBARBITAL 

amobarbital 

Craven and Vizzini ( 1969) have determined the crystal structures of the two poly
morphs of amobarbital (5-ethyl-5-isopentylbarbituric acid). The two forms have the 
cell parameters shown in Table 10.21. 

The conformation of amobarbital is virtually identical in the two polymorphs but 
the crystal packing is different (see Figures 10.58-10.59). Both forms show the so
called double-ribbon arrangement; however, in Form I there is no interaction between 
the sheets, while in Form II an interlocking structure is present resulting in a slightly 
higher density. 

Table 10.21 Crystallographic Parameters for the Two Forms of Amobarbital 

Parameter Form I Form II 

Space group C21c P2 11c 

a(A) 21.480 10.281 

b (A) 11.590 22.061 

c(A) 10.370 11.679 

fJ 97.07° 109.10° 

z 8 8 

v (A3) 2562.0 2503.1 

Peale (g cm-3) l.l7l 1.178 

Crystal habit Plates developed on I 0 0 Needles elongated along b-axis 
Mp(OC) 154-156 160-162 

Crnven and Vizzini. 1969. 
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 Compound I Tt wf WY Vv Vi VO vig X% xX=XI

5-Methyl-5-phenyl- 226 226 200
barbituric acid

Pentobarbital {29 114 108

Phenobarbital 176 174 167 163 {60 i157 153 14) 133 126 112

Propallylonal 184 180 ~179 ~127 ~i23
Secobutabarbital 166 —

Thialbarbital 146 125

Thiothyr 176 172

Vinbarbital 166 129 106 

a Kuhnert-Brandstatter (1971).

A. AMOBARBITAL 

Me 0, YoO
N amobarbital

Me ~ HEt
°

Craven and Vizzini (1969) have determined the crystal structures of the two poly-
morphs of amobarbital (5-ethyl-5-isopentylbarbituric acid). The two forms have the
cell parameters shown in Table 10.21.

The conformation of amobarbital is virtually identical in the two polymorphs but
the crystal packing is different (see Figures 10.58-10.59). Both forms show the so-
called double-ribbon arrangement; however, in Form I there is no imteraction between
the sheets, while in Form TI an interlocking structure is present resulting in a slightly
higher density.

Table 10.21 Crystallographic Parameters for the Two Forms of Amobarbital 

 Parameter Form! Form II

Space group Cile Pile
atA) 21.480 10.281
b(A) 11.590 22.061
e(A) 10.370 11.679
B 97.07° 109.10°
Z 8 &

vA) 2562.0 2503.1
Peale (g em™3) Livi 1.178
Crystal habit Plates developed on 100 Needles elongated along b-axis
Mp (°C) 154-156 160-162
 

Craven and Vizzini, 1969. 
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L 
Figure 10.58 The crystal structure of Form I of amobarbital viewed down the c axis (Craven and 

Vizzini, 1969). 

Figure 10.59 The crystal structure of Form II of amobarbital viewed down the a axis (Craven and 
Vizzini, 1969). 

B PHENOBARBITAL 

0 

Ph-

Phenobarbital (5-ethyl-5-pl 
many as thirteen modificati< 
least four distinct anhydrou 

The crystal structures , 
have been determined rvv 
phenobarbital, including the 
two forms. The crystal pac 
somewhat different; howev 
hydrogen-bonded pyrimidi1 

Kopp et al. ( 1988) rep< 
of polymorphic phenobarbi1 
can easily lead to misunder: 
to identify the different cry 
obtained if different heating 
also influenced the DSC re 
DSC methodology outlined 

A study by Szab6-Revc 
ers A vice I® PH 101 or He we 
(obtained by heating a comr 
two commercial sources !at 
phenobarbital. The dissolut 
were different as shown in 
and other similar observat 
dissolution rates. 

Table 10.22 Crystallographic I 

Parameter Fonnl" 

Space group P21/n 

a(A) 6.800 
b(A) 47.174 
c(A) 10.695 

a 90.00° 

fJ 94.18° 

r 90.00° 

z 12 
V(A3) 3421.7 

Peale (gm cm-3) 1.352 

a Williams, 1973. b Williams, 
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 194 Chapter 10 Polymorphs 

Figure 10.58 The crystal structure of Form I of amobarbital viewed down the c axis (Craven and
Vizzini, 1969).

Figure 10.59 The crystal structure of Form II of amobarbital viewed down the a axis (Craven and
Vizzini, 1969).
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Table 10.22 Crystallographic §
Parameter Form F

Space group P2in
a(A) 6.800
b(A) TAT4
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a 90.00°

B 94.18°
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Zz 12

Vv (A 3421.7
Pra (gm cm) 1.352
a Williams, 1973. b Williams,
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8 PHENOBARBITAL 

phenobarbital 

Phenobarbital (5-ethyl-5-phenylbarbituric acid) has been reported to crystallize in as 
many as thirteen modifications. Single-crystal studies of these polymorphs revealed at 
least four distinct anhydrous forms and one hydrate (see Table 10.22). 

The crystal structures of the hydrate (Form XIII) and of Forms I, II, III, and V 
have been determined (Williams, 1973; Williams, 1974). The conformations of 
phenobarbital, including the angle between the two rings, are slightly different in these 
two forms. The crystal packing of these two forms, shown in Figures 10.60-10.61, is 
somewhat different; however, both forms contain layers of phenyl rings and layers of 
hydrogen-bonded pyrimidine rings. 

Kopp et al. ( 1988) reported a study of DSC and X -ray powder diffraction patterns 
of polymorphic phenobarbitaL Their work demonstrates that using one technique alone 
can easily lead to misunderstandings. It was not possible to use the DSC thermograms 
to identify the different crystal forms of phenobarbital because different results were 
obtained if different heating rates were used. In addition, they found that particle size 
also influenced the DSC results. These results are consistent with the discussion of 
DSC methodology outlined in Chapter 5. 

A study by Szab6-Revesz et al. (1987) used direct compression with the dry bind
ers Avice!® PH 101 or Heweten® 40 to evaluate manufactured tablets containing Form I 
(obtained by heating a commercial product near 160 oc for 3 h), Form II (obtained from 
two commercial sources labeled II1 and II2 ), or Form III (obtained by spray drying) of 
phenobarbital. The dissolution rates of the tablets containing the various crystal forms 
were different as shown in Figure 10.62 but by only a few percent. This observation 
and other similar observations suggest that different polymorphs may give similar 
dissolution rates. 

Table 10.22 Crystallographic Parameters for the Crystal Forms of Phenobarbital. 

Parameter Form I" Form II" Form lllb Form V" Form XIII (hydrate)" 

Space group P2 1/n PT P2 11c P2 1/c Pbca 

a(A) 6.800 6.784 9.534 12.66 7.157 

b <A> 47.174 23.537 11.855 6.75 30.879 

c(A) 10.695 10.741 10.794 27.69 10.87 

a 90.00° 91.89° 90.00° 90.00° 90.00° 

fJ 94.18° 94.43° 111.56° 106.9° 90.00° 

r 90.00° 89.03° 90.00° 90.00° 90.00° 

z 12 6 4 8 8 

v (A3) 3421.7 1708.8 1134.6 2264.1 2402.3 

Peale (gm cm-3) 1.352 1.354 1.360 1.362 1.384 

a Williams, 1973. b Williams, 1974. 
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Phenobarbital (5-ethyl-5-phenylbarbituric acid) has been reported to crystallize in as
many as thirteen modifications. Single-crystal studies of these polymorphs revealed at
least four distinct anhydrous forms and one hydrate (see Table 10.22).

The crystal structures of the hydrate (Form XIII) and of Forms I, 0, WI, and V
have been determined (Williams, 1973; Williams, 1974). The conformations of
phenobarbital, including the angle between the two rings, are slightly different in these
two forms. The crystal packing of these two forms, shownin Figures 10.60—-10.61, is
somewhat different; however, both forms contain layers of pheny! rings and layers of
hydrogen-bonded pyrimidine rings.

Kopperal. (1988) reported a study of DSC and X-ray powderdiffraction patterns
of polymorphic phenobarbital. Their work demonstrates that using one technique alone
can easily lead to misunderstandings. It was not possible to use the DSC thermograms
to identify the different crystal forms of phenobarbital because different results were
obtained if different heating rates were used. In addition, they found that particle size
also influenced the DSC results. These results are consistent with the discussion of

DSC methodology outlined in Chapter5.
A study by Szab6-Réve&z et al. (1987) used direct compression with the dry bind-

ers Avicel® PH 101 or Heweten® 40 to evaluate manufactured tablets containing Form I
(obtained by heating a commercial product near 160 °C for 3 h), Form II (obtained from
two commercial sources labeled I, and Tz ), or Form TH (obtained by spray drying) of
phenobarbital. The dissolution rates of the tablets containing the various crystal forms
were different as shownin Figure 10.62 but by only a few percent. This observation
and other similar observations suggest that different polymorphs may give similar
dissolution rates.

Table 18.22 Crystallographic Parameters for the Crystal Forms of Phenobarbital. 

 Parameter Form I° FormIFf Formiif!? Form V’ Form XH(hydrate)?

Space group P2 in PT P2fe P2fe Pbea
a(A) 6.800 6.784 9.534 12.66 7.157
b(A) 47.174 23.537 11.855 6.75 30.879
etd) 10.695 10.741 10.794 27.69 10.87
a 90.00° 91.89° 90,.00° 90.00° 90.00°

B 94.18° 94.43° LE1.56° 106.9° 90.00°
Y 90.00° 89.03° 90.00° 90.00° 90.00°
Zz 12 6 4 & 8

Vv (A 3421.7 1708.8 1134.6 2264.1 2402.3
Peate (gm em=3) 1.352 1.354 1.360 1.362 1.384
 

a Williams, 1973. & Williams, 1974.
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196 Chapter 10 Polymorphs 

The effect of additives on the crystallization of phenobarbital has also been investi
gated (Kato et al., 1984). Kato and co-workers prepared two forms of phenobarbital 
by adding barbital or cyclobarbital to the crystallization. In these studies rather large 
quantities of additive (7.5% for barbital and 7% cyclobarbital) were required to achieve 
the effect. 

Figure 10.60 Crystal packing of phenobarbital Form XIII hydrate (0 water molecule) viewed down 
the z axis. (Williams. 1973). 

Figure 10.61 Crystal packing of phenobarbital Form III viewed down the b axis (Williams, 1974). 
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Parameter 

Space Group 
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f3 
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I: 

a DeCamp and Ahmed, 1972a. b I 
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The effect of additives on the crystallization of phenobarbital has also been investi- a
gated (Kato et ai., 1984). Kato and co-workers prepared two forms of phenobarbital *
by adding barbital or cyclobarbital to the crystallization. In these studies rather large
quantities of additive (7.5% for barbital and 7% cyclobarbital) were required to achieve so
the effect.
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Figure 10.60 Crystal packing of phenobarbital Form XII hydrate (®@ water molecule) viewed down

the z axis. (Williams, 1973}.
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a DeCamp and Ahmed, 1972a. 61

 
Figure 10.61 Crystal packing of phenobarbital Form HI viewed down the b axis (Williams, 1974).
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Figure 10.62 Dissolution rate of phenobarbital tablets prepared using the binder Heweten"' 40, a 
pressure of 20 kN, and the four different crystal forms, Forms I, II (from two commer
cial sources), and III (Szab6-Revesz eta/., 1987). 

10.7 OTHER DRUGS 

In this section the polymorphic properties of several other drugs are reviewed. While 
this review is not exhaustive, it illustrates several important studies of polymorphism in 
pharmaceuticals. 

A. PROMEDOL ALCOHOL 

(±)-fJ-promedol alcohol 

DeCamp and Ahmed ( 1972a-b) have determined the crystal structure of both the 
monoclinic and rhombohedral forms of (±)-/3-promedol alcohol, (±)-a-l,2a,5e-tri
methyl-4e-phenylpiperidin-4a-ol, (see Table 10.23). The conformation of /3-promedol 
alcohol is the same in both forms, but the crystal packing differs (see Figures 

Tele 10.23 Crystallographic Parameters for the Two Forms of (±)-j3-Promedol Alcohol 

Parameter 

Space Group 

a(A) 

b(A) 
c(A) 

p 

Monoclinic Form" 

P2,1n 

13.298 

7.721 

12.776 

90.09° 

4 

1311.8 

l.l09 

Rhombohederal Formb 

R'J 
29.754 

29.754 

7.713 

60.0° 

18 

5913.5 

1.110 

b DeCamp and Ahmed, 1972b 
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Figure 10.62 Dissolution rate of phenobarbital tablets prepared using the binder Heweten® 40, a
pressure of 20 KN, andthe four different crystal forms, Forms I, Il (from two commer-
cial sources), and I] (Szab6-Révesz er al., 1987).

10.7 OTHER DRUGS  

In this section the polymorphic properties of several other drugs are reviewed. While
this review is not exhaustive,it illustrates several important studies of polymorphism in
pharmaceuticals.

A. ProMEDOL ALCOHOL  

(+)--promedolalcoholOH
CH;

"chy

4 DeCamp and Ahmed (1972a-b) have determined the crystal structure of both the
_ monoclinic and rhombohedral forms of (+)-B-promedol alcohol, (+)-0-1,2a,5¢-tri-
, methyl-4e-phenylpiperidin-4a-ol, (see Table 10.23). The conformation of B-promedol
; alcohol is the same in both forms, but the crystal packing differs (sec Figures

: Table 10.23 Crystallographic Parameters for the Two Formsof (=)-8-Promedol Alcohol 
 Parameter Monoclinic Form Rhombchederal Form’

Space Group P2,in R3
a(A) 13.298 29.754
b(A) 7.724 29.754
ctA) 12.776 7.713
B 90.09° 60.0°
Zz 4 18

) v(A3) 1311.8 5913.5
Peale (gm-cem73) 1.109 L.110
a DeCamp and Ahmed, 1972a. b DeCamp and Ahmed, §972b
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Figure 10.63 Crystal packing of (±)-/}-promedol alcohol monoclinic form (DeCamp and Ahmed, 

1972a). 
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Figure 10.64 Crystal packing of (±)-/}-promedol alcohol rhombohedral form (DeCamp and Ahmed, 

1972b). 
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Figure 10.63. Crystal packing of (+)-B-promedol alcohol monoclinic form (DeCamp and Ahmed,
1972a).
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10.63-10.64). In the monoclinic form, OH-··N hydrogen bonds link molecules of the 
same chirality to form chains. In the rhombohedral form, there are also OH···N hydro
gen bonds; however, these link molecules of alternating chirality into hexameric rings. 
Despite the differences in crystal packing, the monoclinic and rhombohedral crystals 
have almost the same density. The melting point of the rhombohedral form is 
104.5-105 °C, whereas the melting point of the monoclinic form is 90.5-91 oc. This 
difference in melting point is probably not related to differences in hydrogen bonding 
since the OH-··N distances are approximately the same in the two forms. In addition, 
the densities indicate that the two forms have nearly equal packing energies. Thus, 
DeCamp and Ahmed (1972a) suggested that, since the rhombohedral form contains 
rings of molecules of alternating chirality while the monoclinic form contains stacks of 
molecules of the same chirality, the monoclinic form is more ordered. This increased 
ordering results in an entropy difference that results in a lower melting point for the 
monoclinic form. Similar arguments were also advanced by Krigbaum and Wildman 
(1971). 

B. ENALAPRIL MALEATE 

enalapril maleate 

This example illustrates the need for using more than one method in looking for poly
morphs. Enalapril maleate (Ip et al., 1986) exists in two crystal forms which give 
different solid-state 13C NMR spectra. (Figures 10.65 and 10.66). The signals of the 
ethyl ester methyl and maleate carbon signals are at 11-13 ppm and 137-138 ppm, 
respectively. The XRPD patterns also display a difference between the two crystal 
forms as shown in Figures 10.67 and 10.68. However, the FT-IR and Raman spectra 
of the two crystal forms are very similar. Under the experimental conditions used in 
the DSC analysis, the thermograms of both forms cannot be distinguished. Heat of 
solution data, as shown in Table 10.24, indicate that there are differences in the heats of 
dissolution for the two forms, although both crystal forms have virtually identical 

240 220 200 160 160 140 120 100 
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60 60 40 

Figure 10.65 Solid-state "C NMR of enalapril maleate Fonn I (lp et al., 1986). 
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10.63-10.64). In the monoclinic form, OH---N hydrogen bonds link molecules of the
same chirality to form chains. In the rhombohedral form, there are also OH---N hydro-
gen bonds; however, these link molecules of alternating chirality into hexameric rings.
Despite the differences in crystal packing, the monoclinic and rhombohedral crystals
have almost the same density. The melting point of the rhombohedral form is
104.5-105 °C, whereas the melting point of the monoclinic form is 90.5-91 °C. This
difference in melting point is probably not related to differences in hydrogen bonding
since the OH.--N distances are approximately the same in the two forms. In addition,
the densities indicate that the two forms have nearly equal packing energies. Thus,
DeCamp and Ahmed (1972a) suggested that, since the rhombohedral form contains
tings of molecules of alternating chirality while the monoclinic form contains stacks of
molecules of the same chirality, the monoclinic form is more ordered. This increased
ordering results in an entropy difference that results in a lower melting point for the
monoclinic form. Similar arguments were also advanced by Krigbaum and Wildman
(1971).
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This exampleillustrates the need for using more than one method in looking for poly-
morphs. Enalapril maleate (Ip et al., 1986) exists in two crystal forms which give
different solid-state ""C NMR spectra. (Figures 10.65 and 10.66). The signals of the
ethyl ester methyl and maleate carbon signals are at 11-13 ppm and 137-138 ppm,
respectively. The XRPD patterns also display a difference between the two crystal
forms as shownin Figures 10.67 and 10.68. However, the FT-IR and Raman spectra
of the two crystal forms are very similar. Under the experimental conditions used in
the DSC analysis, the thermograms of both forms cannot be distinguished. Heat of
solution data, as shown in Table 10.24, indicate that there are differences in the heats of

dissolution for the two forms, although both crystal forms have virtually identical

I
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Figure 10.65 Solid-state '"C NMRof enalapril maleate Form | (Ip er al, 1986).
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Figure 10.66 Solid-state "C NMR of enalapril maleate Form II {lp et al .• 1986). 

25 30 35 40 

29 

Figure 10.67 Powder X-ray diffraction pattern of enalapril maleate Form 1 (lp et al., 1986). 

28 

Figure 10.68 Powder X-ray diffraction pattern of enalapril maleate Form II (Ip et al., 1986). 
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Table 10.24 Heats of Solution 

Solvent 

Methanol 

Mean± S.D. 

Acetone 

Mean± S.D. 

Ip et a/., 1986. 

Form It:. 
(kJ/mo 

36.5( 

35.6• 

35.9: 

36.21 

36.41 

36.33 ± 

59.4 

59.7 

59.1 

59.7 

59.52 ± 
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Figure 10.66 Solid-state 8C NMRofenalapril maleate Form Hi (ip et al., 1986). 356.35.9:
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Figure 10.68 Powder X-ray diffraction pattern of enalapril maleate Form II (Ip et al., 1986).
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in vitro dissolution rates (see Table 10.25). In summary, this represents a study by a 
number of methods on two crystal forms of an important compound. It is clear that the 
two crystal forms are very similar in structure and have very similar pharmaceutical 
properties. 

Table 10.24 Heats of Solution and Transition of Enalapril Maleate Polymorphs 

Solvent Form I llHsola Form II llHsola llHy ... 
(kJ/mol) (kJ/mol) (kJ/mol) 

Methanol 36.50 38.47 

35.64 38.21 

35.95 38.54 

36.20 38.62 

36.46 

Mean± S.D. 36.33 ± 0.25 38.46 ± 0.11 2.05 

Acetone 59.44 62.71 

59.73 61.99 

59.19 62.66 

59.73 62.54 

Mean± S.D. 59.52 ± 0.25 62.41 ± 0.29 2.89 

Ip et al., 1986. 

T&le 10.25 Dissolution Data for Enalapril Maleate Capsules and Tablets 

EnalaprU Maleate Crystal Form Potency (mg) Average Percent Dissolved 
Fonnulation at 30min 

Capsules II 2.5 89 

I 2.5 100 

I and II 2.5 101 

2.5 96 

I and II 20 82 

I 20 99 

II 20 95 

20 92 

Tablets 10 100 

II 10 99 

I 10 99 

I and II 10 98 

40 103 

I and II 40 102 

II 40 96 

lp et a/., 1986. 
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in vitro dissolution rates (see Table 10.25). In summary, this represents a study by a
number of methods on two crystal forms of an important compound. It is clear that the
two crystal forms are very similar in structure and have very similar pharmaceutical
properties.

 
Table 10.24 Heats of Solution and Transition of Enalapri] Maleate Polymorphs 

 

 

Solvent Form I Aon Form Il Aion Aa,
(kJ/mol) (kJ/mol) (kJ/mol

Methanol 36.50 38.47
35.64 38.21

35.95 38.54

36.20 38.62

36.46

Mean + S.D. 36.33 + 0.25 38.46 + 0.11 2.05

Acetone 59.44 62.71

$9.73 61.99

59.19 62.66

59.73 62.54

Mean + S.D. 59.52 + 0.25 62.41 + 0.29 2.89 

Ip et ai., 1986.

Formulation at 30 min 

Capsules i 2.5 89
I 2.5 100

Tand IE 2.5 101

1 2.5 96

Tand 20 82

I 20 99

I 20 95

I 20 92

Tablets I 10 100

i 10 99
I 10 99

Tand i 10 98

I 40 103

Land If 40 102

q 40 96 

Ip et al., 1986.
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C. METOCLOPRAMIDE AND METOCLOPRAMIDE MONOHYDROCHLORIDE 

metoclopramide metoclopramide monohydrochloride 

Mitchell (1985) has studied the polymorphism of both metoclopramide and metoclo
pramide monohydrochloride. Each exists in two crystal forms and metoclopramide 
monohydrochloride also forms a monohydrate. Metoclopramide exists in two enan
tiotropic polymorphs with a transition temperature of 125 oc from Form I (stable at low 
temperature) to Form II (stable at high temperature) having a melting point of 147 °C. 
This process can also be reversed. Dehydration of metoclopramide monohydrochloride 
monohydrate, depending on the conditions, give rise to one of two anhydrous poly
morphs; Form I (mp 187 °C) is formed from the melt under slow crystallization condi
tions, whereas, Form II (mp 155 oq is formed from the melt under fast crystallization 
conditions. All of these crystal forms were detected by DSC, thermal microscopy, X
ray diffraction, and infrared spectroscopy. 

D. FuRoSEMIDE 

furosemide 

Doherty and York (1988) described the two crystal forms of furosemide readily de
tected by X-ray powder diffraction. In a more recent study, Matsuda and Tatsumi 
(I 990) discovered three additional polymorphs as well as two solvates and an amor
phous form. Interestingly, it was found that the forms produced could be related to the 
boiling point of the solvent. Thus, Form I was obtained from the lower boiling sol
vents used [acetone (bp 57 °C), methanol (bp 65 °C), ethanol (bp 79 °C), and methyl 
ethyl ketone (bp 80 °C)], Form II was obtained from the higher boiling solvents used 
[isobutyl alcohol (bp 108 °C), butanol (bp 118 °C), and pentanol (bp 138 °C)], and 
mixtures of both forms were obtained from solvents with intermediate boiling points 
used [isopropyl alcohol (bp 83 °C) and propanol (bp 97 °C)] by slow crystallization 
from a hot solution. To our knowledge this is the first such relationship which has 
been reported. In addition, they reported that the rate of solvent evaporation affected 
the crystal form obtained. Figure 10.69 shows the XRPDs of furosemide and Figure 
10.70 shows theIR spectra of the different crystal forms. 

Doherty and York (1988) also showed that Forms I and II had different solid-state 
NMR spectra as shown in Figure 10.71. Figure 10.72 shows the DSC and TG 

thermograms of the six diffe 
all forms are unique and wei 
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metoclopramide metoclopramide monohydrochloride

 Mitchell (1985) has studied the polymorphism of both metoclopramide and metoclo-
pramide monohydrochloride. Each exists in two crystal forms and metoclopramide

\ monohydrochloride also forms a monohydrate. Metoclopramide exists in two enan-
tiotropic polymorphs with a transition temperature of 125 °C from FormI(stable at low
temperature) to Form I (stable at high temperature) having a melting point of 147 °C.
This process can also be reversed. Dehydration of metoclopramide monohydrochloride
monohydrate, depending on the conditions, give rise to one of two anhydrous poly-
morphs; Form I (mp 187 °C) is formed from the melt under slow crystallization condi-
tions, whereas, Form II (mp 155 °C) is formed from the melt under fast crystallization
conditions. Ali of these crystal forms were detected by DSC, thermal microscopy, X-
ray diffraction, and infrared spectroscopy.

  

  
  
  

  
  
 
 D. FuroseMIDE 
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cl  
 

 
 Doherty and York (1988) described the two crystal forms of furosemide readily de-

tected by X-ray powder diffraction. In a more recent study, Matsuda and Tatsumi
(1990) discovered three additional polymorphs as well as two solvates and an amor-
phous form. Interestingly, it was found that the forms produced could be related to the
boiling point of the solvent. Thus, Form I was obtained from the lower boiling sol-
vents used [acetone (bp 57 °C), methanol (bp 65 °C), ethanol (bp 79 °C), and methyl
ethyl ketone (bp 80 °C)], Form II was obtained from the higher boiling solvents used
[isobutyl alcohol (bp 108 °C), butanol (bp 118 °C), and pentanol (bp 138 °C)], and
mixtures of both forms were obtained from solvents with intermediate boiling points
used [isopropyl alcohol (bp 83 °C) and propanol (bp 97 °C)] by slow crystallization
from a hot solution. To our knowledge this is the first such relationship which has
been reported. In addition, they reported that the rate of solvent evaporation affected
the crystal form obtained. Figure 10.69 shows the XRPDs of furosemide and Figure
10.70 showsthe IR spectra of the different crystal forms.

Doherty and York (1988) also showed that Forms I and II had different solid-state
NMRspectra as shown in Figure 10.71. Figure 10.72 shows the DSC and TG
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thermograms of the six different forms of furosemide. It is clear from these studies that 
all forms are unique and well characterized. 

Form I 

Form II 

I II 
Form Ill 

ill 11,1 I 
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II, I I ,, 
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Diffraction angle 28, degree 

Figure 10.69 X-ray powder diffraction patterns of the different crystal forms of furosemide (Matsuda 
and Tatsumi, 1990). 

2000 
Wavenumber (cm-1) 

Infrared spectra of the different crystal forms of furosemide (Matsuda and Tatsumi, 
1990). 
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 thermogramsof the six different forms of furosemide. It is clear from these studies that
all forms are unique and well characterized.
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Diffraction angle 20, degree

Figure 10.69 X-ray powder diffraction patterns of the different crystal forms of furosemide (Matsuda
and Tatsumi, 1990).
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q Figure 10.70 Infrared spectra of the different crystal forms of furosemide (Matsuda and Tatsumi,
E 1990).
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Form I 

Figure 10.71 Solid-state 13C CP/MAS NMR spectra for two furosemide forms at ambient tempera
ture with peak assignments. The peaks marked with a star are due to the Delrin® rotor 

(Doherty and York, 1988). 
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Figure 10.72 DSC and TG thermograms of the different crystal forms of furosemide (Matsuda and 

Tatsumi, 1990). 
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Figure 10.72 DSC and TG thermograms of the different crystal forms of furosemide (Matsuda and
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Interconversion scheme of furosemide crystal forms under various conditions. (Matsuda 
and Tatsumi, 1990). 

Matsuda and Tatsumi ( 1990) found a high temperature crystal form (Form IV) 
which could be obtained by heating Forms I, II, or III to 180 oc. In addition, they 
.studied the interconversion of the crystal forms and these interconversions are summa
rized in Figure 10.73. It is clear that all of the crystal forms can be converted into the 
most stable form, Form I, at room temperature. The solvated forms also converted to 
Form I upon heating (see Figure 10.73). 

Matsuda and Tatsumi also studied the physical and chemical properties of the 

30 
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Double-logarithmic plots for the coloration process of different furosemide crystal 
forms under irradiation by a mercury vapor lamp (Matsuda and Tatsumi, 1990). 
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Figure 16.73 Interconversion scheme of furosemide crystal forms under various conditions. (Matsuda
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Matsuda and Tatsumi (1990) found a high temperature crystal form (Form IV)
which could be obtained by heating FormsI, II, or Ill to 180 °C. In addition, they
studied the interconversionof the crystal forms and these interconversions are summa-

| tized in Figure 10.73. It is clear that all of the crystal forms can be converted into the
F most stable form, Form I, at room temperature. The solvated formsalso converted to
E Form I upon heating (see Figure 10.73).
E Matsuda and Tatsumi also studied the physical and chemical properties of the
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10.74 Double-logarithmic plots for the coloration process of different furosemide crystal
forms underirradiation by a mercury vapor lamp (Matsuda and Tatsumi, 1990).
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Figure 10.75 Dissolution profiles of the different crystal forms of furosemide in buffer solution at 
various pH values at 37° C (Matsuda and Tatsumi, 1990). 

different crystal forms of furosemide. Figure 10.74 shows the studies on the photosta
bility of the different crystal forms. It is apparent that the different crystal forms have a 
different amount of coloration initially but that the rate of change in coloration is about 
the same for all crystal forms. However, the relationship between coloration and 
degradation remains unknown. 

Figure 10.75 shows the dissolution profiles of furosemide at different pH (2.2, 
3.2, 4.4, and 5.6). It is apparent that Form II reaches the highest solubility at all pH's 
and that Form II and the DMF solvate are the least soluble. Judging by these profiles, 
some of the forms appear to interconvert in these experiments. 

E. 14-HYDROXYMORPHINONE-COLOR DIMORPHISM 

14-hydroxymorphinone 

The phenolic a,,B-unsaturated ketone 14-hydroxymorphinone exists in two crystalline 
modifications (see Table I 0.26), which are interconvertible by dissolution and recrys
tallization (Chiang et al., 1978). Recrystallization from polar solvents (ethanol) yields 
yellow crystals, while crystallization from benzene gives colorless (white) crystals. 
Both forms are stable indefinitely in the solid state. 

Infrared spectra show that the yellow form has a carbonyl absorption at 
1685 cm- 1, while the colorless form has a carbonyl absorption at 1660 cm-

1
• Since 

both forms have a carbonyl absorption, neither form contains an enol tautomer. 
Crystallographic studies show that the conformation of 14-hydroxymorphinone in 

the two forms is similar; however, the yellow form contains an intermolecular OH-··0 

Table 10.26 Crystallog1 

Parameter 

Space group 

a(A) 

b(A) 

c(A) 

z 
Peale (g cm-3) 

v <A'> 
Chiang eta/., 1978. 
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Figure 10.75 Dissolution profiles of the different crystal forms of furosemide in buffer solution at

various pH values at 37° C (Matsuda and Tatsumi, 1990).

different crystal forms of furosemide. Figure 10.74 shows the studies on the photosta-
bility of the different crystal forms. It is apparent that the different crystal forms have a
different amountof coloration initially but that the rate of change in coloration is about
the same for all crystal forms. However, the relationship between coloration and
degradation remains unknown.

Figure 10.75 shows the dissolution profiles of furosemide at different pH (2.2,
3.2, 4.4, and 5.6). It is apparent that Form I reachesthe highest solubility at all pH’s
and that Form II and the DMF solvate are the least soluble. Judging by these profiles,
someof the forms appear to interconvert in these experiments.

E. 14-HyproxyMORPHINONE—COLOR DIMORPHISM

14-hydroxymerphinone 
The phenolic a,f-unsaturated ketone 14-hydroxymorphinone exists in two crystalline
modifications (see Table 10.26), which are interconvertible by dissolution and recrys-
tallization (Chiang er al., 1978). Recrystallization from polar solvents (ethanol) yields
yellowcrystals, while crystallization from benzene gives coloricss (white) crystals.
Both formsare stable indefinitely in the solid state.

Infrared spectra show that the yellow form has a carbonyl absorption af
1685 cm7!, while the colorless form has a carbonyl absorption at 1660 cm7!. Since
both forms have a carbonyl absorption, neither form contains an enol tautomer.

Crystallographic studies show that the conformation of 14-hydroxymorphinonein
the two formsis similar; however, the yellow form contains an intermolecular OH--O
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Table 10.26 Crystallographic Parameters for the Two Forms of 14-Hydroxymorphinone 

Parameter Colorless Form Yellow Form 

Space group P2t2t2t ?2 12 12 1 

a(A.) 12.918 13.150 
b (A.) 14.074 13.508 
c(A) 8.035 7.837 

z 4 4 

Peale (g cm-3) 1.36 1.428 

v <A'l 1460.8 1392.1 

Chiang et a/., 1978. 

hydrogen bond, while the white form contains an intramolecular OH-··0 hydrogen 
bond. 

The color of the yellow form may, in part, result from the intermolecular OH- · ·0 
hydrogen bond, since a similar effect was found for dimethyl 3,6-dichloro-2,5-
dihydroxyterephthalate (Bym et al., 1972; see Section 8 .I). An alternative explanation 
is that there is a weak charge-transfer interaction between the C==O group and an 
adjacent phenyl ring in the yellow form, but not in the colorless form. A clear distinc
tion between these two explanations is not possible. 

Numerous other reports of color dimorphism have been published for compounds 
that are not drugs. These reports are briefly reviewed by (Desiraju et al., 1977; Chiang 
et al., 1978; Bym et al., 1972). Color dimorphism of at least one other biologically 
important compound has been reported (Small and Meitzner, 1933); reduction of 
thebaine gave metathebainone. Neutralization of a metathebainone solution with 
sodium bicarbonate and recrystallization gave yellow crystals, while neutralization with 
NaOH or NH3 and recrystallization gave colorless crystals. Both crystals had the same 
melting point, and both gave a yellow solution in ethanol or water and a colorless 
solution in benzene. Unfortunately, no structural explanations of these differences in 
color and no investigation of differences in polymorphism of these compounds have 
been reported. 

metathebainone 

F. MISCELLANEous STUDIES BY KuHNERT-BRANDSTATTER AND Co-woRKERS 

Kuhnert-Brandstlitter and co-workers have carried out an extensive study on the 
polymorphs of pharmaceuticals. Their studies generally use thermal microscopy, IR 
spectroscopy, and in some cases powder diffraction. The results of these studies are 
shown in Table 10.27. In many cases they were able to determine the relative stability 
of the different polymorphs and whether they were monotropic (one forms is most 
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hydrogen bond, while the white form contains an intramolecular OH---O hydrogen
bond.

The color of the yellow form may, in part, result from the intermolecular OH.--O
hydrogen bond, since a similar effect was found for dimethyl 3,6-dichloro-2,5-
dihydroxyterephthalate (Bym ef al., 1972; see Section 8.1). An alternative explanation
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Kuhnert-Brandstatter and co-workers have carried out an extensive study on the

polymorphs of pharmaceuticals. Their studies generally use thermal microscopy, IR
spectroscopy, and in some cases powderdiffraction. The results of these studies are
shown in Table 10.27. In many cases they were able to determine the relative stability
of the different polymorphs and whether they were monotropic (one forms is most
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Table 10.27 Studies of Polymorphic Phannaceuticals by Kuhnert-Brandstlitter's Group 

Pharmaceutical No. of Forms Thermodynamics* Reference 

Amiperone 2 II --t I Kuhnert -Brandstatter and Porsche, l989b 

Anilamate 3 III --t II, II --t l Kuhnert-Brandstatter et al., 1982c 

Benactyzine HC! 2 II --t I Kuhnert-Brandstatter. and Wurian, l982a 

Bentiromide 3 +hydrates II --t I, · · · Kuhnert-Brandstatter and Porsche, 1989b 

Bromopride 2 II --t I Kuhnert-Brandstatter et al., I 982b 

Brotizolam 4 IV --t III, III --t I, · · · Kuhnert-Brandstatter and Porsche, 1989b 

Bumetanide 2 II~ I Kuhnert-Brandstlitter et al., 1982b 

Bupicomide 3 Monotropic Kuhnert-Brandstatter and Porsche, 1989a 

'1 
Buspirone HCI 2 Monotropic Kuhnert-Brandstatter and Porsche, 1989a 

Clenbuterol HCI 2 II ~I Kuhnert-Brandstatter. and Wurian, l982a 

Dimethoxanate HCI 2 II~ I Kuhnert-Brandstatter et al., l982c 

Diphenadione 2 II~ I Kuhnert-Brandstatter et al., 1982c 

Diphenidol HCl 3 III ~ II, Ill ~ I Kuhnert-Brandstatter. and Wurian, I982a 

Dipyridamole 2 II~ I Kuhnert-Brandstatter. and Wurian, !982a 

Dobutamine HCI 4 Kuhnert-Brandstatter and Porsche. l989b 

Famotidine 2 II --t I Kuhnert-Brandstiitter and Porsche, 1990 

Fenbufen 3 III ~ Il, III ~ I Kuhnert -Brandstatter and Porsche, 1989b 

Flucabril 2 ll~I Kuhnert-Brandsttitter et al., 1982b 

Flupirtine Maleate 2 II~ I Kuhnert-Brandsttitter and Porsche, 1990 

Gallic Acid Ethyl Ester 3 III ~ II, III ~ I Kuhnert-Brandstatter. and Wurian, 1982a 

Halofenate 3 Monotropic Kuhnert-Brandstatter and Vollenklee, 1986 

Heptolamide 3 Kuhnert-Brandstatter and Porsche, l989a 

Iprindo1 HCI 3 Ill~ II,··· Kuhnert-Brandstiitter et al., 1982b 

Levobunolol HCI s Kuhnert-Brandstatter and Porsche. l989a 

Lorcainide HCl 2 ll~l Kuhnert-Brandsttitter and V ollenklee. 1986 

Maprotiline HCI 3 HI~ II, II~ I Kuhnert-Brandstiitter et al., 1982c 

Mexiletine HC! 3 Ill~ I, II~ I Kuhnert-Brandstiitter and Vollenklee, 1987 

Minoxidil 3 III --t II, II ~ I Kuhnert-Brandstlitter and Vollenklee, 1986 

Mopidamol 4 IV ~ I, II ~ I, · · · Kuhnert-Brandsttitter and Vollenklee, 1986 

Nafoxidine HC! 3 Ill~ I. II~ I Kuhnert-Brandstatter et al., 1982c 

Naftifine HCI 3 Monotropic Kuhnert-Brandstatter and Porsche, 1989a 

Oxypendyl 2HCI 4 III ~ I, II ~ I, · · · Kuhnert-Brandstatter and Vollenklee, 1987 

Paxamate 2 II~l Kuhnert-Brand<>tatter and Porsche, 1990 

Penbutolol Sulfate 4 IV ~ III, Ill ~ II, · · · Kuhnert-Brandstlitter and Vollenk1ee, 1987 

Piretanide 4 n~• .... Kuhnert-Brandstatter and Porsche, 1989a 

Pirprofene 2 Monotropic Kuhnert-Brandstatter and Vollenk1ee, 1987 

Propentofylline 4 Monotropic Kuhnert-Brandstlitter and Porsche. 1990 

Renyto1ine HC1 3 III ~ II. II --t I Kuhnert-Brandsttitter et al .. 1982b 

T erconazo1e 2 Mono tropic Kuhnert-Brandstlitter and Porsche, 1989b 

Triclabendazo1e 2 Monotropic Kuhnert-Brandstatter and Porsche, 1990 

* Some forms undergo inhomogeneous melting rather than transformation. 
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Kuhnert-Brandstiitter e7 af., 1982c

Kuhnert-Brandstitter and Vélienklee, 1987
Kuhnert-Brandstatter and V6lenklee, 1986

Kuhnert-Brandstitter and VGllenklee, 1986
Kuhnert-Brandstiitterer al., 1982c¢

Kuhnert-Brandstiitter and Porsche, 1989a
Kuhnert-Brandstatter and Volicnklee, 1987

Kuhnert-Brandstitter and Porsche, 1990
Kuhnert-Brandstitter and V6llenklee, 1987

Kuhnert-Brandstitter and Porsche, 1989a
Kuhnert-Brandstatter and VGlienklee, 1987
Kuhnert-Brandstitter and Porsche, 1990

Pharmaceutical Neo. of Forms Thermodynamics* Reference

Amiperone 2 iI Kuhnert-Brandstitter and Porsche, 1989b
Anilamate 3 folidot Kuhnert-Brandstitter et af, 1982c

Benactyzine HCl 2 Hol Kuhnert-Brandstitter. and Wurian, 19824
Bentiromide 3 + hydrates flo. Kuhnert-Brandstitter and Porsche, 1989b
Bromopride 2 ti 1 Kuhnert-Brandstiitter ef ai., 1982b
Brotizolam 4 IV - HIN 1, --- Kuhnert-Brandstitter and Porsche, 1989b
Bumetanide 2 Hol Kuhnert-Brandstatter ef al., 1982b

Bupicomide 3 Monotropic Kuhnert-Brandstitter and Porsche, 19894

Buspirone HCl 2 Monotropic Kuhnert-Brandstatter and Porsche, 1989a
Clenbuterol HCl 2 Hol Kuhnert-Brandstitter. and Wurian, 1982a
Dimethoxanate HCI 2 ol Kuhnert-Brandstatter et al., 1982c

Diphenadione 2 nol Kuhnert-Brandstitter ef al., 1982¢
Diphenidol HCl 3 Mowot Kuhnert-Brandstiitter. and Wurian, 1982a
Dipyridamole 2 lol Kuhnert-Brandstiitter. and Wurian, [982a

Dobutamine HCI 4 Kuhnert-Brandstiétter and Porsche, 1989b
Famotidine 2 ial Kuhnert-Brandstitter and Porsche, 1990

Fenbufen 3 Won mol Kuhnert-Brandstitter and Porsche, 1989b
Flucabril 2 fil Kuhnert-Brandstitter ef ai., 1982b

Flupirtine Maleate 2 lio I Kuhnert-Brandstitter and Porsche, 1990
Gallic Acid Ethyl Ester 3 WOW 1 Kuhnert-Brandstatter. and Wurian, 1982a
Halofenate 3 Monotropic Kuhnert-Brandstiitter and Véllenkiee, 1986
Heptolamide 3 Kuhnert-Brandstitter and Porsche, 1989a
Iprindol HCI 3 lik > IL, --- Kuhnert-Brandstitter ef al, 1982b
Levobunolol HCI 5 Kuhnert-Brandstiatter and Porsche, 1989a

Lorcainide HCI 2 Hol Kuhnert-Brandstitter and Villenklee, 1986
3
3
3
4
3
3
4
2
4

4

2
4
3Renytoline HC]

Terconazole
Triclabendazole

be
2

Nilolot

Monotropic

Monotropic

Kuhnert-Brandstiitter ef al., 1982b

Kuhnert-Brandstitter and Porsche, 1989b
Kuhnert-Brandstitter and Porsche, 1990

* Some forms undergo inhomogeneous melting rather than transformation.
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stable at all temperatures) or enantiotropic (different forms are stable at different tem
peratures). Specifically, Kuhnert-Brandstlitter defined enantiotropy for the purposes of 
this table as cases where the most stable form at room temperature is not the form with 
the highest melting point. 

G. (2R,4S)-6-FLuoao-2-METHYLSPIRo[cHROMAN-4,4'-IMIDAZOLINE)-2',s-nioNE 

(2R.4S)-6-fluoro-2-methylspiro-
[ chroman-4.4 '-imidazoline ]-2 ',5-dione 

This aldose reductase inhibitor exists in two crystal forms, a and /3, which were 
studied by DSC, X-ray powder diffraction, and infrared spectroscopy (Ashizawa et al., 
1988). Figure 10.76 shows the DSC behavior of the {3-form. This thermogram 
indicates that the {3-form is converted to the a-form at high temperature and is consis
tent with the X-ray powder diffraction and infrared spectra which showed interconver
sionofthe {3-form to the a-form. Figure 10.77 shows the X-ray powder patterns of 
the a- and {3-forms as well as that of a 1: I mixture and the product obtained upon 
heating the {3-form, indicating it is being transformed into the a-form. Addition of the 
a-form to the {3-form appears to provide nuclei which allow the conversion to occur 

i 
(.) 

::i' 
a: 
w 
I 

~ w 

(.) 

::i' 
a: 
w 

~ 
w 

fj-form 
-----~ 
10Kimin 

f:Horm containing 1 0.0°/o a-form 

10K/min -

423 473 523 

TEMPERATURE/K 

The DSC curve for (2R,4S)-6-fluoro-2-methylspiro[chroman-4,4'-imidazoline]-2',5-
dione (Ashizawa et al., 1988). 
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stable at all temperatures) or enantiotropic (different forms are stable at different tem-
peratures). Specifically, Kuhnert-Brandstiatter defined enantiotropy for the purposes of
this table as cases where the most stable form at room temperature is not the form with
the highest melting point.

   G. (2R,4S)-6-FLUORO-2-METHYLSPIRO|CHROMAN-4,4’°-IMIDAZOLINE]-2’,5-DIONE

(2R,4S)-6-fluoro-2-methylspiro-
[chroman-4,4 ’-imidazoline]-2’,5-dione 

This aldose reductase inhibitor exists in two crystal forms, a and B, which were
studied by DSC, X-ray powder diffraction, and infrared spectroscopy (Ashizawaer al.,
1988). Figure 10.76 shows the DSC behavior of the B-form. This thermogram
indicates that the B-form is converted to the o—form at high temperature and is consis-
tent with the X-ray powderdiffraction and infrared spectra which showed interconver-
sion of the @-form to the @-form. Figure 10.77 shows the X-ray powder patterns of
the a- and A-forms as well as that of a 1:1 mixture and the product obtained upon
heating the B-form, indicating it is being transformed into the a-form. Addition of the
a-form to the @-form appears to provide nuclei which allow the conversion to occur
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423 473 §23
TEMPERATURE

: Figwe 10.76 The DSC curve for (2R,45S)-6-fluoro-2-methylspirofchroman-4,4’-imidazoline]-2’,5-
E dione (Ashizawaef af., 1988).
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a-form:fj-form (1 :1) 

10 
28 

Figure 10.77 X-ray diffraction patterns of (2R,4S)-6-fluoro-2-methylspiro[chroman-4,4'-imidazoline]-
2 '.5-dione (Ashizawa et al., 1988). 

before melting of the ~form. This indicates the importance of nucleation in polymor

phic interconversions. 
The crystal structure of the ~form has been determined by single crystal X-ray 

methods (Ashizawa, 1989). They suggested that the crystal structure of the a-form is 
disordered and thus the structure could not be determined. 

H. CYCLOPENTHIAZIDE 

cyclopenthiazide 

The diuretic cyclopenthiazide exists in three polymorphic forms which are obtained by 
crystallization from ethanol:heptane:methanol (Form I), ethanol (Form II), and etha
nol:water (Form III) (Gerber et al., 1991). 

These forms were characterized by DSC, thermomicroscopy, X-ray powder dif-
fraction, scanning electron micrographs, IR, solid-state NMR, solution calorimetry, 
dissolution rates, and solubility determinations. 

Figure 10.78 shows the DSC thermograms, Figure 10.79 shows the X-ray pow
der diffraction patterns, and Figure 10.80 shows the solid-state CP/MAS spectra. The 
DSC thermograms gave the following heats of fusion for the different polymorphs: 
Form I, 105.5 kJ/mol; Form II, 98.4 kJ/mol and Form III, 62.5 kJ/mol. The value for 
Form III is too low to be the AH

1 
and most likely represents a transformation process 

This was confirmed by thermomicroscopy in which Form III melted at 181 OC and 

recrystallized to Form I. 

Form II 

~l 
Form Ill 
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Figure to. 78 DSC the 
238 °C;. 
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Figure 10.79 X-ray pm 
1991). 
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210 Chapter 10 Polymorphs

Bform (heated to 373 K)

AjIIntensity

 
Figure 10.77 X-ray diffraction patterns of (2R,4S)-6-fluoro-2-methy!spiro[chroman-4,4"-imidazoline]-

2°,5-dione (Ashizawaet al., 1988).

before melting of the B-form. This indicates the importance of nucleation in polymor-
phic interconversions.

The crystal structure of the B-form has been determined by single crystal X-ray
methods (Ashizawa, 1989). They suggested that the crystal structure of the a-form is
disordered and thusthe structure could not be determined.

H. CycLopENTHIAZIDE
  

QO. Oo oO 9
DMF YF

HN” SS NH
2 jee cyclopenthiazide

cl NH

The diuretic cyclopenthiazide exists in three polymorphic forms which are obtained by
crystallization from ethanol:heptane:methanol (Form 1), ethanol! (Form II), and etha-
nol:water (Form II) (Gerberet al., 1991).

These forms were characterized by DSC, thermomicroscopy, X-ray powder dif-
fraction, scanning electron micrographs, IR, solid-state NMR, solution calorimetry,
dissolution rates, and solubility determinations.

Figure 10.78 shows the DSC thermograms, Figure 10.79 shows the X-ray pow-
der diffraction patterns, and Figure 10.80 shows the solid-state CP/MAS spectra. The
DSC thermograms gave the following heats of fusion for the different polymorphs:
Form I, 105.5 kJ/mol; Form IT, 98.4 kJ/mol and Form III, 62.5 kJ/mol. The value for
Form II is too low to be the AH, and most likely represents a transformation process
This was confirmed by thermomicroscopy in which Form III melted at 181 °C and
recrystallized to FormI.
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Form I 

Form II 

Form Ill 

120 140 160 

Temperature ("C) 

Figure 10.78 DSC thermograms of cyclopentathiazide polymorphs with melting points: Form I, 
238 oc; Form II, 225 oc; and Form III, 181 o and 235 oc (Gerber et al., 1991). 

lllo 

Form I 

20 

"2 8 

X-ray powder diffraction patterns of cyclopentathiazide polymorphs (Gerber et al., 
1991). 
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Figure 10.78 DSC thermogramsof cyclopentathiazide polymorphs with melting points: Form I,

Tito

10.79 X-ray powder diffraction patterns of cyclopentathiazide polymorphs (Gerber et ail.,
1991).
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Fonnl 

220 200 

Form Ill 
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Figure 10.80 Solid-state 13C NMR spectra of cyclopentathiazide polymorphs (Gerber et al., 1991 ). 
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Figure 10.81 Intrinsic dissolution rates of cyclopentathiazide polymorphs (Gerber et al., 1991). 
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It is evident from all these data that these are truly different polymorphs. The heats 
of solution of the different polymorphs in 95% ethanol were also determined and are: 
Form I, 0.34 kJ/mol; Form II, 0.35 kJ/mol; and Form ill, 0.86 kJ/mol. The errors in 
these measurements range 0.0~.06 kJ/mol; thus Forms I and II have the same heat of 
solution within experimental error. The intrinsic dissolution rates of the three forms 
were measured and are shown in Figure 10.81. Forms I and m have similar dissolu
tion rates but Form II has a significantly higher dissolution rate. The solubilities of the 
three forms were also determined in several solvents and in all cases the order of 
solubility was Form II > Form I > Form III. These data suggest that Form III is the 
most stable polymorph. 

I. T AMOXIFEN CITRATE 

tamoxifen citrate 

Me 
I 

_..........._ _N, 
0~ ............... Me 

Tamoxifen citrate is well known as an antiestrogenic agent. Goldberg and Becker 
(1987) have reported the crystal structure of the more stable of two polymorphic forms, 
Form B. Figure 10.82 shows a stereoview of the crystal packing of the stable poly
morph of tamoxifen citrate. Unfortunately they were not able to determine the structure 

· of Form A; however, they point out that there are several indications that it is a less 
organized and less stable structure. For instance, they observed that at room 

Stereoview of the crystal structure of Fonn B of tamoxifen citrate (Goldberg and 
Becker, 1987). 
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 It is evident from all these data that these are truly different polymorphs. The heats
of solution of the different polymorphs in 95% ethanol were also determined and are:
Form I, 0.34 kJ/mol; Form II, 0.35 kJ/mol; and Form II, 0.86 kJ/mol. Theerrors in
these measurements range 0.03—-0.06 kJ/mol; thus FormsI and II have the same heat of
solution within experimental error. The intrinsic dissolution rates of the three forms
were measured and are shown in Figure 10.81. Forms I and TI have similar dissolu-
tion rates but Form II has a significantly higher dissolution rate. The solubilities of the
three forms were also determined in several solvents and in all cases the order of

solubility was Form Hl > Form I > Form II]. These data suggest that Form ITI is the
most stable polymorph.
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Tamoxifen citrate is well known as an antiestrogenic agent. Goldberg and Becker
(1987) have reported the crystal structure of the more stable of two polymorphic forms,
Form B. Figure 10.82 shows a stereoviewof the crystal packing of the stable poly-

; morph of tamoxifen citrate. Unfortunately they were not able to determine the structure
F of Form A; however, they point out that there are several indications that it is a less

organized and fess stable structure. For instance, they observed that at room

 

tamoxifen citrate

1862 Stereoview of the crystal structure of Form B of tamoxifen citrate (Goldberg and
Becker, 1987).
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2.1.4 Chapter 10 Polymorphs 

Figure 10.83 DSC thennograms ofthe two crystal forms of tamoxifen citrate (Goldberg and Becker, 

1987). 
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Figure 10.84 Infrared spectra of the two crystal forms of tamoxifen citrate: Form A, solid lines; 
Form B, dashed lines (Goldberg and Becker, 1987). 

Figure 10.85 X-ray powder diffraction patterns of the two crystal forms of tanwxifen citrate (Gold

berg and Becker, 1987). 
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Figure 10.83 DSC thermograms of the two crystal forms of tamoxifen citrate (Goldberg and Becker,
1987).  
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Figure 10.85 X-ray powderdiffraction patterns of the two crystal forms of tanioxifen citrate (Gold-
berg and Becker, 1987).

10.86 Stereoview of

Page 125



ldberg and Becker, 

•rrn A, solid lines; 

FormA 

25° 

:oxifen citrate (Gold-

10.7 Other Drugs 215 

temperature in an ethanol suspension, Form A rearranges spontaneously to Form B. 
They also reported the DSC thermograms (Figure 1 0.83), the IR spectra (Figure 
10.84), and the XRPDs (Figure 10.85) of the two polymorphs. 

J. ANTIULCER AGENT FRIOI853 

8-(l-methoxycarbonyl
amino-6-methylbenzyloxy)

l-methyl-3-(l-propynyl)
imidazo[l,l-a ]pyridine 

(FR101853) 

Miyamae and co-workers (1990) have carried out an extensive study of the polymor
phism of an orally-active antiulcer compound 8-(2-methoxycarbonylamino-6-methyl
benzyloxy)-2-methyl-3-(2-propynyl)imidazo[ 1 ,2-a]pyridine (FR 10 1853) which exists 
in two crystal Forms A and B. Table 10.28 shows the crystallographic data for the two 
crystal forms which exhibit significantly different crystal packing (see Figures 
10.86-10.87). In addition, the different crysta1 forms have different X-ray powder 
diffraction patterns and different DSC thermograms (Figure 10.88). Interestingly, the 
IR spectra of the two crystal forms are very similar (Figure 1 0.89) perhaps because the 
complicated absorptions of the molecule obscure any differences in infrared spectra that 
might be caused by different crystal packing. 

Stereoview of the crystal packing of FRI01853, Form A (Miyamae et al .. 1990). 
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temperature in an ethanol suspension, Form A rearranges spontaneously to Form B.
They also reported the DSC thermograms (Figure 10.83), the IR spectra (Figure
10.84), and the XRPDs(Figure 10.85) of the two polymorphs.

J. ANTIULCER AGENT FR101853

Me!
Oo

H amino-6-methylbenzyloxy)-

  

8-(2-methoxycarbonyl-

2-methyl-3-(2-propynyb-
imidazo[1,2-a]pyridine

(FR101853)

 
Mé

Miyamae and co-workers (1990) have carried out an extensive study of the polymor-
phism of an orally-active antiulcer compound 8-(2-methoxycarbonylamino-6-methyl-
benzyloxy)-2-methyl-3-(2-propynylimidazo[1,2-a]pyridine (FR101853) which exists
in two crystal Forms A and B. Table 10.28 showsthe crystallographic data for the two
crystal forms which exhibit significantly different crystal packing (see Figures
10.86-10.87). In addition, the different crystal forms have different X-ray powder
diffraction patterns and different DSC thermograms (Figure 10.88). Interestingly, the
IR spectra of the two crystal forms are very similar (Figure 10.89) perhaps because the
complicated absorptions of the molecule obscure any differences in infrared spectra that
might be caused by different crystal packing.
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10.86 Stereoview of the crystal packing of FR101853, Form A (Miyamaeer al., 1990).
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Table 10.28 Crystal Data for the Two Crystal Forms of FRl01853 

Parameter Form A FormB 

Space Group C2/c nltc 

a(A) 42.936(14) 4.367(1) 

b <A> 4.356(1) 38.214(3) 

c(A) 21.536(6) 11.253(1) 

f3 109.92(4)0 95.47(2)0 

z 8 4 

Peale (g cm-3) 1.275 1.292 

v (A3
) 3786.7(20) 1869.4(3) 

Miyamae et al., 1990. 

Figure 10.87 Stereoview of the crystal packing of FR 101853, Form B (Miyarnae et at., 1990). 
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Figure 10.88 DSC thermograms of the different crystal forms of FR 101853 {Miyamae et al., 1990). 
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Table 10.28 Crystal Data for the Two Crystal Forms of FR101853 Form
Parameter Form A Form B

Space Group C2/le P2,/c
ata) 42.936(14) 4.3671) Form
b{A) 4.356(1) 38.214(3) -_
c(A) 21.536(6) 11.253(1)
B 109.92(49° 95.472)
Z 8 4
Peale (g em”) 1.275 1.292
V (A) 3786.7(20) 1869.43)

Miyamaeef al, 1990.
. : —3600

Figure 10.89 Infrared spect
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Figure £0.88 DSC thermogramsof the different crystal forms of FR101853 (Miyamaeetal., 1990).
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FJgUre 10.89 Infrared spectra of the different crystal forms of FRIOI853 (Miyamae et al., 1990). 

10.8 CARBOHYDRATES 

In this section, polymorphism of carbohydrates is briefly discussed. This area is of 
substantial interest since carbohydrates are often used as excipients. Although numer
ous carbohydrates exhibit polymorphism, relatively few studies of these compounds 
have been reported. 

Mannitol exists in four forms (Debord et al., 1987). The a- and ~form have been 
isolated in the pure state, the 0-form has been isolated containing the a-form as an 
impurity. In addition, a fourth form was found but could not be characterized further. 
The different compressibilities and partide shapes of these forms could have important 
implications for their use as excipients. Figure 10.90 shows the X-ray powder diffrac
tion patterns of the a- and ~forms as well as the "unknown" form. Figure 10.91 
shows the X-ray powder patterns of different commercial products of mannitol. It is 
apparent that material from supplier 4 (S4) contains a crystal form different from the 
other preparations. The water contents of the crystal forms and the different commer
cial products were determined after two months storage. Compression studies were 
also carried out and it was found that compression of the different samples produced 
tablets of different hardness. The different products and crystal forms took up small 
but different amounts of water, but the amount of water uptake did not seem to be 
related to the crystal form. The amounts of water uptake are so small that these meas
urements may be subject to variations from the amount of amorphous material present 
in the different crystal forms. Such studies have important implications for tablet 
preparation and demonstrate that it may be important to control the polymorphic form of 
excipients used in tablets. 

Several other carbohydrates also exist in polymorphs. For example, the carbohy
drate 4-methoxyphenyl-~o-glucopyranoside exists in two forms (Forms I and II). 
Each form has a distinct powder pattern, and Form II can be converted to Form I at 
161 oc (Shafizadeh and Susott, 1973). Phenyl-2-acetamidotri-0-acetyl-~o-gluco

pyranoside also exists in two polymorphs that have different powder patterns. Form II 
can be converted to Form I at 185 "C (Shafizadeh and Susott, 1973). 4-Methoxy-2-
acetamidotri-0-acetyl-~D-glucopyranoside exists in four forms which have different 
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Figure 10.89 Infrared spectra of the different crystal forms of FR101853 (Miyamae er al., 1990).

10.8 CARBOHYDRATES 

In this section, polymorphism of carbohydrates is briefly discussed. This area is of
substantial interest since carbohydrates are often used as excipients. Although numer-
ous carbohydrates exhibit polymorphism, relatively few studies of these compounds
have been reported.

Mannitol exists in four forms (Debord eral., 1987). The o- and 6-form have been
isolated in the pure state, the d-form has been isolated containing the o-form as an
impurity. In addition, a fourth form was found but could not be characterized further.
The different compressibilities and particle shapes of these forms could have important
implications for their use as excipients. Figure 10.90 shows the X-ray powder diffrac-
tion patterns of the @- and B-forms as well as the “unknown” form. Figure 10.91
shows the X-ray powder patterns of different commercial products of mannitol. It is
apparent that material from supplier 4 (S4) contains a crystal form different from the
other preparations. The water contents of the crystal forms and the different commer-
cial products were determined after two months storage. Compression studies were

, also carried out and it was found that compression of the different samples produced
f tablets of different hardness. The different products and crystal forms took up small
F but different amounts of water, but the amount of water uptake did not seem to be

felated to the crystal form. The amounts of water uptake are so small that these meas-
urements may be subject to variations from the amount of amorphous material present
in the different crystal forms. Such studies have important implications for tablet
preparation and demonstrate that it may be important to control the polymorphic form of
excipients used in tablets.

: Several other carbohydrates also exist in polymorphs. For example, the carbohy-
 drate 4-methoxyphenyl-8-p-glucopyranoside exists in two forms (Forms I and ID).
. Each form has a distinct powder pattern, and Form II can be converted to FormIat
f 161°C (Shafizadeh and Susott, 1973). Phenyl-2-acetamidotri-O-acetyl-B-D-gluco-
E pyranoside also exists in two polymorphsthat have different powder patterns. Form I
y, can be converted to Form I at 185 °C (Shafizadeh and Susott, 1973). 4-Methoxy-2-
f acetamidotri-O-acetyl-8-D-glucopyranoside exists in four forms which have different
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powder patterns (Shafizadeh and Susott, 1973). Form IV is converted to Form m at 
158 °C, Form III can be converted to Form II at 177 °C, and Form II can be converted 
to the least stable form, Form I, at 183 oc. Form I melts at 192 °C. 

28-

Figure 10.90 X-ray powder diffraction patterns of the a-, {3-, and unknown forms of mannitol (Debord 

et al., 1987). 

28-

Figure 10.91 X-ray powder diffraction patterns of the commercial mannitol products S 1 through S4 

(Debord et al., 1987). 
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10.9 POLYMORPHS OF ANTIBIOTICS 

Antibiotics exhibit polymorphism which could affect their stability and bioavailability. 
In addition, cephalosporin antibiotics crystallize in an extensive series of hydrates and 
solvates as discussed in Chapter II. 

For the polyene antibiotics, mepartricin and nystatin, different conditions of crys
tallization have resulted in products with different activity and acute toxicity. These 
differences are not due to particle size effects (Ghielmetti et al., 1976). Evaporation of 
mepartricin in methylene chloride-methanol (9: 1) at room temperature gave an oil 
which crystallized upon standing to form a solid which had one-fourth the oral activity 
and between one-sixth and one-tenth the LD5o (for mice) compared to the solid ob
tained by cooling an acetone-water-ether solution. 

Studies of nystatin showed that crystals obtained by crystallization of a wa
ter-methyl ethyl ketone solution had approximately the same activity against microor
ganisms, but half the solubility and half to one-tenth the LD50 of crystals obtained from 
chloroform-methanol-ammonia. While the existence of nystatin polymorphs has not 
been proven by X-ray powder diffraction or other experimental techniques, it is likely 
that the differences in activity of the crystals are due to differences in solubility and 
solution rate. These solubility differences may, in tum, be due to polymorphic differ-

CONFORMATIONAL POLYMORPHISM OF SPIPERONE 

spiperone 

Azibi et al. (1983) described the conformational polymorphism of spiperone. This 
compound exists in two crystal forms (the structures and data are shown in Figures 
10.92-10.93 and Table 10.29). Form I melted at 208.9 oc and Form II melted at 207 
oc. The infrared spectra of the two crystal forms are different, and the crystal structure 

Stereoview of the molecular conformation of spiperone in Form I where: • C. 0 F, 
0 N, • 0 (Azibi et al., 1983). 
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10.9 POLYMORPHS OF ANTIBIOTICS
Antibiotics exhibit polymorphism which could affect theirir stability aandbioavailability,
In addition, cephalosporin antibiotics crystallize in an extensive series of hydrates and
solvates as discussed in Chapter 11.

For the polyene antibiotics, mepartricin and nystatin, different conditions of crys-
tallization have resulted in products with different activity and acute toxicity. These
differences are not due to particle size effects (Ghielmetti et af., 1976). Evaporation of
mepartricin in methylene chloride—methanol (9:1) at room temperature gave an oil
whichcrystallized upon standing to form a solid which had one-fourth the oralactivity
and between one-sixth and one-tenth the LDs5y (for mice) compared to the solid ob-
tained by cooling an acetone—water—tthersolution.

Studies of nystatin showed that crystals oblained by crystallization of a wa-
fer-methyl ethyl ketone solution had approximately the same activity against microor-
ganisms,but half the solubility and half to one-tenth the LDso of crystals obtained from
chloroform—methanol-ammonia. While the existence of nystatin polymorphs has not
been proven by X-ray powderdiffraction or other experimental techniques,it is likely
that the differences in activity of the crystals are due to differences in solubility and
solution rate. These solubility differences may, in turn, be due to polymorphic differ-
ences.

A. CONFORMATIONAL POLYMORPHISM OF SPIPERONE
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E Azibi et al. (1983) described the conformational polymorphism of spiperone. This
s compound exists in two crystal forms (the structures and data are shown in Figures

10.92-10.93 and Table 10.29). Form I melted at 208.9 °C and Form II melted at 207
F °C, The infrared spectra of the two crystal forms are different, and the crystal structure

| Figure 10.92 Stereoview of the molecular conformation of spiperone in Form | where: ® C, © F,@ N, @ O (Azibi ef al, 1983). 
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Figure 10.93 Stereoviewofthe molecularconfonnationofspiperonein Fonn II where: e C, ® F, 
• N, • 0 (Koch and Gennain, 1972). 

Table 10.29 Crystal Data of Spiperone Forms I and II 

Parameter Formt• Form lib 

Space Group P2/a P2.fc 
a(A) 12.722 18.571 
b(A) 7.510 6.072 
c(A) 21.910 20.681 

f3 95.08° 118.69° 

z 4 4 
V(A3) 2085.1 2045.7 

a Azibi et al., 1983. b Koch and Germain, 1972. 

showed that the conformation of the two forms are significantly different (see Figures 
10.92-10.93). The authors analyzed the crystal packing and determined that hydrogen 
bonding was responsible for the polymorphism. 

B. SULFAPYRIDINE 

"imide" "amide" 

Bar and Bernstein (1985) described the conformational polymorphism of 4-amino-N-2-
pyridinylbenzenesulfonamide, sulfapyridine. The crystal structures of four forms of 
sulfapyridine were determined and are summarized in Table 1 0.30. The bond lengths 
and bond angles among the four structures are virtually identical, and are consistent 
with the imide structure. However, the conformations of the molecules are different in 
the different crystal structures, producing the phenomenon termed "conformational 
polymorphism." The conformations of the four different crystal forms are shown in 
Figure 10. 94. It is clear that there is a different conformation about the -S{}z- bond 
in different molecules with some of the sulfapyridine rings pointing to the left in some 
forms and to the right in other forms. 

Figure 10.94 Stereoview of the 
Bernstein, 1985; I 

Table 10.30 Crystal Data for Su 

Parameter Fonnll" 

Space group P2/c 
a(A) 6.722 
b<A> 20.593 
c(A) 8.505 

f3 10l.l4° 
z 4 
Peale (g cm-3

) 1.43 
V(A3) 1155.1 

a Bar and Bernstein, 1985. b Ba 
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Figure 10.93 Stereoview of the molecular conformation of spiperone in Form Hl where: @ C, @ F,

@ N, ® O (Koch and Germain, 1972).

Table 16.29 Crystal Data of Spiperone Forms I and IT  
  Parameter Form F Form IF’

Space Group P2,ja P2le
a (Ay 12.722 18.571

 

  

 
 

 

b(A) 7.510 6.072
ce (A) 21.910 20.681

B 95.08° 118.69° Figure 10.94 Stereoview| of the
Z 4 4 Bernstein, 1985; 3

v(A3y 2085.1 2045.7 

a Azibi et ai., 1983. & Koch and Germain, 1972. Table 10.30 Crystal Data for Su
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Bar and Bernstein (1985) described the conformational polymorphism of 4-amino-N-2-
pyridinylbenzenesulfonamide, sulfapyridine. The crystal structures of four forms of
sulfapyridine were determined and are summarized in Table 10.30. The bond lengths
and bond angles among the four structures are virtually identical, and are consistent
with the imide structure. However, the conformations of the molecules are different in

the different crystal structures, producing the phenomenon termed “conformational
polymorphism.” The conformations of the four different crystal forms are shown in
Figure 10.94. It is clear that there is a different conformation about the —SO2— bond
in different molecules with some of the sulfapyridine rings pointing to the left in some
forms and to the right in other forms.
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Form II Uf-0-. Form II ~ 
Form Ill ()i-0_ Form Ill ~ 
'omN~ ~m•OY-0-. 
Form Va ~ FormVa ~ 
Form Vb (fi-Q_ Form Vb ~ 

F'JgQre 10.94 Stereoview of the molecular conformations in the four forms of sulfapyridine (Bar and 
Bernstein. 1985; Basak et at., 1984; Bernstein, 1988). 

Table 10.30 Crystal Data for Sulfapyridine 

Parameter Fonn II" Fonn IJib Form IVc FonnV" 
Space group P2 1/c C21c P21/c Pbca 
a(A.) 6.722 12.830 13.560 24.722 
b (A.) 20.593 11.714 6.480 15.710 
c(A.) 8.505 15.400 14.120 12.147 
p 101.14° 94.12° 113.70 

z 4 8 4 16 
Peak (g Cill-

3
) 1.43 1.44 1.46 1.41 

V(A.J) 1155.1 2308.5 I 136.1 4717.7 

a Bar and Bernstein, 1985. b Basak eta/., 1984. c Bernstein, 1988 . 

Bar and Bernstein (1985) also investigated the molecular energetics of sulfapyri
dine in the different crystal forms using extended Hiickel calculations. These calcula-
1ions showed that all four forms are within about 2.1 kJ/mol in energy. 

Finally, the authors compared their data to research from other laboratories. The 
single crystal structures obtained allowed calculation of the X-ray powder patterns of 
the different crystal forms. The calculated X-ray powder pattern of Form I compared 
well with the published diffractogram. However, the calculated X-ray powder patterns 
of Form II and III did not agree with any previously reported patterns. This suggests 
that there are additional crystal forms. This study illustrates that the best way to prove 

. that a given powder pattern is that of a pure polymorph is by comparing it with a 
· c:alculated pattern from a single crystal structure. The powder pattern may be calculated 
either from observed single crystal diffraction intensity data or from the atomic coordi
aates using a program such as Cerius2 (see Section 3.5). 
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Parameter Form II’ Form HY Form I'v‘ Form V¥’

Space group P2ile C2ie P2,fe Poca
a(A) 6.722 12.830 13.560 24.722
b(A) 20.593 11.714 6.480 15.710
e{A) 8.505 15.400 14.120 12.147
B 101.14° 94,12° 113.70 ve
Z 4 8 4 16
Peas (Z om) 1.43 1.44 1.46 1.41
VA’ 1155.1 2308.5 1136.1 4717.7 

a Bar and Bernstein, 1985. 4 Basak et al., 1984. c Bermstein, 1988.

Bar and Bernstein (1985) also investigated the molecular energetics of sulfapyri-
dine in the different crystal forms using extended Hiickel calculations. These ca!cuta-
tions showedthatall four forms are within about 2.1 kJ/molin energy.

Finally, the authors compared their data to research from other laboratories. The
| singie crystal structures obtained allowed calculation of the X-ray powder patterns of
f the different crystal forms. The calculated X-ray powder pattern of Form I compared
} well with the published diffractogram. However,the calculated X-ray powder patterns
. of Form II and Ill did not agree with any previously reported patterns. This suggests
F that there are additional crystal forms. This study illustrates that the best way to prove
, that a given powder pattern is that of a pure polymorph is by comparing it with a

calculated pattern from a single crystal structure. The powder pattern may be calculated
either from observed single crystal diffraction intensity data or from the atomic coordi-
gates using a program such as Cerius® (sce Section 3.5).
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Figure 10.94 Stereoview of the molecular conformations in the four forms of sulfapyridine (Bar and
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2.2.2. Chapter 10 Polymorphs 

10.10 POLYMORPHISM AND CHEMICAL STABILITY 

Because polymorphs have different properties, including different melting points, 
densities, and crystal structures, it is not surprising that polymorphs have different 
chemical stabilities. 

Perhaps the most striking effect of polymorphism on chemical reactivity is seen in 
the polymorphs of trans-2-ethoxycinnamic acid (see Figure 10.95). Irradiation of this 
compound in solution produces trans- to cis-isomerization, but no dimerization (Cohen 
and Green, 1973). Crystallization of this cinnamic acid yields three polymorphs, a, {3, 
and y. The a-form is obtained from ethyl acetate, ether, or acetone; the ~form is 
obtained from benzene or petroleum ether; and the y-form is obtained from aqueous 
ethanol. Irradiation of the a-form gives the centrosymmetric dimer, irradiation of the 
~form gives the mirror symmetric dimer, and irradiation of the y-form produces no 
reaction. These reactions are summarized in Figure 10.95. Numerous examples of 
similar behavior have been found in other cinnamic acid derivatives and in anthracene 
dimerizations. 

A number of pharmaceutical examples of different stabilities of polymorphs are 
also known. For example, methylprednisolone crystallizes in two forms. One form is 
stable while the other is reactive when exposed to heat, ultraviolet light, or high humid
ity (Munshi, 1973). 

hv 

solution 

trans-2-ethoxycinnamic acid cis-2-ethoxycinnamic acid 

trans-2-ethoxycinnamic acid 

no reaction 
y.form 

Figure 10.95 Summary of the reacnvtttes of the a-, {3-, and ')'-crystalline forms of trans-2-
ethoxycinnamic acid upon exposure to ultraviolet light (Cohen and Green, 1973). 
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 Because polymorphs have different properties, including different melting points,

densities, and crystal structures, it is not surprising that polymorphs have different
chemical stabilities.

Perhaps the most striking effect of polymorphism on chemical reactivity is seen in
the polymorphs of trans-2-ethoxycinnamic acid (see Figure 10.95). Irradiation of this
compound in solution produces trans- to cis-isomerization, but no dimerization (Cohen
and Green, 1973). Crystallization of this cinnamic acid yields three polymorphs, a, B,
and y. The o-form is obtained from ethyl acetate, ether, or acetone; the GBform is
obtained from benzene or petroleum ether; and the ¥form is obtained from aqueous
ethanol. Irradiation of the o-form gives the centrosymmetric dimer, irradiation of the

‘ B-form gives the mirror symmetric dimer, and irradiation of the «form produces no
reaction. These reactions are summarized in Figure 10.95. Numerous examples of
similar behavior have been found in other cinnamic acid derivatives and in anthracene
dimerizations.

A number of pharmaceutical examples of different stabilities of polymorphs are
also known, For example, methylprednisolone crystallizes in two forms. One form is
stable while the other is reactive when exposed to heat, ultraviolet light, or high humid-
ity (Munshi, 1973).
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 Figure 10.95 Summary of the reactivities of the o-, §-, and ycrystalline forms of ftrans-2- 4

ethoxycinnamic acid upon exposure to ultraviolet light (Cohen and Green, 1973). 
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In closely related studies, different stabilities of polymorphs and solvates have 
been reported. In our laboratory, we have reinvestigated the behavior of the various 
polymorphs of hydrocortisone 21-tert-butylacetate. This steroid crystallizes from 
ethanol in three crystalline forms, one anhydrous and two solvates. When exposed to 
light, one of the solvates is reactive while the other two forms are stable. In addition, 
there are numerous cases where amorphous forms are much more reactive than the 
crystalline form. Macek ( 1965) has reported that the amorphous forms of sodium and 
potassium penicillin G are significantly less stable than the crystalline forms. Crystals 
of the potassium salt can withstand heating for several hours, while identical treatment 
of the amorphous form results in a significant loss of activity. Pfeiffer et al. (1976) 
have found similar differences between amorphous and crystalline cephalosporins 
applied to sensitivity discs. The reactivity of amorphous drugs is discussed in more 
detail in Chapter 12 (see Sections 12.1C-D) . 

This discussion clearly shows that in cases where chemical stability is a problem, 
there is a need for careful control of the polymorph or solvate. 

10.11 POLYMORPHISM AND BIOAVAILABILITY 

The rate of absorption of a drug is sometimes dependent upon the dissolution rate. The 
dissolution rate is affected by the polymorph present, with the most stable form having 
the lowest solubility and, in most cases, the slowest dissolution rate. Other less stable 
polymorphs will usually have higher dissolution rates. Thus, if polymorphism is 
ignored, significant dose-to-dose variations can occur (Haleblian and McCrone, 1969). 

In a particular striking example, a suspension of chloramphenicol palmitate con
taining various ratios of Form A and B showed significant variations in bioavailability 
(i.e., blood levels) (Aguiar et al., 1967). Figure 10.96 shows a comparison of mean 
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Comparison of the mean serum levels obtained with chloramphenicol palmitate 
suspensions containing varying ratios of the A and B polymorphs following a single 
oral dose equivalent to 1.5 gm of chloramphenicol palmitate. As the blood level in
creases. the percent of polymorph B increases. The lowest curve corresponds to 0% B. 
the next 25% B, the next 50% B, then 75% B, and the highest 100% B {Haleblian and 
McCrone. 1969). 
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In closely related studies, different stabilities of polymorphs and solvates have
been reported. In our laboratory, we have reinvestigated the behavior of the various
polymorphs of hydrocortisone 21-rert-butylacetate. This steroid crystallizes from
ethanol in three crystalline forms, one anhydrous and two solvates. When exposed to
light, one of the solvates is reactive while the other two forms are stable. In addition,
there are numerous cases where amorphous forms are much more reactive than the
crystalline form. Macek (1965) has reported that the amorphous forms of sodium and
potassium penicillin G are significantly less stable than the crystalline forms. Crystals
of the potassium salt can withstand heating for several hours, while identical treatment
of the amorphous form results in a significant loss of activity. Pfeiffer et al. (1976)
have found similar differences between amorphous and crystalline cephalosporins
applied to sensitivity discs. The reactivity of amorphous drugs is discussed in more
detail in Chapter 12 (see Sections 12.1C—D).

This discussion clearly shows that in cases where chemical stability is a problem,
there is a need for careful control of the polymorph or solvate.

10.11 POLYMORPHISM AND BIOAVAILABILITY

 
    

  
   
 
 

  

The rate of absorption of a drug is sometimes dependent upon the dissolution rate. The
dissolution rate is affected by the polymorph present, with the most stable form having
the lowest solubility and, in most cases, the slowest dissolution rate. Other less stable
polymorphs will usually have higher dissolution rates. Thus, if polymorphism is
ignored, significant dose-to-dose variations can occur (Haleblian and McCrone, 1969).

In a particular striking example, a suspension of chloramphenicol palmitate con-
taining various ratios of Form A and B showed significant variations in bioavailability
(i.e., blood levels} (Aguiar ef al., 1967). Figure 10.96 shows a comparison of mean  
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  Comparison of the meun serum levels obtained with chloramphenicol palmitate
suspensions containing varying ratios of the A and B polymorphs following a single
oral dose equivalent to 1.5 gm of chloramphenicol palmitate. As the blood level in-
creases, the percent of polymorph B increases. The lowest curve corresponds to 0% B
the next 25% B, the next SO% B, then 75% B, and the highest 100% B {Haleblian and
McCrone, 1969).
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blood serum levels of suspensions contammg varying ratios of Form A and B. 
Clearly, the maximum blood levels are quite different, ranging from 3 to 22 J.lg/mL or 
by approximately a factor of seven. (Interestingly, a plot of peak blood levels versus 
percent Form B gave a straight line, as shown in Figure 10.97 .) These data show that 
bioavailability is influenced by the type and concentration of the polymorph present. 
Obviously, if products are manufactured containing Form A, they will be largely 
inactive, while products containing Form B will show activity. 

In another study, serum levels of the amorphous form and Form A of chloram
phenicol palmitate have been compared in both children and Rhesus monkeys. Table 
10.31 lists the results of these studies (Banerjee et al., 1971) which show that the 
amorphous form has greater bioavailability than Form A. 

Fluprednisolone crystallizes in three polymorphs and two solvates. These forms 
were pressed into pellets and implanted into rats, and their in vivo dissolution rates 
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Figure 10.97 Plot of the peak chloramphenicol palmitate blood levels versus the percent of poly
morph B (Haleblian and McCrone, 1969). 

Table 10.31 Blood Levels (,ug/100 rnL) for Various Suspensions of 
Chloramphenicol Palmitatea 

Hours after Feeding 
Suspension used 2 4 6 8 

In Children 
Amorphous 102 60 42 26 

Polymorph A 34 35 57 23 
In Rhesus Monkeys 

Amorphous 58 39 18 

Polymorph A 22 17 17 

a Banerjee etal .. 1971. 
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 blood serum levels of suspensions containing varying ratios of Form A and B.
Clearly, the maximum blood levels are quite different, ranging from 3 to 22 ug/mL or
by approximately a factor of seven. (Interestingly, a plot of peak blood levels versus
percent Form B gavea straight line, as shown in Figure 10.97.) These data show that
bioavailability is influenced by the type and concentration of the polymorph present.
Obviously, if products are manufactured containing Form A, they will be largely
inactive, while products containing Form B will show activity.

\ In another study, serum levels of the amorphous form and Form A of chloram-
Ms, phenicol palmitate have been compared in both children and Rhesus monkeys. Table

10.31 lists the results of these studies (Banerjee ef al., 1971) which show that the
amorphous form has greater bioavailability than Form A.

Fluprednisolone crystallizes in three polymorphs and two solvates. These forms‘ were pressed into pellets and implanted into rats, and their in vivo dissolution rates
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Figure 10.97 Plot of the peak chloramphenicol palmitate blood levels versus the percent of poly-
morph B (Haleblian and McCrone, 1969).

Table 10.31 Blood Levels (ug/!00 mL) for Various Suspensions of
Chloramphenicol Palmitate?
 

 

Hours after Feeding
Suspension used 2 4 6 8

: In Children

Amorphous 102 60 42 26
Polymorph A 34 35 37 23

In Rhesus Monkeys

Amorphous 68 39 i8
Polymorph A 22 7 {7
   a Banerjee ef al., 1971.
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were measured (Haleblian and McCrone, 1969). The dissolution rates showed the 
following order and value: Form I (0.237 mg cm-2 M- 1

) >Form ill (0.209 mg cm-2 

M-
1
) >Form II (0.186 mg cm-2 M- 1

) > ,8-monohydrate (0.162 mg cm-2 M-1) > a
monohydrate (0.147 mg cm-2 M-1

). Thus, the variation in dissolution rate is approxi
mately a factor of 1.6 when comparing Form I to the a-monohydrate. 

The examples discussed in this section show that the polymorph present can dra
matically affect the bioavailability of a drug. 

10.12 POLYMORPHISM AND ITS PHARMACEUTICAL APPLICATION 

Because polymorphs have different physical properties, it is often advantageous to 
choose the proper polymorph for the desired pharmaceutical application (see Section 
22.10). In general, the pharmaceutical applications of polymorphism depends on the 
answers to the following questions: 

1 . What are the solubilities of each form? 
2. Can pure, stable crystals of each form be prepared? 
3. Will the form survive processing, micronizing, and tableting? 

Furthermore, several more basic questions about polymorphs also need to be answered: 

I. How many polymorphs exist? 
2. What is the chemical and physical stability of each of these poly

morphs? 
3. Can the metastable states be stabilized? 

These basic questions can be answered as follows: The number of polymorphs can 
be determined by microscopic examination and by subsequent analytical studies using 
DSC, IR, solid-state NMR, X-ray powder diffraction, and single-crystal X-ray studies 
(see Section 22.3). The physical stability of each form can be determined using the 
solution phase transformation method. This method involves placing two polymorphs 
in a drop of saturated solution under the microscope. Under these conditions, the 
crystals of less stable form will dissolve and crystals of the more stable form will grow 
wttil only the most stable form remains. Comparison of the relative stabilities of pairs 
of forms in succession gives the order of stability of the various forms. This method 
can also be used to prepare metastable forms. In this case, the temperature is increased 
or decreased to the temperature where the metastable form is most stable and then the 
experiment repeated. 

There are numerous activities in the pharmaceutical industry that require considera
of polymorphism; these have been reviewed by Haleblian and McCrone ( 1969). 

~Tableling behavior depends upon the polymorph present. For example, Simmons et al. 
showed that tolbutamide exists in Forms A and B. Form B is plate-like and 
powder bridging in the hopper and capping problems during tableting. Form 

. which is not plate-like, showed no problems during tableting. 
The behavior of suspensions also depends upon the polymorph present. If the 

polymorph of a drug is used, a phase transformation to a more stable form may 
ilrall£ prodluc:ing a change in crystal size and possibly caking. A change in particle size 

undesirable as it may cause serious caking problems. as well as changes in the 
trill~ge;lbillity of the suspension. In addition, the new polymorph may have altered 
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were measured (Halcblian and McCrone, 1969). The dissolution rates showed the
following order and value: Form I (0.237 mg cm? M-') > Form II (0.209 mg cm”
M”) > Form II (0.186 mg cm? M"') > B-monohydrate (0.162 mg cm” M') > a@
monohydrate (0.147 mg em? Mf '). Thus, the variation in dissolution rate is approxi-
mately a factor of 1.6 when comparing Form I to the o-monohydrate.

The examples discussed in this section show that the polymorph present can dra-
matically affect the bioavailability of a drug.

10.12 POLYMORPHISM AND ITS PHARMACEUTICAL APPLICATION
  

Because polymorphs have different physical properties, it is often advantageous to
choose the proper polymorph for the desired pharmaceutical application {sce Section
22.10). In general, the pharmaceutical applications of polymorphism depends on the
answers to the following questions:

1. Whatare the solubilities of each form?

2. Can pure, stable crystals of each form be prepared?
3. Will the form survive processing, micronizing, and tableting?

 
 
 
 

 

 
 
 
 
 
 

 
 

 
 
 
 
 

 
 
 

Furthermore, several more basic questions about polymorphsalso need to be answered:
1. How many polymorphsexist?
2. What is the chemical and physical stability of each of these poly-

morphs?
3. Can the metastable states be stabilized?

These basic questions can be answered as follows: The number of polymorphs can
be determined by microscopic examination and by subsequent analytical studies using
DSC,IR, solid-state NMR, X-ray powder diffraction, and single-crystal X-ray studies
{see Section 22.3), The physical stability of each form can be determined using the
solution phase transformation method. This method involves placing two polymorphs

. in a drop of saturated solution under the microscope. Under these conditions, the
F crystals of less stable form will dissolve and crystais of the more stable form will grow
f until only the most stable form remains. Comparison ofthe relative stabilities of pairs
, of forms in succession gives the order of stability of the various forms. This method
, can also be used to prepare metastable forms. In this case, the temperature is increascd
| or decreased to the temperature where the metastable form is most stable and then the
F experiment repeated.
4 There are numerousactivities in the pharmaceutical industry that require considera-

tion of polymorphism; these have been reviewed by Haleblian and McCrone (1969).
 Tableting behavior depends upon the polymorph present. For example, Simmonset al.
111972) showed that tolbutamide exists in Forms A and B. FormBis plate-like and
jeauses powder bridging in the hopper and capping problems during tableting. Form

whichis not plate-like, showed no problems during tableting.
The behavior of suspensions also depends upon the polymorph present. If the
g polymorph of a drug is used, a phase transformation to a more stable form may

ecar producing a change in crystal size and possibly caking. A change in particle size
Foften undesirable as it may cause serious caking problems, as well as changes in the
: ingeability of the suspension. In addition, the new polymorph may havealtered
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dissolution properties and, thus, bioavailability. Caking is a particularly serious 
problem since a caked suspension cannot be resuspended upon shaking. For example, 
oxyclozanide, upon standing in quiescent (undisturbed) suspensions, undergoes an 
increase in particle size (Pearson and Varney, 1969). This is due to a solvent-mediated 
phase transformation between two polymorphs. As discussed earlier, under these 
conditions, crystals of the more stable form grow and those of the less stable form 
dissolve. This produces cakes that cannot be resuspended by shaking. 
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  dissolution properties and, thus, bioavailability. Caking is a particularly serious
problem since a caked suspension cannot be resuspended upon shaking. For example,
oxyclozanide, upon standing in quiescent (undisturbed) suspensions, undergoes an
increase in particle size (Pearson and Varney, 1969). This is due to a solvent-mediated
phase transformation between two polymorphs. As discussed earlier, under these
conditions, crystals of the more stable form grow and those of the less stable form
dissolve. This produces cakes that cannot be resuspended by shaking.
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Hydrates and Solvates 

The occurrence of hydrated or solvated crystal forms (see Table 11.1), crystals 
in which solvent molecules occupy regular positions in the crystal structure, is 
widespread but by no means universal among drug substances. Some classes 

of drugs (e .g., steroids, antibie,tics, and sulfonamides) are particularly prone to form 
solvates, but this impression may be partly related to the considerable attention these 
drugs have received. In her classic book on thermomicroscopy, Kuhnert-Brandstatter 

Table 11.1 Partial List of Drugs Discovered Prior to 1971 that Fonn Solvates 

Drug 

Ampicillin 

Cephaloridine 

Chloramphenicol 

Cholesterol 

Cortisone acetate 

Eluprednisolone 
Erythromycin 

Estradiol 

Fluorohydrocortisone acetate 
Gramicidin 

Griseofulvin 

Hydrocortisone 21-acetate 
Hydrocortisone 21-tert-butylacetate 
Nitrofunnethone 

Prednisolone 21-tert-butylacetate 
Succinylsulfathiazole 
Sulfabenzamide 
Sulfaguanidine 

Sulfameter 

Sulfanilamide 

(Kuhnert-Brandsttitter, 1971) 

Reference 

Austin et al., 1965 
Chapman et al., 1968; Pfeiffer et al. , 1970 
Himuro et al., 1971 
Shefter and Higuchi, 1967 
Carless et al. , 1966 

Haleblian et al. , I 971 
Rose, 1955 

Kuhnert-Brandstatter and Gasser, 1971 
Shefter and Higuchi , 1967 
Olsen and Szabo, 1959 
Sekiguchi et al., 1968 
Shell, 1955 

Biles, 1963 

Borka et al., 1972 
Biles, 1963 

Shefter and Higuchi, 1967 
Yang and Guillory, 1972 
Yang and Guillory, 1972 
Moustafa et al., 1971 
Lin, 1972 
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:234 Chapter 11 Hydrates and Solvates 

(1971) summarized in tabular fonn some of these examples (see Table 11.2). Never
theless, many drugs, including some members of the aforementioned classes, even af
ter intensive investigation, are found to always crystallize without solvent inclusion 
(e.g., aspirin and ibuprofen). 

In a classic study, Kuhnert-Brandstatter (1971) characterized the behavior of hy
drates of pharmaceuticals known at that time using thennomicroscopy (see Table l 0.2). 
Many of the hydrates listed in this table show unusual behavior that may be caused by 
dehydration prior to melting. Many of these crystals are reported to become opaque, 
and appear dark when viewed by transmitted light (see Chapter 14). Some of these hy
drates crack and "jump" during dehydration. This behavior is characteristic of rapid 
solid-state reactions that produce gaseous products. 

Another aspect of solvate fonnation is that virtually any laboratory solvent can be 
involved; Table 11.3 lists solvents in solvates reported in the crystal structure literature 
on organic compounds which, naturally, includes many crystalline drugs. In some 
solvates, two or even three different solvents occupy their own positions in the struc
ture. Furthennore, a compound may fonn solvates with a given solvent in different 
ratios, 2:1, 1:1, etc., and in rare cases, a fixed ratio in polymorphic fonns. 

Because prediction of crystal structures is not yet generally possible, we must be 
content with examining the crystal structures of compounds after the fact in looking for 
explanations of why solvates do or do not fonn. On doing so, however, we are left 
with only vague impressions, to wit: 

• Certain molecular shapes and features favor the fonnation of crys
tals without solvent. These structures tend to be stabilized by an 
efficient packing that also utilizes intennolecular hydrogen bonding 
and other bonding capacity to a maximum extent. The slightest 
molecular differences may conceivably interfere with this coopera
tive effect. As a result, solvate fonnation within a series of related 
compounds tends to lack a discernible pattern-each compound has 
a unique response to solvate fonnation. 

• Including specific solvent molecules can stabilize a crystal structure 
by improving either the packing or the intennolecular bonding, es
pecially hydrogen bonding. Some of the solvents listed in Table 
11.3 are nonhydrogen-bonding solvents and thus must serve only 
in a space-occupying capacity. The hydrogen-bonding capacity of 
included solvent molecules is usually fully exploited, although 
some structures are known where such bonding capacity is not ex
ercised at all. 

• Lower temperatures favor fonnation of soht.ates._and also higher 
stoichiometric amounts of a given solvent. This is probably due to 
the increased strength of hydrogen bonding at lower temperatures. 

• The ease with which solvent is lost varies widely among solvates. 
At one extreme some retain solvent at temperatures well above the 
boiling point of the solvent, at the other extreme, others lose sol
vent readily at room temperature. In the latter case, the fonnation 
of a solvate may be overlooked unless special precautions are taken 
to preserve the composition of the crystals. 

Page 144



Introduction 235 

Table 11.2 Thermomicroscopic Behavior of Drug Hydrates 

Drug Mp (OC) Remarks 

Apomorphine hydrochloride 220-260 From 220 °c , turbidity and carbonization 
Atropine sulfate 190-193 Substance partially dehydrates 
Brucine 170 Crystals are rarely clear 
Brucine sulfate 130-165 Gradual loss of water 
Chloroquine sulfate 209- 213 
Citric acid 152-155 Loss of H20 and turbidity at 60-70 °C 
Cocaine nitrate 55- 59 Needles of decomposition product appear 
Codeine 156 Loss of water with turbidity 
Codeine hydrochloride 260-275 
Codeine phosphate 225- 240 
Cyclophosphamide 40-47 Melts as hydrate 
Dihydrocodeinone bitartrate 115- 130 
Dipropylbarbituric acid 148 Commercial product partly dehydrated 
Emetine hydrochloride 205-215 
L-Ephedrine 38-40 
Heroine hydrochloride 218-232 Turbidity of crystals from 115- 120 °C 
Histidine monohydrochloride 155-176 
Hydrocortisone hemisuccinate 198- 205 From 85 °C, loss of water with turbidity 
Hyoscyamine hydrochloride 152-155 Turbidity with loss of water during heating 
Lidocaine hydrochloride 65-78 
Mercaptopurine 300-325 From 160 °C, turbidity of crystals 
Mescaline sulfate 230-250 From 125 °C, w ter escapes with turbidity 
Methicillin sodium 182- 186 Loss of birefringence 
Morphine 245-255 At 115-140 °C, loss of water with turbidity 
Morphine hydrochloride 285-3 IO From 80 °C, loss of water with turbidity 
Morphine sulfate 230-240 
Ouabain 178-184 Loses HP from 90 °C 
Oxycodone hydrochloride 245-260 From 70 °C, loss of water with turbidity 
Phloroglucinol 218- 220 At 55-90 °C, turbidity with loss of water 
Pyrogallol 133 Turbidity 
Quercetin 300-320 
Quinidine hydrochloride 262-265 From 90 °C, loss of water 
Quinidine sulfate 205-210 
Quinine bisulfate 155-160 Turbidity at 60 °C 
Quinine hydrobromide 145-152 Water evolved at 90 °C 
Raffinose pentahydrate 132- 135 Transforms to anhydrous 
Reserpine hydrochloride 125-225 From 180 °C, turbidity of crystals 
a-Rhamnose 70-95 
Succinylsulfathiazole 190-193 
Sulphaguanidine 187-191 From 90 °C loss of water 
Terpin hydrate 105.5 Transforms to anhydrous 
Theophylline 274 At 70-80 °C, loss of water 
L-Thyroxine sodium 195-202 From 70 °C, effervescence with jumping 

(Kuhnert-Brandsttitter, 1971) 
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Table 11.3 Solvents that Form Solvates with Drugs and Organic Compounds 

water 
methanol, ethanol, 1-propanol, isopropanol, 1-butanol, sec-butanol, isobutanol, lert-butanol 

acetone, methyl ethyl ketone 

acetonitrile 

diethyl ether, tetrahydrofuran, dioxane 

acetic acid, butyric acid, phosphoric acids 

hexane, cyclohexane 

benzene, toluene, xylene 

ethyl acetate 

ethylene glycol 

dichloromethane, chloroform, carbon tetrachloride, 1,2-dichloroethane 

N-methylformamide and N,N-dimethylformamide, N-methylacetamide 

pyridine 

dimethylsulfoxide 

Most drug crystals that fall into the category of solvates are, for obvious reasons, 
hydrates-exceptions being ethanol or freon solvates. The organically solvated struc
tures, nevertheless, also deserve our attention for several reasons: 

• They are often the penultimate solid form of the drug (which should 
therefore be monitored carefully in the interests of good control ). 

• They are often specifically chosen for recovery or purification. 
• They may have a morphology conducive to good filtration or other 

bulk processes. 
• They may be the only crystalline form available for X-ray structure 

determination of a new molecular species. 
• They may be useful in their desolvated form as a drug product due 

to superior dissolution properties. 
• They may be patentable for any of the above reasons, thus pro

longing the manufacturing exclusivity of the drug. 

11.1 HYDRATES 

The water molecule, because of its small size, is particularly suited to fill structural 
voids. The multidirectional hydrogen bonding capability of water is also ideal for 
linking a majority of drug molecules into stable crystai structures. Figure 11 . l shows 
how a water molecule in an ice crystal forms hydrogen bon s m our directions by act
ing twice as an hydrogen acceptor and twice as an hydrogen donor to neighboring 
molecules with identical bonding. 

In hydrated crystal structures, we find that water molecules bind not only to other 
water molecules but also to any aV?..ilable functional groups like carbonyls, amines, al
cohols and many others that can accept or donate an active hydrogen atom to form hy
drogen bonds. As a result, the total hydrogen bonding of water in crystal hydrates is 
almost always one of the mosc important forces holding the structure together. 

Owing to their high solubility and biocompatibility, sodium salts are commonly the 
derivative chosen for acidic drug products. Because the formation of crystal hydrates 
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is common for sodium salts of all drug classes, a look at why this is so prevalent may 
be helpful to our discussion of water in crystals. 

The sodium ion in most crystal structures is coordinated to six ligands in an octa
hedral array. In sodium chloride, for example, six chloride ions surround each sodium 
ion. In monensin, a crown ether with extraordinary affinity for sodium, the coordi
nated ligands are bidentate, forming five-member rings with the sodium (see Figure 
11.2). In sodium salts of drugs and other organic compounds, this strong coordination 
tendency of the sodium ion is satisfied by linkages to any suitable ligand to be found in 
the structure, such as carboxylate, alcohol, carbonyl, amide, sulfonate, and many oth
ers, particularly water. While hydrogen bonding between the various ligands tends to 
distort the regularity of the coordination octahedra around the sodium ion, the trend to 
octahedral coordination is almost universal. 

The high affinity of the sodium ion for water is perhaps most striking when we 
find that some sodium ions in acid structures actually coordinate to water molecules and 
the charged oxygen atoms of the acid are relegated to a position more distant from the 
sodium ion, yet always hydrogen bonded to an intervening water molecule. Analysis 
of the charge distribution in some of these structures shows the charges to be quite dif
fuse rather than being concentra ed at single atomic positions. 

Figure 11.1 Stereoview of the hydrogen bonding in ice Form lh. Only the the oxygen atoms are 
shown (Peterson and Levy, 1957). 

Figure 11.2 Stereoview of monensin sodium monohydrate showing the coordination of the sodium 
ion (only the non-hydrogen atoms, expept for the two hydrogens involved in in
tramolecular hydrogen-bonds to the carboxylate group, are shown; key: • C, • 0, 
0 Na, (!) H20, 0 H) (Barrans et al., 1982). 
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The coordination octahedra around sodium ions, in addition to accommodating dif
ferent ligands, also show a remarkable flexibility in how they propagate throughout a 
crystal. Thus, neighboring octahedra can be independent or share points, edges, or 
sides in any combination, usually leading to highly polar chains or sheets that traverse 
the entire crystal. Many properties of the crystal are dependent on structural features of 
this kind. Figure 11.3 is a view of a typical structure of a sodium salt hydrate. 

The counterpart to sodium salts are amine hydrochlorides, again commonly en
countered among drug products because they are soluble and biocompatible. Of the 
roughly 130 hydrochloride salts listed in the Physicians' Desk Reference (Greenberg, 
1994), about ten are reported to exist as hydrates. Hydrated forms of amine hydrochlo
rides do not, however, fall into the orderly patterns shown by the sodium salts. Nev
ertheless, a few generalizations can be made with regard to the role of water in hydrated 
hydrochloride crystals: 

• The charged ions-the ammonium ion and the chloride ion-are 
most often in proximity and hydrogen bonded to one or more water 
molecules. 

• These water molecules tend to be extensively involved with any 
other hydrogen bond donors or acceptors in the structure. 

Figure 11.4 shows the location of the water in fenethazine hydrochloride monohydrate. 
In summary, we have shown that water plays many roles critical to drug crystal 

structures: 

• water occupies vacancies in packing 
• water hydrogen bonds to functional groups and to other water 

molecules 
• water coordinates sodium and other cations 

Figure 11.3 Stereoview of the sodium acetate trihydrate unit cell showing the octahedral arrangement 
of the oxygen ligands around :he sodium atoms (symmetry related waters have been 
idled to complete the octahe<lra; Key: O Na, • C, o 0 , o H2O (Cameron et al. , 
1976). 
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figure 11.4 Stereoview of the coordination of water in fenethazine hydrochloride monohydrate. Key: 
0 H, e C, ID N, e 0 , 0 S, el Cl (Obata et al., 1985). 

11.2 CONDITIONS UNDER WHICH HYDRATES MAY FORM 

When we see the manifold ways in which water can be bound in various crystal
structures we should expect and i 1deed find that each hydrate structure has its own 
characteristic binding energy for the water molecules in it. Thus, the mere presence of 
water in a system is not sufficient reason to expect hydrate formation , rather, it is the 
activity of water that determines whether a given hydrate structure forms . We have al
ready pointed out that some compounds do not seem to form hydrates, even though 
they are soluble in water. 

The most obvious situation that favors the formation of crystal hydrates is of 
course when an aqueous solution of a substance is evaporated, cooled, or otherwise 
altered to reduce the solubility of the substance. Supersaturation followed by nuclea
tion will result in the formation of hydrate crystals provided that that form exists. Fig
ure 11.5 shows an example of how different crystal forms may be obtained when 
evaporation of an aqueous solution is conducted at different temperatures . The solubil
ity profile in Figure 11.5 shows relationships that typify drug systems capable of 
forming several structures with different degrees of hydration. 

Figure 11.6 shows typical solubility relationships that govern formation of hy
drates in mixtures of water and an organic solvent. This diagram would naturally 
change with temperature, with the higher hydrates becoming unstable as the tempera-

t Anhydrate 

Concentration _,. 

Figure I 1.5 Crystal forms produced when evaporations are performed at different temperatures. 
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ture increases. One factor that many researchers fail to consider is the activity of water 
in mixed solvents. Figure 11.7 shows the relationship between the activities and the 
activity coefficients of water and ethanol in solutions of these miscible solvents. (Re
call that a; = Yrt; , where a; is the activity of component i , 'Y; is the activity coefficient for 
component i, and X; is the mole fraction of component i in the solution.) 

gel 

sesquihydrate 

99 97 95 93 

Percent Ethanol in Water 

Figure 11.6 Hydrates of cefazolin sodium formed in water-ethanol mixtures. 
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Figure I I. 7 Activity ( a) and activity coefficient ()? plot for the ethanol-water system at 20 °C (Data 
from the lnterna11onal Critical Tables; Washburn et al., 1928). 
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Two liquid phases 

0 3.2 

Percent Water Content of Ethyl Acetate Solution 

Figure I 1.8 Crystallization of hydrated crystal forms from so-called water-immiscible solvents. 
(Note that the water activity increases from zero to one over the range of water content 
from 0% to 3.2% water.) 

So-called water-immiscible solvent mixtures sometimes present problems in con
trolling crystal form because the finite, but very low, water solubility means that the 
water activity in that solvent can v u-y from zero to one with only slight changes in wa
ter concentration. Therefore, when substances that are capable of forming multiple hy
drates are dissolved in water-immiscible solvents, different hydrates can be encountered 
if the water content of the system is not rigorously controlled (see Figure 11.8). This 
can prove difficult in large scale operations. 

At this point it should be obvious that good solubility data are vital to understand
ing the crystallization behavior of a compound, particularly if multiple forms are en
countered. 

11.3 FORMATION OF HYDRATES IN AIR: STABILITY OF HYDRATES AT DIFFERENT 
RELATIVE HUMIDITIES 

One of the most important characteristics to be determined for any drug is how it re
sponds to changes in relative humidity. This knowledge is essential to providing 
proper conditions for the handling and storage of any solid drug product in order to 
avoid possible recrystallization into a new and perhaps undesired form. For example, 
plaster or cement is purchased as a free-flowing powder, but after the addition of water, 
the material undergoes a recrystallization to the hydrated forms. The quantitative as
pects of changes in a drug with respect to relative humidity are also important to the 
proper execution of any mass-based analysis. 

The best method to describe the moisture-uptake or moisture-loss characteristics of 
a compound is to prepare a water content versus relative humidity (RH) diagram based 
on data obtained after equilibration of the solid at various RH. This can be accom
plished rather simply by obtaining a single Karl Fischer measurement or other water 
analysis of the substance and following changes by gravimetric monitoring until con
stant weight is obtained for a multiple of samples stored in various RH chambers. An
other method is to subject a single sample to gravimetric analysis using a recording mi
crobalance connected to a system with controllable atmosphere. 

Griesser and Burger (1995) have developed a semimicro bygrostat (see Figure 
11.9) which is a modification of a hygrostat reported by Schepky (1982). The semimi-
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-- stopper with hooks 

250 ml 
amber bottle 

saturated 
J.,--;-...,....-,-,,,,,;'t"-r\::",-.";~~v salt solution 

Figure I 1.9 Semi micro hygrostat for gravimetric sorpton-desorption moisture studies (Griesser and 
Burger, 1995). 

cro hygrostat consists of an amber wide-mouth reagent bottle with a 34/24 standard
tappered ground-glass joint, a 34/23 male to 19/26 female standard-tappered ground
glass adapter, and a modified 19/26 standard-tapper ground-glass hollow stopper. The 
amber bottle contains a saturated salt solution to control the relative humidity (Nyqvist, 
1983). The stopper has a long hook on the bottom (inserted through the adapter to hold 
the glass sample basket directly above the saturated salt solution) and a short hook on 
the top (attached to a bottom-weighing balance when weighing). The sample to be 
studied (approximately 300 mg) is distributed evenly in the sample basket and then the 
semimicro hygrostat is assembled and sealed. At various time periods, the hygrostat is 
positioned below the bottom-weighing balance and the stopper-sample assembly is 
slighly separated from the adapter and suspended from a wire loop attached to the bal
ance arm of the balance to determine any change in the sample weight. After recording 
the data, the stopper-sample assembly is detached from-the loop7llld-the hygrostat re
sealed. In this manner, weighings can be made without disturbing the equilibrium of 
the system. Several automated systems have been developed to measure moisture up
take (e.g., Surface Measurement Systems. 1998; VTI Corp., 1998). 

Figure 11.10 shows the kind of behavior that might be found for a compound that 
can exist as an anhydrate, monohydrate, or dihydrate at room temperature. The step
wise changes in moisture content, of course, are verifiable by other methods covered in 
Chapter 2. 

Note that Gibbs' phase rule considerations dictate the depicted behavior: when 
there are two condensed phases present, vapor pressure cannot vary; when there is 
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deliquescence 

dihydrate 
2 ·············-··············-----------" 

theoltical 
transition between 

monohydrate to 
dihydrate 

\ 
monohydrate ------~-••••..•...•.............. 

thjretical 
transition between 

anhydrate to 
monohydrate 

anhydrate I 
0 

A 8 

%RH 

C 
100 

Figure 11. to Idealized moisture-uptake profile. Starting with a sample of the anhydrous form at 0% 
RH and increasing the pncent relative humidity, the sample will transform to the 
monohydrate form at poin A. Increasing the percent relative humidity further, the 
sample will transform to the dihydrate at point B. Increasing the percent relative humid
ity still further, the sample will begin to deliquesce (RH0) at point C. 

only one condensed phase, vapor pressure will vary over a range. (This principle pro
vides the constant humidity in environment chambers containing the condensed phase, 
that is, crystals and saturated solution.) 

11.4 DELIQUESCENCE AND EFFLORESCENCE 

At this time, in the interests of good communication, we should clarify the terms deli
quescence (to become liquid from the adsoption of atmospheric water) and efflores
cence (to change to a powder from the loss of water of crystallization), because they 
are often used without recognizing the fact they are relative terms, not absolute terms. 
In other words, the conditions under which the respective behavior is observed to 
spontaneously gain or lose moisture must be stated. It is incorrect to make the blanket 
statement that a substance is, or is not, "deliquescent" or "efflorescent." Thus, a sub
stance may have been observed to deliquesce or effloresce, but this observation is valid 
only above or, respectively, below a certain RH value and at a fixed temperature. 
These limiting values, of course, vary considerably from one substance to another. 

11.5 FACTORS GOVERNING THE FORMATION OF SOLVATES IN MIXED SOLVENTS 

When a solution of a compound in an organic solvent is evaporated, the results are 
analogous to the formation of hydrates depicted in Figure 11.5. Depending on the 
forms available to the given system, the resulting crystals may be unsolvated or sol
vated with the relevant solvent, again dependent on temperature. 
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It is common practice in the pharmaceutical industry to use mixtures of solvents for 
the crystallization of a drug. Because many drugs can form multiple solvates, the use 
of mixed solvent solutions can greatly multiply the probability of obtaining a crystal 
solvate. 

Often crystallizing a drug involves the use of a "good" solvent to obtain a fairly 
concentrated solution. A miscible "antisolvent," chosen for its low solubility for the 
given drug, is then added to the solution to induce crystallization by forming a super
saturated solution of the mixture. In the most desired case, the solubility of the drug 
decreases smoothly during this process and an unsolvated crystal form is obtained (see 
Figure 11.11 ). In systems prone to solvate formation, however, the solubility behavior 
of the drug can be strikingly different as the solvent composition varies from one ex
treme to the other (Pfeiffer et al., 1970; and others). Rather than a gradual decrease in 
solubility, these authors found not only that there are discontinuities in the solubility 
versus solvent composition curves but also that these discontinuities demarcate the 
boundaries between zones where different solvates are obtained. Moreover, the solu
bility maxima can be remarkably higher in the mixed solvents than in either pure sol
vent, a finding that can be extremely useful in process design. Figure 11.12, adapted 
from Pfeiffer et al. (1970), gives examples of solubility diagrams that correlate solubil
ity behavior with formation of different solvates. Hydrate formation is included in 
these considerations, as are examples of solvates containing two solvents. 

Tqe interpretation of solubility curves like those in Figure 11.12 is that they reveal 
some kind of strong solute-solvent interactions. We can postulate that: 

1 The nature and concentration of differently solvated solute species 
that exist at different solvent ratios will change considerably as we 
move from one side of the diagram to the other. 

2 Each alternative crystal form in the diagram will grow best when 
the solvated solution species it favors is at maximum concentration. 

Thus, a methanolate crystal might grow well when all of the solute molecules in 
the solution are surrounded by dipole-oriented methanol molecules, and the growth of a 
methanol-hydrate crystal would be favored by a high concentration of solute molecules 
surrounded by a certain ratio of water and methanol molecules, and so forth. 

100 

80 

:; 
E 60 cl> 
5 
-~ 
:E 40 

i 

.~ 
20 

01 
vNo/o Solvent A 0 20 40 60 80 100 
v/v'/o Solvent fj 100 80 60 40 20 0 

Figure 11.11 Solubility of a substance versus concentration of two solvents A and B. 
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Figure 11.12 Solubility diagrams for a drug in mixtures of organic solvents and water (Pfeiffer, et 
al., 1970). 

We again find ourselves dependent on adequate solubility data if we expect to con
trol crystallizations in mixed solvents. 

n.6 STABILITY OF ORGANIC S0LVATES IN AIR 

Like hydrates, organic solvates also respond to changes in the vapor pressure of the 
relevant solvent by losing or gaining weight. From a diagram of solvent vapor pres
sure versus solvent content, as in Figure 11. 13, we see behavior analogous to the hy
drates in the percent relative humidity versus water-content diagram as in Figure 11 .10. 
In this case, however, the non-solvated form transforms directly to the disolvate form 
at approximately 15% v/v acetonitrile in triethylene glycol. Even without absolute val
ues, the vapor pressure is the most convincing evidence of the true stoichiometry of a 
solvate. Just as all hydrates lose water at zero RH, organic solvates will eventually lose 
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0 20 40 60 80 100 

Acetonitrile/Triethylene Glycol (o/ov/v) 

Figure 11.13 Crystal-vapor equilibria for cephalexin-acetonitrile. The abscissa describes the volume 
composition of acetonitrile-triethylene glycol mixtures used to provide a range of ace
tonitrile vapor pressures whose exact magnitude was not determined (Pfeiffer, et al., 
1970). 

solvent when completely exposed to air (i.e., at zero solvent vapor pressure). Like
wise, above a certain solvent vapor pressure, the solvated crystals will dissolve. Once 
more, the limits and rates that pertain to a given case are highly variable. 

11.7 SUMMARY 

In this chapter we have reviewed hydrates and solvates, the conditions under which 
they form, and their stability. In addition, deliquescence and efflorescence are defined 
and the use of solubility versus composition diagrams to understand crystallizations is 
reviewed. This review provides insight into approaches which can be used to under
stand solvates and hydrates. 
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Polymorphic 
Interconversions 

'This chapter is divided into a review of polymorphs of organic chemicals which 
interconvert and a review of pharmaceutical polymorphs which interconvert. 
Transformations induced by heat, stress, grinding, and tableting are dis-

cussed. Pharmaceutical aspects of polymorphic transformations, such as those that oc
cur during dissolution testing, are reviewed since these can have profound effects on 
interpretation of tbese tests. 

13.1 INTERCONVERSION OF POLYMORPHS IN THE SOLID STATE 

This section reviews several organic polymorphs known to interconvert. Of particular 
interest is the carefully studied equilibration of the two forms of 4-dichlorobenzene. 

A. 4-DICHLOROBENZENE 

C~Cl 4-dichlorobenzene 

The polymorphic transformation of a- ~ /3-4-dichlorobenzene has been carefully 
studied (Kitaigorodskii et al., 1965). The results are suggested to have more general 
significance and serve to indicate why solid-state reactions are apt to be very difficult to 
characterize quantitatively. Microscopic and crystallographic studies of the phase trans
formation showed that the reaction occurred by the growth of one crystal within an
other. In general, there appears to be a great deal of similarity between the growth of 
one phase in the other and the growth of a crystal from solution. During the solid-state 
interconversion, a crystal of the a-form grows in a crystal of the /3-form or vice versa, 
showing front advancement in much the same way that 4-dichlorobenzene crystals 
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grow from solution. In addition, the growth direction of the product crystal could be 

reversed by merely raising (or lowering) the temperature. 

Crystallographic studies showed that there is no relationship between the orienta

tion of the product crystal and the starting crystal. These crystallographic studies also 

showed that, if the transformations are nucleated at a single site, they are single-crystal

to-single-crystal transformations while, if they are nucleated at n sites, then n crystals 

of different orientation are formed. In addition, it was impossible to predict which 

crystals would nucleate spontaneously at single sites and which at multiple sites. It was 

also found that in some cases, even if the phase transformation nucleated at one site, the 

product crystal contained microcrystallites of arbitrary relative orientation. In these 

cases, stresses and defects that occur during reaction are thought to induce the nuclea

tion and crystallization of many orientations of the product phases. 

Studies of the nucleation process showed that, in "perfect cry st, tis" (i.e ., relatively 

"defect-free" crystals) of either phase, it was often impossible to induce a phase trans

formation, and these crystals simply melted at the melting point of the respective initial 

phase. However, with less perfect crystals, it was often possible to induce the phase 

transformation by artificial creation of a defect using a pin. 

Studies of repeated transformations, a- {3- a- /3, showed that when the 

transformation of a crystal began at one site, subsequent transformations always began 

at that same site, whether it was a f3 - a or an a - f3 transformation. Thus, the 

crystal seemed to "remember" its nucleation site. This memory effect is explained by 

the conservation of the nucleation site at crystal defects. In other words, repeated trans

formations do not destroy the nucleation site for this transformation. 

The rates of the a - f3 and f3 - a polymorphic transformations were best 

studied by measuring the rate of advancement of the phase boundary or front under a 

microscope during heating. Each rate was determined by measuring the volume of the 

crystal transformed per unit time and was shown to be dependent on the location of the 

nucleus in the crystal, as well as the crystal shape. For example, if the nucleus is in the 

center of the crystal and the reaction expands symmetrically, after a fixed time, twice as 

much crystal will be reacted than if the reaction started on the end. Thus, the rate of 

volume transformation depends on non-crystallographic factors and is, therefore, not a 

true measure of the absolute rate. This observation probably explains (at least in part) 

why there is great variation in the measured rates of solid-state reactions when meas

urements depend on the volume transformed (amount transformed) and not the rate of 

front advancement. Because of these observations, the rates were measured by deter

mining the rate of advancement of the front in crystals that nucleated at a single site. 

Even with these measurements, the rates of transformation of apparently similar crys

tals differed by a factor of 6. The rates were determined at different temperatures al

lowing calculation of the activation ener ot the process. The activation energy for the 

a - /3 reaction was 72.8± l O kJ/mol, while that for the [3- a process was 71.6 ± 

IO kJ/moJ.. Thus, these measurements indicate the a- and /3-phasesare within experi

mental error of each other in energy. 

-"-"". 
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Table 13.1 Crystal Parameters of the Two Polymorphs of 4-Nitrophenol 

Parameter a-Form" /3-Formb 

Space group P2/a P2 / a 
a(Al 14.8 15.40 
b(Al 8.9 11.12 
c(A) 6.17 3.79 

/3 l 30"25' 107°6' 
z 4 4 
Pea,, (g-cm-J) 1.51 1.49 
V (A3

) 618 .8 620.3 

a Coppens and Schmidt, 1965a. b Coppens and Schmidt, 1965b. 

B. 4-NITROPHENOL 

HO-o-N02 4-nitrophenol 

The phase transformation of /3- to a-4-nitrophenol has been extensively studied (Cohen 
et al., 1964) and resembles, in many respects, the behavior of 4-dichlorobenzene. The 
crystallographic properties of these polymorphs are shown in Table 13.1 . The crystal 
structures of both polymorphs are similar and, in both polymorphs, the molecules are 
linked by head-to-tail hydrogen bonding into infinite chains parallel to (100). 

The /3 - a phase transformation occurs upon heating a crystal of the /3-form. 
During this transformation, the crystals retain their original shape, and the product con
sists of one or a small number of single crystals. This is quite similar to the behavior of 
4-dichlorobenzene. In addition, experiments with thin films showed that the orientation 
of the product crystal was not dependent upon the orientation of the starting one, again 
in marked similarity to the behavior of 4-dichlorobenzene. Similar experiments with 
single crystals show that the orientation of the product crystal was not related to the 
starting crystal. 

C. 5-METHYL-l-THIA-5-AZACYCLOOCTANE-l-OXIDE PERCHLORATE 

5-methyl-l-thia-5-azacyclooctane-l-oxide perchlorate 

5-Methyl-1-thia-5-azacyclooctane-1-oxide perchlorate crystallizes in an a- and a /3-form 
with the crystal parameters shown in Table 13.2 (Paul and Go, 1969). The crystal 
structures of both forms have been determined and are shown in Figures 13.1 and 
13.2. The transformation can be explained in terms of either a ring-flipping mechanism 
or slipping of layers within the crystal. Regardless of the mechanism, the transforma
tion is reversible and occurs upon cooling the a-form (which is stable at 25 °C) to 3 °C, 
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at which point the /3-form is generated; raising the temperature reverses this process. 
This is another of the few examples of a single-crystal-to-single-crystal transformation. 

Figure 13.1 Crystal lattice of the a-form of 5-methyl-l-thia-5-azacyclooctane-l-ox.ide perchlorate. 
Key: 0 sulfur; e chlorine;• oxygen; o nitrogen (Paul and Go, 1969). 

,r~n 
u~ 
~ rl • 

Figure 13.2 Stereoview of the ~form of 5-methyl-l-thia-5-azacyclooctane-l-oxide perchlorate. Key: 
0 sulfur; e chlorine; • oxygen; o nitrogen (Paul and Go, 1969). 
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Table 13.2 Crystal Parameters of Two Poly morphs of 
5-Methyl-l-thia-5-azacyclooctane-l -oxide Perchlorate 

Parameter a-Form ,B-Form 
Space Group n1!c n11a 
a(A) 9.87 20.10 
b(A) 8.78 8.89 
c(A) 13.26 6.67 
{3 97.90° 97 .80° 
z 4 4 
V(A3) 1138.2 1108.8 

(Paul and Go, 1969) 

D. RESORCINOL 

H~OH 

V resorcinol 

Resorcinol exists in two polymorphs, a and (Robertson and Ubbelohde, 1938). The 
a-form is more stable than the /3-form at room temperature; however, it is less dense 
than the /3-form. Resorcinol is one of the few substances known for which the denser 
polymorph is the metastable polymorph at room temperature. Studies showed that, 
upon transformation to the high-temperature /3-form, there is a contraction in volume 
with no change in crystal symmetry. In addition, the atomic displacement parameters 
obtained from crystallographic studies show that the thermal motion in a- and /3-
resorcinol is nearly the same. 

A comparison of the crystal structure of the a- and /3-forms provides an explana
tion for the fact that the less dense a-form is more stable at room temperature. The a
form has significantly shorter hydrogen bonds than the /3-form. Thus, in this case, the 
hydrogen-bonding energy overcomes the loss in packing energy and renders the a
form more stable than the /3-form. This explanation is also consistent with the experi
mental observations mentioned above. 

13.2 THE INDUCTION OF PHASE TRANSFORMATIONS BY STRESS 

Ct Ct 

1,8-dichloro-10-methylanthracene 

CH3 

Stress-induced phase transformations were studied by Thomas (1974) using mechani
cal deformations with a pin or cleaving with a razor blade to induce stress. For exam
ple, l ,8-dichloro-10-methylanthracene undergoes a stress-induced phase transforma
tion. In addition, the orientation of the product crystal is related to the starting crystal. 
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Thus, for this compound, the generalizations of Kitaigorodskii and co-workers (1965) 
based on 4-dichlorobenzene do not seem to apply. It is interesting to note that 1,8-
dichloro-9-methylanthracene, unlike the 10-methyl isomer, does not undergo a phase 
transformation (e.g., a change in the crystal structure), but merely deformation twin
ning (the crystal structure does not change, merely the crystal shape). 

13.3 POLYMORPHIC TRANSFORMATIONS OF PHARMACEUTICALS 

In this section, studies of drugs that undergo polymorphic transformation are reviewed 
and discussed. This is an important area of research because of its implications in the 
physical stability of drug dosage forms. As mentioned earlier, different polymorphs 
possess different physical properties-solubility and bioavailability being the most im
portant. In addition, keep in mind that changing the temperature or pressure during a 
manufacturing operation, such as tableting, could induce a polymorphic tra11sformation. 

A. PHENYLBUTAZONE 

phenylbutazone 

Studies of phenylbutazone illustrate several of the practical consequences of polymor
phic interconversions. Ibrahim and co-workers (1977) prepared four batches of phen
ylbutazone by crystallization: Form I, from tert-butyl alcohol; Form II, from cyclohex
ane; Form III, from heptane; and Form IV, from 2-propanol-water. The X-ray powder 
patterns and infrared spectra of these four forms were different. However, because it is 
possible that some batches of crystals contained mixtures of forms, single-crystal X-ray 
diffraction studies of these forms are in order. At any rate, studies of the dissolution 
rates of these four forms show that the crystals from cyclohexane have the slowest dis
solution rate and that the other three batches have nearly equal dissolution rates. The 
differences in dissolution rate were attributed to differences in surface area. However, 
the possibility that a solution-mediated phase transformation converted all three forms 
to the same form during the dissolution tests was not ruled out. 

All four batches of crystals were pressed into disks. This treatment caused Form 
III to transform to Form IV, and Forms I and II to transform to a fifth phase. Grinding 
produced the same changes. These studies indicate that high pressure can cause poly
morphic transformations. This suggestion is consistenl with other studies reported by 
Ibrahim and co-workers (1977). --

Matsuda et al. (1984b) have extended these studies on the polymorphic intercon
versions of phenyibutazone by determining the effect of relative humidity and tempera
ture on the rate of polymorphic transformation (see Figure 13.3). The kinetic data for 
the transformations were fitted to the A vrami-Erofev model and first-order kinetic 
models (see Chapter 22). One of the transformations was affected by humidity, and the 
temperature dependence of this transformation rate was remarkable. Matsuda et al. 
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Figure 11.3 Time course for phenylbutazone a --+ 8 and {3--+ 8 transformations at 60 °c and various 
relative humidities (Matsuda et al., 1984b). 
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Figure 13.4 Solubility profiles and dissolution rates in simulated intestinal fluid at 37 °C of phenyl
butazone pure modifications (black symbols and black lines) and spray-dried samples pre
pared at different drying temperatures (white symbols and gray lines) (Matsuda et al., 
1984a). 
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(1984a) also studied the characteristics of spray-dried phenylbutazone samples by X
ray diffraction, differential thermal analysis, IR spectroscopy, electron microscopy, and 
hot-stage photomicroscopy. A number of additional polymorphs were found using this 
approach. The dissolution rates of these different polymorphs were also analyzed (see 
Figures 13.3 and 13.4). Phenylbutazone continues to be a very important subject for 

further study. 

B. SucCINYLSULFATHIAZOLE 

HJ-CH,CH,-~--N~SO,-NH~ ru<cioyku",thi,ml< 

Rankell (1969) studied the two hydrate forms and the amorphous fom of succinylsul
fathiazole and showed that pressure could induce polymorphic interconuersions of suc
cinylsulfathiazole. These forms were subjected to compression forces produced by a 
tablet punch and die placed in a hydraulic press. The DSC and TGA thermograms of 
the two hydrates were altered after compression, but the thermogram of the anhydrous 
form was unaffected. In addition, the extent of the change was related to the compres

sion force. 
Grinding also alters both the water content and the crystal structure of the two hy

drates, but has little effect on the anhydrous form. This may indicate that grinding ac
celerates solid-state transformations by increasing the number of defects. Grinding also 
causes the DT A thermograms of the compressed hydrate forms to revert to those of the 
ground, uncompressed material. 

In conclusion, these studies show that compression can cause phase transforma
tions that could result in changes in solubilities and dissolution rates. 

C. SULFAMETER 

H2N-O-S02-NH2-{)-0Me sulfameter 

Various crystal forms of sulfameter (sulfamethoxydiazine) can be interconverted by ei
ther heating or grinding. Heating converts all forms to Form I, while grinding or sus
pension in water converts all forms to Form III (Moustafa et al. 1972). This behavior 
is summarized in Figure 13.5. 

The kinetics of the phase--tramfermatioos-of.sulfameter has also been studied using 
IR spectroscopy (Moustafa et al., 1972). The rates of conversion of Form II - Form 
I and Form n - Form III were determined. A plot of the ratio of the IR absorbances 
at 1595 cm-1 and 950 cm-1 (A95c/A 1595) versus the concentration ratio of the two forms 
(C/C11) gave curved but well-behaved lines that allowed the measurement of the amount 
of Form I in Form II. The rate of conversion of Form II - Form I was studied at 

100, 105, and 110 °C. The rate of conversion of Form II - Form III was studied in 
water suspension at 20, 25, 30, and 37 °C. Plots of log (C11) versus time were linear 
for both the heat-induced reaction and the suspension reaction. In addition, both reac
tions follow first-order kinetics. Analysis of these kinetic data gave an activation en-
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Figure 13.5 Interconversion of sulfameter crystal forms . The solid lines show the effect of heating 
and the dashed lines show the effect of suspension in water or grinding (Moustafa, et al., 
1972). 

ergy of about 100 kcal/mo I for the solid-state conversion of Form II - Form I and an 
activation energy of about 20 kcal/mo) for the conversion of Form II - Form ill in 
suspension. These differences in rate and activation energy may be because the phase 
transformation in suspension is water-mediated. Thus, the conversion in water sus
pen.,ion may actually be a dissolution-recrystallization process as described by 
Mccrone (1965) for other compounds. 

D. EFFECT OF SEED CRYSTALS ON TRANSFORMATIONS 

OF CHLORAMPHENICOL PALMITATE 

chlorarnphenicol palmitate 

Chloramphenicol palrnitate was observed to undergo a polymorphic transformation 
during grinding in an agate ball mill (Otsuka and Kaneniwa, 1986). Form B of chlo
ramphenicol palrnitate (the desired yet metastable form) was transformed to Form A 
(the therapeutically least active form) during grinding for more than 150 minutes (Fig
ure 13.6). In the presence of seed crystals of Form A, however, the transformation 
occurred in only 40 minutes. The transformations were fitted to the Avrami-Erof'ev 
equation (n = ½) for two-dimensional growth processes (see Chapter 22). These 
studies clearly show that if, in the preparation of drugs such as chloramphenicol palmi
tate there are mixtures of crystal forms, the stable form can seed or accelerate the trans
formation of the entire sample to the stable form . This is one of the scientific studies 
that indicate that unstable crystal forms should be marketed only after adequate investi
gation of the transformation kinetics. 

Chloramphenicol palrnitate can also undergo transformation to a more stable poly
morph (less bioavailable) upon heating. (De Villiers et al., 1991) These researchers 
used X-ray powder diffraction and DSC to study the thermal transformation of Forms 
A, B, and C. Form B can be converted to Form A upon heating at 82 °C for 1600 min. 
Form C is also converted to Form A through Form B by grinding or heating as shown 
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10 15 20 25 30 

Figure 13.6 Effect of grinding on the X-ray diffraction profiles of chloramphenicol palmitate Form B 
containing I% Form A (Otsuka and Kaneniwa, 1986). 
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Figure 13.7 Change in the DSC curve of Form C of chloramphenicol palmitate when kept at 75 °C 
for various periods of time (De Villiers et al., 1991 ). 
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in Figure 13.7. These studies show how DSC can be effectively used to study the po
lymorphic transformations of drugs. 

E. EFFECT OF COMPRESSION AND GRINDING 

ON POLYMORPHIC TRANSFORMATIONS 

Chan and Doelker (1985) have reported an extensive study of the effect of grinding on 
the polymorphic transformation of several drugs. The results of their study are summa
rized in Table 13.3. It appears that, in general, the number of polymorphs decrease 
upon grinding, possibly indicating that transformation to the most stable crystal form is 
occurring. 

Chan and Doelker (1985) also found that maprotiline hydrochloride underwent a 

Table 13.3 Drugs Tested for Polymorphic Transformation During Grinding 

Drug 

A ;etohexamide 

Azaperone 

Barbitone 

Bumetanide 

Butobarbitone 

Caffeine 

Chlorpropamide 

Clenbuterol HCI 

Diazepam 

Digitoxin 

Dipyridamole 

Fluanisone 

lndomethacin 

Maprotiline HCI 

Mebendazole 

Mefenamic acid 

Meprobamate 

Methylprednisolone 

Nafoxidine HCI 

Pentobarbitone 

Sulfabenzamide 

Sulfaethidol 

Sulfadimidine 

Sulfamethoxazole 

Sulfapyridine 

Sulfaisoxazole 

Theophylline 

Tolbutamide 

Trimethoprim 

Polymorphic 
Transformation" 

+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 

Number" 
Before Grinding 

2 

2 

3 
2 

2 

3 
4 

4 

3 

2 

Number" 
After Grinding 

2 

3 

3 

I 

5 

3 
2 

a(+) Undergoes a polymorphic transformation upon grinding; (-) does not undergo a polymor
phic transformation upon grinding. b Number of polymorphs (Chan and Doelker, 1985). 
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particle size 63-250 µm 
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Figure 13.8 Percentage of maprotiline hydrochloride Form III transformed to Form II vt rsus applied 
pressure and the work delivered by the upper punch in the tablet press (Chan ,md Doelker, 
1985). 

polymorphic transformation when pressed in a tablet press. The extent of transforma
tion is shown in Figure 13.8. This is an example of the influence of pressure (tablet
ing) on the transformation of a crystal form. 

f. ISOTHERMAL SOLID-SOLID POLYMORPHIC TRANSFORMATION 
OF TOLBUTAMIDE AND MEFENAMIC Acrn 

Umeda et al. (1985) studied the kinetics of solid-solid polymorphic transformations at 
high temperatures. The percent conversion of tolbutamide and mefenamic acid was 
analyzed using DSC. Figures 13.9 and 13.10 show the DSC curves for tolbutarnide 
and mefenarnic acid, respectively. Quantitative analysis of the DSC curves of mixtures 
(see Section 5.2) gave straight lines with correlation coefficients of0.999 and 0.997 for 
tolbutamide and mefenarnic acid, respectively. Figure 13.11 shows the residual frac
tion of Form A of tolbutamide upon heating and Figure 13 .11 shows the residual frac
tion of Form I of mefenamic acid upon heating. It is clear from these figures that as the 
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I Form A 
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12a •c 

I 
Figure U.9 DSC-TG Curves of tolbutamide polymorphs (Umeda et al., 1985). 
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Figure 13.10 DSC-TG Curves of mefenamic acid polymorphs (Umeda et al., 1985). 
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Figure 13.11 Residual fraction of tolbutamide Form B during the isothermal transition to Form A (Umeda et al., 1985). 
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Figure 13.12 Residual fraction of rnefenamic acid Fonn [Error! Bookmark not defined. during the isothennal transition to Form II (Umeda et al., I 985). 
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temperature is increased, the rate increases as expected for all kinetic processes. These 
data were fitted to the lander equation (tolbutamide) and the zero-order equation (me
fenamic acid); activation energies of 37 .3 kcal/mo! for tolbutamide and 86.4 kcal/mo! 
for mefenamic acid were derived. 

G. POLYMORPHIC TRANSFORMATION AND 
CRUSHING STRENGTH OF CHLORPROPAMIDE TABLETS 

~\/( /l 
~ CH2CH2CH3 chlorpropamide 

Cl 

Matsumoto et al. ( 1991) have reported the polymorphic transformation of chi · rpropa
mide during compression and the influence of this transformation on the crushing 
strength of tablets. These workers found that high temperatures accelerated the trans
formation of Form C to Form A during compression. They also found that the crush
ing strength of tablets of Form A was about twice that of Form C even at the same po
rosity . These studies show that transformations of significance to product performance 
can occur during compression. Unfortunately, little other work has been done in this 
important area. 

13.4 SOLUTION-MEDIATED PHASE TRANSFORMATIONS OF DRUGS 

Solution-mediated phase transformations are important for pharmaceuticals since they 
explain the conversions of one form to another that occur in suspensions or slurries. 
Such phase transformations can also occur upon granulation and thus need to be moni
tored during dosage form preparation. Finally, solution-mediated phase transforma
tions can occur during dissolution testing and may provide anomalous results. 

A. A HYPERTENSION DRUG 

The solution-phase method of studying the transformation of one crystalline form of a 
drug to another has been used to clarify the apparently anomalous dissolution rates of 
an antihypertensive (Lin and Lachman, 1969). This unspecified compound gave the 
dissolution profile depicted in Figure 13.13. Such a profile is characteristic of phase 
transformation to a more stable form durir.g dissolution. Investigation of this process 
under a microscope showed that there appears o e an in s1 u crystalline transformation 
in which crystals of the more soluble polymorph (hexagonal crystals) transform into 
crystals of the less soiuble polymorph (rod-shaped crystals). This transformation is 
closely related to McCrone's solution-phase transformation experiments (Haleblian and 
McCrone, 1969) in which the more stable crystals grow and the less stable crystals dis
appear. The mo~t notable feature of the solution-mediated phase transformation of this 
antihypertensive is that it is rapid, nearing completion in 30 minutes. 
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Figure 13.13 Dissolution rate of an undisclosed, hypertension drug in 0.1 N HCI (Lin and Lachman 1969) 

These studies suggest the hypothesis that in cases where polymorphs appear to have the s, me dissolution rate, there might actually be a solution-mediated phase transformation talcing place. In such cases, one would expect to see anomalous dissolution profiles, such as that shown in Figure 13.13, if the rate of nucleation is slow relative to the time frame of the study. 

B. INDOMETHACIN 

Kaneniwa and coworkers (1985) have studied the phase transformation of indomethacin polymorphs suspended in ethanol. Figure 13.14 shows the X-ray diffraction profile. Figure 13.15 shows the infrared spectra. Figure 13.16 shows the DTA curves of the polymorphs of indomethacin and Figure 13.17 shows the change in the DTA curve of indomethacin upon storage in ethanol suspension at 45 °C. It is apparent from Figure 13.17 that the a-form is transformed to they-form after 18 hr. Additional studies showed that the rate of transformation increased as the temperature was raised. This 

a-Form 

5 10 15 20 25 30 35 (28") 

Figure 13.14 X-ray powder diffraction profiles for pure polymorphs of indomethacin (Kaneniwa et al., 1985) . 
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transformation is a model for the slurry conversion of one polymorph to another and 
indicates that these reactions can proceed relatively rapidly, thus having potential use in 
production processes. It is important to recall that Haleblian and Mccrone (1969) first 
described this type of transformation in their classic review of polymorphs. 

One variable that is not well understood is the kinetics of solution-mediated phase 
transformation. That is, how fast does conversion occur? Why do some conversions 

1735 1650 

1690 

1900 1800 1700 1600 1500 
Wavenumber (cm-1) 

Figure 13.15 IR spectra for the pure polymorphs of indomethacin (Kaneniwa et al., I 985). 
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Figure 13.16 OTA curves of the polymorphs of indomethacin (Yokoyama et al. , 1979). 
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Figure 13.17 Change of DSC curves of the a-form of indomethacin upon storage in ethanol at 45 "C 
<Kaneniwa et al., 1985). 

occur very rapidly and others talce hours or days? Further research needs to be done in 
order to understand the kinetics of solvent-mediated transformations and the factors which affect these, such as temperature, solubility, solvent composition, nucleation, 
rates of dissolution, and rates of crystal growth. 

C. SUSPENSIONS 

Polymorphic transformations can affect the properties of creams and suspensions. If 
the wrong polymorph is used in the preparation, a phase transformation can often oc
cur, resulting in crystal growth of the new phase. The cream can then become gritty 
and cosmetically unacceptable. Similarly, transformations in suspensions can result in caking and a change in the physical properties. Thus, it is best to select the polymorph 
that is least susceptible to phase transformations and crystal growth. This is the most 
stable polymorph and, therefore, least soluble in the cream base. On the other hand, 
some metastable polymorphs may transform at such a slow rate that they could be used 
in the preparation of creams. This situation is particularly attractive since metastable 
polymorphs, by virtue of their higher solubility, often have better bioavailability. 

Phase transformations can also occur in suppositories, resulting in products with altered melting characteristics that could result in either premature melting during stor
age or failure to melt after administration. 

i 
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Miscellaneous Topics 

an this chapter we review a number of topics that can be expected to receive more 
~ interest in the future. 

22.1 CRYSTALLIZATION 

Once polymorphs or solvates are characterized, there is a need to be able to control the 
production of a desired form. Whenever possible, a single crystal form (polymorph or 
solvate) should be selected. The final crystallization should be designed to control the 
crystal form and particle size. 

In cases involving pharmaceuticals where the new crystal form does not influence 
bioavailability or chemical stability, it may be simpler to switch the process to accom
modate the new crystal form and request an exception from the FDA than to invest the 
time needed to discover a process which reliably produces the old form. It is important 
to note that the above phenomenon is one of the main reasons the FDA is interested in 
more careful studies of polymorphs. 

Extensive studies early in the development process should lead to the discovery of 
most of the polymorphs and to a method whereby the desired pure polymorph can be 
reproducibly prepared. However, even a systematic search may not always reveal all 
of the polymorphs of a substance because so many factors, as we have seen, can affect 
polymorph nucleation and growth. 

Crystallizations are affected by numerous factors including: 
a. concentration (degree of supersaturation) 
b. temperature and cooling profile 
c. seeding and agitation 
d. interconversion of solid forms 
e. composition, polarity, and pH (important for crystallization of salts; 

the exact pH may have important influences on the crystallization) 
f. additives and impurities 

The effect of each of these factors on crystallization will be reviewed and discussed in 
the remainder of this section. 
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A. CONCENTRATION (DEGREE OF SUPERSATURATION) 

An important factor which influences crystallizations is degree of su Jersaturation (i.e. , 
the ratio of the concentration of the solution to that of a saturated sol 1tion). In a study 
of polymorphism of cimetidine, Sudo and co-workers (199la-b) showed that the 
crystal forms obtained through crystallization in isopropyl alcohol were dependent on 
supersaturation ratios. At supersaturation ratios greater than 3.6, Form A crystallized 
regardless of the presence or absence of Form A or Form B seeds. In supersaturation 
ratios less than 2, the form that crystallized was dependent upon seeding (i.e ., Form A 
crystallized if there were Form A seeds and Form B crystallized if there were Form B 
seeds). In this study, Sudo and co-workers also suggested the size of the nucleus for 
crystallization was very small (about 8 A), containing seven molecules. Sato and 
Boistelle (1984) studied the polymorphic modifications of stearic acid and found that 
high supersaturation in non-polar solvents favored Forms A and C whereas lower 
supersaturation favored Form B. 

B. TEMPERATURE AND COOLING PROFILE 

Crystallization at higher temperatures may produce one polymorph whereas crystalliza
tion at lower temperatures may produce a second polymorph. Kitamura (I 989) in 
studies on the crystallization of L-glutamic acid showed that at 45 °C the a-form nucle
ates slowly and the /3-form grows, whereas at 25 °C, only the a-form nucleates and 
grows. In their study of the crystallization of tripalmetin, Kellens and co-workers 
(1992) found that crystallization at 42 °C favored the a-form whereas crystallization at 
56 °C favored the /3-form. In between these temperatures, other /3-type polymorphs 
were formed. Nass (1991) has reviewed the effect of temperature on the crystallization 
of polymorphs. Other examples may be found in Particle Design via Crystallization 
(Ramanarayanan et al., 1991). 

C. SEEDING AND AGITATION 

The effect of seeding on crystallization has been the subject of many studies. Typi
cally, seeding can be used to control crystallization and the extent of primary nuclea
tion. For example, Suzuki and Hara (1974) showed that the a-form of inosine could 
be obtained directly by crystallization from water whereas to obtain the /3-form, seeds 
of the {>-form must be used. 

A study of the effect on seeding was reported by Kondepudi and co-workers 
(1990). Sodium chlorate crystallizes in a chiral and a racemic crystal form. Since 
sodium chlorate is not chiral in solution, quiescent crystallization of an aqueous solu
tion produces equal numbers of d- and I-crystals . Surprisingly, crystallization of an 
aqueous solution with stirring gives mostly crystals of only one chirality, either d or l. 
Investigation showed that this effect was due to the fact that once a particular crystal 
(either d or l) has forriled, then that crystal collides with the stirrer and is broken into 
many small seeds which then nucleate crystallization of that chirality. This supports the 
idea that one seed can produce one crystal form. This also suggests that in this par
ticular crystallization, if a seed of either d- or [-crystals was initially added then only 
crystals of that chirality would be obtained. In a related study , Belyustin and Ro-
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gacheva (1966) showed that seeding with a right-handed crystal produced a right
handed crystal form of magnesium sulfate. 

In a study of cimetidine by Sudo and co-workers (199la-b), an effect of seeding 
was also observed. Seeding at high supersaturation levels with either Form A or Form 
B crystal always led to Form A, that is, seeds of Form B had no effect on controlling 
the crystallization. However, at lower supersaturation levels the crystal form obtained 
was dependent on the crystal form of the added seeds. 

In a study of the crystallization of glutamic acid, Sugita (1988) found that seeding 
with a-crystals controlled the crystal form of the product. However, many of the a
seeds that were used were contaminated with the /3-form, therefore causing mixtures to 
crystallize. This study illustrates the importance of having pure seeds. 

Questions of the size of seeds are often raised and several studies have indicated 
that seeds can be as small as 10 A in diameter (Powers, 1971; Belyustin and Ro
gacheva, 1966), 100 A (Van Hook, 1961), or as large as 1000 A (Mullin and Leci, 
1972; Mullin, 1993). A study by Rousseau and co-workers (1976) found that seeds 
must be at least several hundred nanometers (several hundred-thousand Angstroms) to 
control nucleation rate. 

Cases are known where a crystal form that has been produced for a long period of 
time can no longer be obtained. Suddenly a more stable form that had not been ob
served before is now the only form that can be isolated. All attempts to produce the 
original, less-stable crystal form fail. Dunitz and Bernstein (1995) have reported on 
cases involving these "disappearing polymorphs." Woodard and McCrone (1975), 
suggested that seeding was the best explanation for this phenomenon. Jaciewicz and 
Nayler (1979) suggested that it should be possible to produce the earlier form but that 
discovering the correct conditions may require considerable effort. 

In other studies, Mullin and Leci (1972) have investigated the crystallization of 
seeded citric acid solutions. They found that by decreasing the seed size, the latency 
period in crystallization decreased while the de-supersaturation rate increased. Based 
on these studies they proposed a mechanism of secondary nucleation by cluster forma
tion. The importance of secondary nucleation (see Section 1.5B), that is, seeds pro
duced by factors such as agitation and equipment, must also be recognized. Treatment 
of this special subject may be found in the literature on crystal engineering and unit 
operations. 

D. INTERCONVERSION OF SOLID FORMS 

Interconversion of crystal forms is another phenomenon which affects the production 
of crystalline materials and, like an ordinary crystallization, involves nucleation and 
growth of a new phase. Davoll and co-workers (1952) found two crystal forms of 
tetraacetyl-o-ribofuranose. The presence of any of the higher-melting form caused 
spontaneous conversion of the lower-melting form to the higher-melting form. The 
practical effect of this process is the inability to obtain the lower-melting form. A similar observation was made by Anchel and Blatt (1948) in the synthesis of 9,9-
dimethylfluorene. They found that the crystal form which was first obtained as needles 
from ligroin had a melting point of 71 °C. However, upon standing this form con
verted to a second crystal form with a melting point of 95-96 °C. Again, this appears 
to be a solid-state interconversion initiated by seeds of the higher-melting crystal form. 
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The interconversion of crystal forms by a solution-mediated process is well 
known. For example, the a- and y-forms of oleic acid transfom to the ~form in a 
saturated solution (Suzuki eta!., 1985; Sato and Suzuki, 1986). This is clearly a case 
where the less soluble (more stable) crystal form grows and the nore soluble crystal 
form dissolves. In another study, the lower melting form (melting point 111-117 "C) 
of a-o-lyxopyranose tetrabenzoate (Fletcher et al. , 1951) has been shown to convert to 
the higher melting form by slurrying in alcohol. Davey ( 1982) reported a more exten
sive study of this phenomenon in his review and suggested that the rate of a solution
mediated phase transformation depends on the relative solubilities of the two substances 
in that solution. However, this is a theoretical statement and there may be cases where 
other factors such as nucleation become more important. In our laboratory, we have 
occasionally had great difficulty in achieving interconversion even in solutions where 
the crystal forms are somewhat soluble. 

When crystalline solvates undergo desolvation, three possibilities can occur that 
may not be mutually exclusive: 

1. a new, anhydrous crystalline form is produced 
2. amorphous material is produced 
3. the original crystal lattice is maintained 

When crystalline solvates undergo desolvation, the most likely outcome is that a new, 
anhydrous crystalline form is produced. The XRPD pattern of the resulting crystalline 
product is different from the starting material and corresponds to that of an anhydrous 
form obtained by crystallization from another solvent. Caffeine hydrate is a good 
example (Griesser and Burger, 1995). 

However, there are two other possible outcomes from the desolvation of a crystal
line solvate. An amorphous material may be produced; for example, Xu ( 1997) found 
that the acetonitrile solvate of quinapril hydrochloride desolvates in vacuo to produce 
amorphous material. Alternatively, the original crystal lattice may be maintained after 
the desolvation of a crystalline solvate. An example of this third behavior is hydrocor
tisol 21-tert-butylacetare monoerhanoi soivale, in which the solvent is lost yet the 
original crystal structure is unchanged, resulting in a crystal with voids and cavities 
(Kessler, 1986). 

E. COMPOSITION, POLARITY, AND PH 

Crystallization from a pure solvent may favor one polymorph whereas crystallization 
from a mixed solvent may favor a different polymorph. For example, in the mannitol 
system, the a'-form is obtained by evaporation of 100% ethanol while the ~form is 
obtained by crystallization from aqueous ethanol (Berman et al., 1968). In a study of 
inosine (Suzuki and Hara, 1974) showed that crystallization from water gave the a
form whereas crystallization from 70% DMSO gave the ~form. 

Nass (1991) demonstrated how the polarity of the olvent can be important for 
controlling the polymorph. Sato' s study (Sato and Boistelle, 1984; Sato et al., 1985) 
of the crystallization of stearic acid showed that non-polar solvents at high supersatura
tions favor Forms A and C while the Form B crystallizes at lower supersaturation in 
polar solvents. These studies indicate that polarity is an important factor to consider in 
choosing a crystallization solvent. 
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It should be obvious that the pH and ionic strength of the crystallization solvent 
play a major role in the crytallization of proteins because of the many acidic and basic 
functionalities present in these macromolecules. However, one variable that is often 
overlooked during the crystallization of small organic compounds is the pH of the 
solvent. The crystal habit of cytosine monohydrate is influenced by the pH of the 
crystallization solvent (Pazourek, 1979). Figure 22.1 illustrates the crystal lattice of 
cytosine monohydrate and Figure 22.2 shows the morphologies of the crystal habits 
obtained at pH values of 7.20, 6.44, and 5.70. The crystal form of glycine is influ
enced by the pH of the crystallization solvent (Iitaka, I 961 ). There are three polymor
phic forms of glycine: a, /3, and y. The a-form is the most common form. The /3-

Figure 22.1 Cytosine monohydrate crystal lattice (carbon O; nitrogen •; oxygen o) viewed in the 
same orientation as the habits illustrated in Figure 22.2 (McClure and Craven. 197:l). 
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Figure 22.2 Habits of cytosine monohydrate crystals grown from solutions of different pH values 
(Pazourek, 1979). 
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form is metastable and converts to the a-form upon heating. The y-form is obtained 
from non-neutral aqueous solutions. Figure 22.3 shows stereoviews of the crystal 
lattices of these three forms of glycine. 

Figure 22.3 Stereoviews of the molecular arrangements in glycine polymorphs: (top) a-form (Power 
et al., 1976); (middle) /3--form (Iitalca, 1960); and bottom) y-form (Kvick et al. , 1980). 
The directions of the crystallographic axes are: a-axis into the paper; b-axis up; and c-axis 
to the left. 
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f. ADDITIVES AND IMPURITIES 

Because additives or impurities can dictate the morphology and crystal form produced 
in a crystallization process, the effect of additives on crystallization has been of interest 
for many years. Early work by Simonelli indicated that polymeric additives could 
inhibit the crystallization of certain forms. He presented a diagram which shows how a 
polymer can poison the crystallization of a given phase (Simonelli et al., 1970). Grant 
and co-workers have shown the effect of additivies on the crystallization of adipic acid 
(Grant and York, 1986; Chow et al., 1986). Studies of the crystallization of sucrose 
showed that additives were capable of slowing its crystallization (Powers, 1971). 
Lahav and co-workers have shown that the presence of as little as 0.03% of an additive 
can inhibit nucleation and crystal growth of a stable polymorph, thereby favoring the 
growth of a metastable form (Weissbuch et al., 1991). They suggest that it is possible 
to design crystal nucleation inhibitors for the control of polymorphism. 

22.2 SOLID-SOLID REACTIONS 

Reactions between two different solids have not been extensively studied, even though 
they are sometimes used industrially. Although drugs in dosage forms sometimes 
degrade via solid-solid reactions, only a few studies of solid-solid reactions of drugs 
have been reported (Byrn, 1976). 

According to Rastogi et al. (1977a-b), solid-solid reaction can be thought of as oc-
curring in three steps: 

1. surface migration of one or both reactants 
2. diffusion of one reactant into the grains and crevices of the other reactant 
3. penetration of one reactant into the crystal lattice of the other reactant 

Rastogi et al. (1977a-b) used this three-step mechanism to explain the solid-solid 
reactions of powders of 8-hydroxyquinoline with phthalic anhydride, maleic anhydride, 
succinic anhydride, catechol, and resorcinol. In these reactions a yellow molecular 
complex is formed. 
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OH 
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The kinetics of diffusion of 8-hydroxyquinoline into the solid anhydrides and the 
phenols were measured using a capillary technique. The powders of 8-hydroxyquin
oline and the reactant were placed in capillary tubes, in contact or with an air gap 
separating them. The reaction was monitored by measuring the incre'lSe in thickness of 
the yellow product layer. When the powders were in contact, tht '. data fit Equation 
22.1, where k is the rate constant, tis the time, and n is an integer. 

Thickness of the product layer = kt' (22.l) 

The activation energy for this reaction, determined by measuring the rate at various 
temperatures, was 45-156 kJ/mol. The lower activation energies were interpreted in 
terms of a surface migration of 8-hydroxyquinoline into the anhydrides or phenols 
(Rastogi et al., I 977a-b). No migration of the phenols or anhydrides into the 8-
hydroxyquinoline layer was observed. 

When there was an air gap separating 8-hydroxyquinoline from the reactants, the 
reaction was much slower and followed a different kinetic equation (Equation 22.2). 
As the lengths of the air gap increased, the rate of reaction decreased. These results 
indicate that when the powders are in contact the reaction is dominated by a mechanism 
other than vapor diffusion. 

Thickness of the product layer = kt (22.2) 

The diffusion of 8-hydroxyquinoline inside the grains of the reactant anhydrides and 
phenols was also studied by reacting 8-hydroxyquinoline vapor with solid anhydride or 
phenol. This process has an activation energy of 96.3 kJ/mol and is similar to the 
t,Hvar of 8-hydroxyquinoline. Thus this process may occur by vapor-phase diffusion. 

These studies points out several important aspects of solid-solid reactions. Of par
ticular interest to pharmaceutical scientists is the observation that intimate contact of the 
reactant powders allows surface migration of the reactant. The reaction dependant on 
surface migration has a very low activation energy relative to the reaction dependant on 
vapor-phase diffusion . 

4-aminosalicylic acid 
hydrochloride 

4-aminosalicylic acid 

In our laboratory, we have studied the reaction of single crystals of 4-aminosali
cy lic acid hydrochloride with powdered sodium carbonate (Lin et al., 1978). This 
reaction was carried out by placing powdered N<½C03 in contact with single crystals of 
4-aminosalicylic acid hydrochloride in order to study the details of the penetration of 
reactants. 4-Aminosalicylic acid hyrochloride commonly exists in three crystal habits, 
and all three undergo solid-solid reaction with sodium carbonate (see Figure 22.4 for 
illustrations of the three habits, Figure 22.5 for photographs of a typical reaction, and 
Figure 22.6 for the crystal lattice). These reactions always began at the point where the 
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Figure 22.4 Representations of three habits of 4-aminosalicylic acid hydrochloride (Lin et al., 1978). 
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Figure 22.S Reaction of a 4-aminosalicylic acid hydrochloride crystal (Habit II) with Na
2
C0

3 
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mass) on the (001) face (upper) and on the (TOO) face (lower) (Lin et al., 1978). 

acid crystal and base touched. They were quite slow and took more than 40 days to 
reach completion at 60° C. 

Analysis of the end-products of the reaction indicated that both 4-aminosalicylic 
acid and 4-aminosalicylate ions were present. Thus, solid-solid acid-base reactions do 
occur and are slow in comparison to their solution counterparts. The slow rate is 
probably due to slow diffusion of ions in the 4-aminosalicylic acid hydrochloride 
crystal lattice (Hauffe, 1955; Jost, 1960; Girifalco, 1964; Schmalzried, I 968; Schmalz
ried, 1981). In addition, the fact that these reactions always began at the point of 
contact of the acid crystals and base and spread through the crystal from that point 
indicates that these reactions can be artificially nucleated and that the reaction proceeds 
from the nucleation site (which may involve a defect) throughout the crystal. This 
behavior is similar to that of the degradation of 4-aminosalicylic acid hydrochloride 
single crystals at 95 °C, since once these crystals begin to react the reaction spreads 
from that nucleation site throughout the crystal (Lin et al., 1978). It should be noted 
that while the thermal reaction of 4-aminosalicylic acid hydrochloride probably involves 
loss of HCI by diffusion, these solid-solid acid-base reactions could involve either 
diffusion of HCI to the sodium carbonate or counterdiffusion of the H+ and Na+ ions to 
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Figure 22.6 Stereoview of the 4-aminosalyclic acid hydrochloride crystal lattice. Key: C) nitrogens; 
e oxygens;~ chlorines (Lin et al., 1978). 

form H2CO3 in the base and sodium chloride in the acid lattice. This argument has 
precedents in the studies of solid-solid inorganic reactions that form spinels from metal 
oxides (e.g., Alp3 and MgO) at high temperatures (Hauffe, 1955; Jost, 1960; Schmal
zried, 1968; Schmalzried, 1981); the most probable mechanism of these reactions 
involves counterdiffusion of cations. 
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Other solid-solid acid-base reactions have been reported including the reaction of 
ibuprofen with magnesium oxide (Kararli, et al., 1989) and the reaction of sodium 
bicarbonate with tartaric acid (Usui and Carstensen, 1985; Wright and Carstensen, 
1986). The solid-solid reaction of MgO with ibuprofen was observed for both 1: I and 
2: 1 mixtures of ibuprofen with MgO stored at 55 °C. Evidence for the reaction included 
disappearance of the ibuprofen melting endotherm on DSC and changes in the infrared 
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spectrum after reaction. Comparison with authentic samples indicated that 
Mg(ibuprofen)2 was the product of the reaction. Solid-solid reactions of ibuprofen 
with N~HCO3, KiCOJ° 11/i.Hp, CaO, and Mg(OH)2 were also observed. Research in 
our laboratories (Stephenson, 1994) has shown that this reaction is greatly influenced 
by moisture and the molecular mobility of the reactant crystal (see Section 22.8). 

Figure 22. 7 shows the solid-state NMR spectra of crystals of both ( + )- and (±)
ibuprofen during reaction with MgO; Figure 22.8 illustrates the unit cell of racemic 
ibuprofen (McConnell, 1974) and S-(+)-ibuprofen (Freer et al., 1993). Solid-state 
NMR proved to be the best method for studying these reactions, since the powder 
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CP/MAS solid-state NMR spectra of (±}-ibuprofen (left) and (+)-ibuprofen (right) 
during reaction with MgO at 20 °C and 81% RH (Stephenson, 1994). 
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diffraction pattern of ibuprofen disappeared during the reaction and solution methods 
obscure the reaction products. It is clear from the growth of the new carbonyl reso
nance at 190 ppm that the chiral (+)-crystals react significantly faster than the racemic 
crystals. 

Stephenson (1994) also studied the molecular mobility of (+)-ibup,·ofen and (±)
ibuprofen crystals by measuring the T1 relaxation times of the methyl carbon atoms in 
ibuprofen at different temperatures using solid-state NMR (Table 22.1). The relaxation 
times were then plotted versus the reciprocal of temperature to yield an activation 
energy for the motion being studied. These studies showed that all three methyl carbon 
atoms had lower activation energies in the more reactive (+)-ibuprofen crystals (Table 
22.1 ). This result is consistent with the hypothesis that solid-solid reactions are 
accelerated by enhanced molecular mobility. 

The solid-solid reactions of sodium bicarbonate with tartaric acid and several ben
zoic acids have been studied by Carstensen and co-workers (Wright and Carstensen, 
1986; Usui and Carstensen, 1985). This is a more complicated reaction than those with 
magnesium oxide since sodium bicarbonate can decompose or effervesce to form 
sodium carbonate, water vapor, and carbon dioxide gas. This decomposition provides 
water which can accelerate the solid-state acid-base reaction. In a closed system where 
moisture cannot escape, the reaction between tartaric acid and either sodium carbonate 

a 0 

Figure 22.8 Il:>t1profen unit cells (hydrogen bonding is denoted by dashed lines): (left) racemic 
ibuprofen (McConnell, 1974); (right) S-(+)-ibuprofen (Freer et al., 1993). S-(+)
Ibuprofen contains two independent molecules in the unit cell; A molecules are in black 
and B molecules are in grey. 

Table 22.1 Activation Energies for Selected Methyl Carbons in Various Crystalline Ibuprofen Forms 

Sample CJ" c12· C13" 
{S)-(+)-ibuprofen I% RH 4.3 (0.2) 4.4 (0.2) 5.3 (0.5) 
(±)-ibuprofen I% RH 9.9 (0.4) 8.8 (0.4) 9.1 (0.5) 
(±)- ibuprofen 98% RH 10.0 (0.7) 10.3 ( 1.2) 10.3 (1.3) 
(±)-ibuprofen during reaction 9.0 (0.8) 9.8 (0.9) 9.6 (0.5) 
a The energies of activiation are in lcJ/mol with standard deviations in parethescs (Stephenson, 1994). 
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or sodium bicarbonate was found to be relatively rapid, taking only a few hours. 
Similarly, the reaction of sodium bicarbonate with benzoic acids was also relatively 
rapid in the presence of varying amounts of moisture (Wright and Carstensen, 1986). 
In an open system, they found that tartaric acid did not react; instead, the sodium 
bicarbonate decomposed to sodium carbonate and no solid-state acid-base reaction was 
observed in the timeframe of their studies (up to 400 hr). These results are consistent 
with studies of the acid-base reaction of 4-aminosalicylic acid hydrochloride and 
sodium carbonate, where in an open system at 40 "C a solid-state acid-base reaction 
was observed only after many days. 

Tablets containing both aspirin and an easily acylated drug degrade to give salicylic 
acid and the acylated drugs. For example, mixtures of phenylephrine hydrochloride 
and aspirin contained 80% of acylated phenylephrine after 34 d at 70 °C. The first step 
of these reactions may involve hydrolysis of aspirin to form acetic acid which may have 
a profound effect on the putatively solid-state mechanism. Indeed, a mixture of starch 
and magnesium stearate sbwed this acylation to only about 1 % after 34 d, while 
magnesium stearate withou't starch resulted in complete decomposition in only 16 d. 

The solid-state acetylation of codeine phosphate by aspirin has been studied by 
Galante and coworkers (1979). The kinetics of this acetylation reaction were found to 
be complex and a single equation could not be obtained. The kinetics of codeine 
phosphate disappearance were pseudo-first-order after an initial lag time; however, the 
kinetics of acetylcodeine formation were a complex order and were not related to 
codeine disappearance. This result suggests that there is an intermediate in this acetyla
tion reaction. The kinetics of aspirin disappearance also did not follow any specific 
order. One complicating factor in this reaction is the source of water for the hydrolysis 
of the aspirin. For the hydrolysis of the initial few molecules, residual water in the 
mixture is available. After this, each molecule of acetylcodeine formed releases one 
molecule of water for further hydrolysis of aspirin. Based on this argument it is 
surprising to note that the reaction does not go to completion but instead apparently 
uses up all of the residual water at about 7% reaction and then stops. This may be due 
to a coating of product forming on the reactant at this point, preventing any further 
reaction. 

These reactions are models which can be used to understand and explain drug 
physical incompatibilities that have been known for many years. As with other solid
state reactions, solid-solid acid-base reactions are slower than their solution counter
parts. It is clear from these few studies that further investigations are required to clearly 
establish the factors controlling the course of these solid-solid reactions. A discussion 
of solid-gas reactions which also addresses issues in drug physical incompatibilites 
will be found in Chapter 16. 

22.3 MOLECULAR MOBILITY IN SOLIDS 

Molecular mobility can be studied by solid-state NMR and X-ray crystallography. 
Solid-state NMR offers several approaches to studying the molecular mobility of 
solids. These include: 

1 . Study of processes which result in peak coalescence of solid-state 
NMR resonances using variable-temperature solid-state NMR to 
detect conformational changes. 

Page 189



474 Chapter 22 Miscellaneous Topics 

2. Determination of the T1 relaxation of individual carbon atoms using 
variable temperature solid-state NMR. 

3. Use of interrupted-decoupling (or other pulse sequences) to dttect 
methylene and possible methine groups with unusual mobility. 

4 . Comparison of solid-state MAS spectra measured with and wilt out 
cross polarization to detect mobile groups or atoms. 

The rate of the carbon-spin relaxation towards equilibrium is characterized by the 
spin-lattice relaxation time, T 1 (Fukushima and Roeder, 1981). In this process the 
excess energy from the spin system is given to the surroundings or lattice. Interactions 
of randomly fluctuating magnetic fields at the Lannor frequency of the nucleus 
stimulate these transitions. Such fields arise from motions of other nuclear magnetic 
moments such as those from protons. Spin-lattice relaxation is thus most efficient 
when these motions are near the Larmor frequency. Studies of T1 can give valuable 
infonnation about fast motions in the MHz range such as methyl-group rotations 
(Bloembergen et al., 1948; Andrew et al., 1974). 

In the rotating frame, the relaxation of the 13C nuclei is affected by motions having 
frequencies comparable to the spin-lock field B 1• The detennination of T1P in this 
rotating frame can provide infonnation about slow molecular motions. Numerous 
studies of molecular motion using relaxation times have been published (Fyfe, 1983). 
In the field of polymer science, for example, solid-state NMR has been used to study 
both main chain and side group motion (Lyerla, 1979; Garroway et al., 1979; Tonelli et 
al., 1990; Axelson and Mandelkem, 1979). In addition, studies have been made of the 
relationship between polymer crystallinity and relaxation parameters including T" T,p• 
and T2 (Menger et al., 1982; Kitamaru et al., 1986; Earl and VanderHart, 1979; Schill
ing et al., 1984; Cholli et al., 1988). 

Variable temperature solid-state NMR spectroscopy has been shown to be a pow
erful technique for the study of molecular motion in polymers and amino acids (Andrew 
et al., 1976a-b; Andrew et al., 1978; Schaefer et al., 1977; Garroway et al., 1982; 
Fyfe, 1983; Imashiro et al., 1983; Naito et al., 1983; Schaefer et al., 1984a-b; Poliks 
and Schaefer, 1990). In addition, so 1 -s ateNMR has-been used to study the activa
tion energies of spinning methyl groups (Andrew et al., l 976a-b; Andrew et al., 1978; 
Fyfe, 1983 ). The activation energy for the spinning of methyl groups in triethyl
phosphine oxide was reported to be 7 .9 kJ/mol by T 1 studies and 8.69 kJ/mol by 
T1P studies (Schaefer et al., 1984a-b ). Relaxation studies of peri-substituted naphtha
lenes were used to detennine the barrier to methyl rotation when substituents at the peri
position were -H (9.7 kJ/mol), -CH3 (13.5 kJ/mol), -Cl (15.2 kJ/mol), and -Br 
(18.4 kJ/mol). The barriers follow the sequence of the van der Waals radii and indicate 
that if a large group abuts the methyl group it can restrict methyl rotation. Rotation 
barriers for methyl groups in several amino acids have also been reported (Andrew et 
al., l 976a-b; Andrew et al., 1978). 

peri-substituted naphthalenes X = H, Me, Cl, Br 
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Trueblood, Dunitz, and Shomaker have shown that the molecular motion in a 
crystalline material can be studied by variable-temperature X-ray crystallography 
(Trueblood, 1985; Dunitz et al., l 988a-b ). They showed that simple harmonic theory 
can be used to relate the mean-squared displacement amplitudes of the atoms to the 
temperature. That is, motion of atoms in crystals can be described by the simple 
harmonic oscillator model. The notion that mean-squared displacement amplitude is 
related to the molecular mobility of an atom is, of course, consistent with the general 
concept of crystallographic atomic displacement parameters. It is important, however, 
to be aware of the fact that static disorder can complicate such studies. Nevertheless, it 
is aTJparent that X-ray crystallography also provides important information on the 
mokcular mobility of atoms in solids. 

hydrocortisone 
21-cyclopentylmethylacetatc 

',,QH~ 

Early solid-state NMR studies of the molecular mobility in pharmaceuticals were 
conducted by our group jointly with Frye on hydrocortisone 21-cyclopentylmethyl-

0 ppm 

Figure 22.9 Solid-state Fr-NMR spectra of hydrocortisone 21 -~yc~opentylmethylacetate: (upper) with 
cross polarization; and (lower) without cross polanzauon (Byrn et al., 1988.) 
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acetate (Byrn et al., 1988). Crystallographic studies showed that the cyclopentyl group 
in the side chain had extremely large thennal motion. A comparison of Fourier
transfonn (Ff) NMR spectra with and without cross polariza ion (Figure 22.9) clearly 
showed that the cyclopentyl group peak was the most intenst in the spectrum without 
cross polarization whereas in the spectrum acquired with cros5 polarization there were 
several signals with greater or equal intensity. The enhancemf>nt of this signal in the 
spectrum acquired without cross polarization indicates that this group has a large 
amount of thennal motion. 

simvastatin 

"tr 
Md~i r Me Me = Me 

Mi('''' h' h' 

Observations on simvastatin (Cauchon, 1992) led to related conclusions. A signal 
from one of the side chain methylene carbon atoms was present in the interrupted
decoupling spectrum which nonnally shows the presence of only quartemary carbon 
atoms and methyl groups having a great deal of thennal motion. This was interpreted 
to mean that the methylene carbon atom has mobility similar to a methyl group, pre
sumably due to side-chain motion. This explanation is consistent with the crystallo
graphic studies of simvastatin in which the side chain could not be refined because it 
had a large amount of thennal motion. 

In order to gain more infonnation on quantative studies of mobility, we have stud
ied the relationship between the force constant for vibration of methyl carbon atoms 
detennined by variable temperature X-ray crystallography and the activation energy for 
rotation of methyl groups detennined by-variable temperature solid-state NMR in two 
model compounds, ibuprofen and indomethacin. This study is unique in that it com
pares the relative mobility of two different methyl groups within the same molecule for 
each case. 

ibuprofen 

C02H 

Me 

Me 

N 

fv-c, 
indomethacin 

A priori there is no reason that the force constants for methyl vibration detennined 
by X-ray crystallography and the activation energy for methyl rotation determined by 
solid-state NMR would be correlated (see discussion above). However, if the crystal 
packing in the vicinity of two different methyl groups in the same molecule is different 
one might expect that the methyl group which is not as tightly packed might exhibit a 
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lower force constant for vibration and also a lower activation energy for rotation. In 
order to test this idea, variable temperature solid-state NMR spectra of ibuprofen and 
indomethacin along with the variable temperature single crystal structures of these two 
model compounds were obtained. 

298K 

263K 

233 K 

198 K 

200 160 120 80 40 Opprn 

Figure 22.10 Solid-state 13C NMR spectra of ibuprofen at various temperatures. The doublet and 
broad peak at 80 and 180 ppm are spinning side bands from the signals in the range of 
125-145 ppm. The sharp peak at 183.3 ppm is due to the carbonyl absorption (Ste
phenson, 1994). 
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Table 22.2 1.1CMR Chemical Shift Assignments of Ibuprofen 

Structure Carbon Chemical Shift 
Assignment Solid-State• Solutio11b 

183.3 18 l.5 
7 142.1 140.7 
4 137.3 137.1 

6, 8 130.9 129.4 
5, 9 129.3, 127.1 127.4 
10, 2 46.0, 44.2 45.1 

1.\ 

11 Me II 32.7 30.2 
12, 13 25.1 , 22.1 22.4 

Me 2 3 15.4 18.7 

a Cauchon. 1992. b CDCI ,; Smeyers et al., 1985. 

The solid-state 13C NMR spectra of ibuprofen at different temperatures are shown 
in Figure 22.10. The methyl carbon atoms of the isobutyl group (Cl2 and Cl3) have 
identical chemical shifts in solution due to rotational averaging. However, in the solid
state spectrum, one of them is shifted about 3 ppm downfield from the solution value, 
indicating a different chemical environment in the solid state. The solid-state and 
solution chemical shifts of ibuprofen are very similar so the solid-state resonances were 
assigned by direct comparison (Table 22.2). 

The spin-lattice relaxation times were measured at various temperatures for the 
three methyl groups in ibuprofen using the pulse sequences of Torchia (1978), and 
their activation energies were derived from Arrhenius plots of the natural log of the T1 
values versus r- 1

• The semilog plots of signal intensity versus -r that were used to 
calculate the T

1 
values were all linear. This indicates that the relaxation function for 

each individual carbon atom is ovemed QY a single exponential correlation time; there 
was no evidence of non-exponential behavior in this case, even at long -r times. The 
low observed standard deviations are a consequence of the good signal-to-noise ratio 
which reflects the highly crystalline nature of the sample. 

The crystal structure of ibuprofen was determined at four different temperatures on 
two separate crystals using single crystal X-ray crystallography. The structural data at 
each temperature are shown in Table 22.3. Excellent agreement was observed between 
the two independent structure determinations. Most of the bond lengths decrease 
slightly with increasing temperature. ORTEP (Johnson, 1976) plots of the crystal 
structures of ibuprofen at the temperatures studied are shown in Figure 22.11. 

Clearly, the volumes of the ellipsoids decrease with decreasing temperature as ex
pected. The slopes of the plots of the size of the atomic-displacement-parameter (ADP) 
ellipsoids versus temperature were calculated for each atom and are shown in Table 
22.4. The atoms of the phenyl ring have smaller slopes, while those in the side-chain 
have larger slopes, indicating a weaker force constant for the latter atoms. In the 
classical harmonic oscillator model, the force constant is given by f = kTl<</r> where k 
is the Boltzmann constant, <</r> the mean square vibration amplitude of the motion, 
and Tthe absolute temperature. Thus, a plot of <f> versus temperature would yield a 
slope that was inversely proportional to the force conslant. Since <</r> for a particular 
atom is directly related to the ADP value for that atom, the slopes of ADP values versus 
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T give information about the relative magnitudes of the force constant k, assuming that 
atom can be treated as a harmonic oscillator. 

Table 22.5 is a summary of the solid-state NMR and X-ray crystallographic data 
for the three methyl groups in ibuprofen. In this case, the methyl carbon atom, C3, 

298 K 

248 K 

198 K 

148 K 

Figure 22.11 Atomic displacement-parameter ellipsoids (50% probability) of ibuprofen at different 

temperatures (Toma, 1993). 
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Table 22.3 Single-Crystal X-ray Data at Different Temperatures for Ibuprofen 
----------

Space group= n,lc (monoclinic! 
Average R = 0.04 Average R., = ( .07 

Crystal Dimensions = 0.54 x 0.47 x 0 .. 13 mm ---------
Cell 

Constants" 

a(A) 

b(A) 

c(A) 

/3(0) 

V(A3) 

Bonds 

Cl-C2 
C2-C3 

C2-C4 

Cl--01 

Cl--02 

C4-C5 

C5-C6 
C6-C7 
C7-C8 

C8-C9 
C4-C9 

C7-CI0 

ClO-Cll 

Cll-Cl2 
Cll-Cl3 

298K 

14.65(1) 

7.88(1) 
10.71(1) 

99.42(1) 

1219.6(3) 

1.515 
1.514 

1.522 

1.302 

1.219 

1.377 
1.381 

1.384 
1.374 

1.383 
1.384 

1.511 

1.529 
1.513 

1.508 

Temperature 
248 K Jll6 K 

14.60(2) 

7.86(1) 

10.66(2) 

14.54(1) 

7.85(1) 

10.58(2) 
99.46(1) 99.55(1) 

1206.3(6) 1190.9(5) 

Bond Length (A) 

1.516 
1.517 
1.528 

1.309 

1.214 
1.380 

1.381 

1.387 
1.382 

1.388 
1.389 

1.514 

1.528 
1.517 

1.517 

1.515 
1.523 
1.524 

1.314 

1.215 
1.384 

1.381 
1.388 

1.386 
1.382 
1.391 

1.511 

1.534 

1.516 
1.524 

148K 

14.50(1) 

7.83(1) 

10.52(2) 

99.55(1) 

1177.9(5) 

1.512 
1.524 

1.526 

1.316 

1.219 

1.389 
1.380 

1.396 
1.390 

1.381 
1.391 

1.508 

1.536 
1.522 

1.520 
a The values in parentheses are the estimated standard deviation in the last place quoted (Toma, 1993). 

Table 22.4 Slopes of Atomic Displacement Parameter Values 
versus Temperature for Ibuprofen 

Atom Slope x 10' A3·K-1 r 
Cl 2.13 0.983 
C2 2.34 0.985 
C3 3.20 0.995 
C4 2.04 0.987 
C5 2.49 0.984 
C6 2.64 0.986 
C7 2.24 0.982 
C8 2.45 0.988 
C9 2.41 0.987 
CI0 2.67 0.988 
Cll 2.70 0.990 
Cl2 3.71 0.994 
Cl3 3.70 0.993 
01 2.62 0.993 
02 2.70 0.988 

Toma, 1993. 

E 
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Table 22.5 Comparison of Activation Energies from Solid-State NMR and Slopes of Atomic 

Displacement Parameters from X-ray for the Methyl-Carbon Atoms in Ibuprofen 

Carbon Chemical Shift E, Slope x 104 

(ppm) (kJ/mol) (A3 K-') 
C3 15.4 10.0 3.20 
Cl2/Cl3 22 .1 8.8 3.70 
Cl2/Cl3 25.1 9 .1 3.71 

Toma, 1993. 

was found to have the highest activation energy (from the solid-state NMR study), and 
the lowest slope of ADP values versus T (from the single-crystal X-ray study). Since 
the value of the slope i~ inversely proportional to the force constant, the trend is in 
agreement. Similarly, the Cl2 and Cl3 methyls were found to have both a lower 
activation energy by both solid-state NMR and a lower force constant by X-ray crys
tallography. 

Indomethacin was also investigated for a similar comparison. Indomethacin is 
known to exist in several crystalline polymorphic states ( et al., 1984; Kaneniwa et al., 
1985; Lin, 1992). However, in this study, the NMR relaxation properties and crystal 
structure for only Form I (also known as the y-form) were determined. The solid-state 13C NMR chemical shifts for crystalline indomethacin were assigned by comparison 
with the solution 13C NMR shifts in DMSO-d6 (O'Brien et al., 1984) and with the help 
of the interrupted-decoupling experiment. The solution and solid-state chemical shifts 
are very similar, with two exceptions. The peak assigned as C4 is shifted almost 4 
ppm upfield in the solid-state spectrum, while the carboxyl carbon is shifted about 7 
ppm downfield. This latter observation can be attributed to hydrogen-bonding effects 
in the solid state; as hydrogen bonding to the carboxyl oxygen increases, the difference 
between the solid-state and solution 13C NMR chemical shifts for the carboxyl carbon 
mcreases. 

The solid-state 13C NMR spectrum of Form I of indomethacin did not 'show any 
significant differences as the temperature was lowered (apart from variations in the 
position and intensity of spinning side-bands due to changes in the spinning speed). 
The spin-lattice relaxation times for each of the two methyls in crystalline indomethacin 
were determined at various temperatures. A plot of the natural log of the signal inten
sity versus -r yielded a straight line with a slope of -1/T,. The activation energy was 
then calculated as before. 

As with ibuprofen, the crystal structure of Form I of indomethacin was determined 
at four different temperatures (172, 214, 225, and 298 K) and the slopes of the ADP 
values for the various carbon atoms were plotted versus temperature. The 71 values, 
their activation energies, and the slopes of the ADP values versus temperature are 
shown in Table 22.6. It is apparent from this table that, as was the case for ibuprofen, 
the methyl group with the lowest activation energy as determined from the T1 values is 
most sensitive to temperature and therefore has the smallest force constant. 

These results strongly indicate that solid-state NMR activation energies and atomic 
displacement parameters are related, thus indicating that solid-state NMR is a good 
method for studying the mobility of methyl groups in indomethacin and ibuprofen. 
Because solid-state NMR can be used to study pharmaceutical dosage forms and other 
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Table 22.6 Comparison of Activation Energies from Solid-State NMR and 
Slopes of Atomic Displacement Parameters fnm X-Ray for the 
Methyl-Carbon Atoms in Indomethacin 

Carbon Chemical Shift E. Slo~ 
(ppm) (kJ/mol)" X 114 (A ·K-1t 

Cl7 13.8 8.0 2.12 

C20 55.5 9.3 1.91 

a Cauchon, l 992. b Toma, 1993. 

mixtures (Saindon et al., 1993), this powerful method will find increased application in 
the determination of the molecular mobility of drugs in mixtures and dosage forms. 

22.4 MOBILITY AND REACTIVITY OF SOLIDS 

Molecular loosening was hypothesized by Paul and Curtin (1973) to be the first step in 
a solid-state reaction. In this first step, the molecules achieve enough molecular 
mobility to undergo the molecular change (bond making or breaking) required for the 
chemical reaction. This first step, molecular loosening or molecular mobility, could be 
the most important step in solid-state degradations. Thus, study of molecular mobility 
in crystals can provide important insights into their reactivity. 

A significant body of research over the years has indicated that molecular mobility 
is required for the degradation of many pharmaceuticals. Pikal and co-workers (1977) 
and Oberholzer and Brenner (1979) showed that amorphous forms of pharmaceuticals 
were more reactive than their crystalline counterparts. In addition, Ahlneck and Zografi 
(1990) have suggested that water absorption enhances the molecular mobility of 
amorphous pharmaceutical solids, perhaps explaining the enhanced chemical reactivity 
of these materials in the presence of water. 

Earlier, we hypothesized that desolvation preceded oxidation of steroids and dihy
dr0phenylalanine denvatives, ren enng them more reactive (Byrn and Lin, 1976; Byrn 
and Kessler, 1987; Byrn et al., 1988). It is suggested that, in the case of steroids and 
dihydrophenylalanine, disordered or "amorphous" regions in the desolvated crystal can 
explain their enhanced reactivity. This concept explains why disordered regions or 
mobile functional groups (such as side chains) could be important factors in crystal 
stability. Additional studies of disordered regions in crystals are appropriate. How
ever, further study of the relationship between molecular mobility and solid-state 
reactivity requires the development of new approaches. Determining the molecular 
mobility could help predict physical and chemical stability, especially in mixtures (e.g., 
pharmaceutical dosage forms) where single-crystal X-ray methods cannot be used. 
During the next few years, additional studies of the relationship between molecular 
mobility and reactivity by solid-state NMR are expected. 

22.5 ROLE OF DEFECTS IN SOLID-STATE REACTIONS 

There are three major classifications of crystal defects in organic crystals: point defects 
(vacancies, interstitials, orientations, and substitutional); line defects (edge, slip, and 
screw dislocations); and surface defects (grain, tilt, and twist boundaries). Surface 
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defects may be a result of irregular crystal growth, mechanical stress (e.g. , grinding or 
milling), or thermal stress. See Tiller (1991), Mullin (1993), or Wright (1995) for 
additional reading. 

Thomas and his group (Thomas and Williams, 1969; Thomas, 1970; Thomas et 
al.) have carried out extensive studies of the influence of crystal defects on solid-state 
reactions of inorganic compounds. They have also studied the influence of defects on 
the solid-state photochemical reactions of organic compounds, mainly involving the 
identification of three types of defects: the screw dislocation, the slip dislocation, and 
the orientation defect. These dislocations can bring molecules into different spatial 
orientations and create molecular cavities that differ from those in the bulk crystal. The 
objective of their studies was to explain the breakdown of the topochemical postulate 
(see Sections 15.4 and 19.1) in certain solid-state photochemical dimerizations. For 
example, the topochemical postulate predicts that the dimerization of l ,8-dichloro-9-
methy lanthracene should not take place because the molecules are too far apart, yet the 
trans-photodimer is produced exclusively. 

Through their studies, Desvergne and co-workers (1974) demonstrated that the 
formation of the photodimer occurs at defects in the crystal. Thus, the molecules at 
these defects reoriente such that they are close enough to dimerize. For example, they 
hoped to show that the dimerization of 9-cyanoanthracene, which leads to the centro-
symmetric photodimer rather than the mirror-symmetric photodimer predicted on the 
basis of the topochemical postulate, occurs at defects that bring the monomer into a 
centrosymmetric relationship with another monomer molecule. Both transmission 
electron microscopy and optical microscopy were used to study these reactions. In the 
electron microscopic procedure, single crystals are cleaved and one of the matched 
faces is irradiated while the other is wet-etched. The faces are then compared. In 
general, these studies show that photochemical reactions begin at defects (Thomas and 
Williams, 1969; Thomas, 1970; Thomas et al., 1972; Desvergne, 1973; Sloan et al., 
1975; Jones and Williams, 1975). The topochemical postulate will still apply, but the 
products will be determined by the geometry at the screw or slip dislocation and not by 
the geometry in the bulk crystal (Thomas, 1972). 

Reaction at dislocations could explain why 9-cyanoanthracene forms centrosym
metric photodimers rather than the mirror-symmetric dimers predicted from the bulk 
crystal structure. Unfortunately, it is difficult to prepare stable thin samples of this 
solid, so this explanation cannot be considered confirmed. In addition, it is important 
to realize that reaction at defects cannot occur unless photochemical energy is trans
ferred to the defect site. If energy transfer is slow relative to the rate of reaction, then 
reaction will occur in the bulk crystal. If energy transfer is fast relative to the rate of 
reaction then the reaction will occur at defects, because defects often trap the energy. 
The 9-cyanoanthracene dimerization is apparently a defect-sensitive reaction, since the 
quantum yield of this reaction increases as the reaction proceeds. This idea is further 
confirmed by the fact that a small concentration of fluorescent dopants decreases the 
yield of dimers (Cohen et al., 1971). 

At orientation defects, the tenant molecule takes up an abnormal orientation. This 
defect is believed to occur in 1,5-dichloroanthracene, which when irradiated produced 
20% of the head-to-tail dimer and 80% of the head-to-head dimer (Thomas, 1979). 

In our laboratory, we have observed the effect of defects on dehydration r-!actions 
of crystal solvates. Three observations on different crystal hydrates illustrate the effect 
of defects on these solid - solid + gas reactions. First, the temperature and time at 
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which a desolvation occurs is dependent upon defects. For example, individual 
crystals of cycloserine began to desolvate at very different times when heated at 50 °C. 
Apparently, the faster reacting crystals had defec~ that initiated the reaction. Second, 
mechanical defects produced by cutting the ends off the crystal greatly accelerated the 
reaction. For example, crystals of dihydrophenylahnine-¾Hp lost water much more 
rapidly when the ends of the crystal were removed with a razor blade. Similar obser
vations were made for 4-dichlorobenzene where mechanical defects initiated the phase 
transformation. Third, Perrier ( 1980) found that seeding unreacted crystals wi h 
desolvated powder in some cases accelerated the desolvation. For example, brushin1.~ 
the desolvated powder of cytosine hydrate onto the ends of single crystals of cytosine 
hydrate induced the reaction to begin on the ends of the crystal and move to the center. 
However, in other compounds this treatment had no effect. 

In conclusion, it should be noted that defects can have important influences on the 
solid-state reactions of drugs. In particular, defects can determine when the reaction 
begins and in special cases possibly even determine the products of solid-state reac
tions. 

22.6 SOLID-STATE STABILITY OF PROTEIN PHARMACEUTICALS 

There are a large number of protein products in early clinical trials as the result of the 
ability to produce proteins via recombinant DNA technology. These solids will be 
produced by either lyophillization or precipitation and in many cases will be amorphous 
or partially amorphous. As with other drug substances, there is a need to produce solid 
forms of proteins with consistant properties and to develop methods to characterize the 
solid-state properties of proteins. 

The stability of protein pharmaceuticals presents special problems. A variety of 
chemical degradation reactions of proteins are known to occur in solution (Manning et 
al., i 989). These inciude oxidation of sulfur-containing peptides to form sulfoxides or 
sulfones -as shown in Figure 22.12 and deamidation of aspartyl and asparaginyl resi
dues to form cyclic imides and isoaspartyl peptides as shown in Figure 22.13. 

Other solution reactions include proteolysis, incorrect disulfide bond formation, 
racemization, and /3--elimination. Furthermore, some proteins not only chemically 
degrade but also undergo denaturation during handling or storage, resulting in the 
formation of products which have different properties. Of these reactions, deamidation 

L-methinyl peptide sulfoxide sulfone 

Figure 22.12 Reaction scheme for the oxidation of sulfur-containing peptides to sulfoxides or 
sulfones. 
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~ ~ 
-NH-pt-<=-NH-?lt-C--N 1+-

ril ~ R 
C !V' "' NH2 

L-asparaginyl peptide 

cyclic imide 

~ ~ 
-Nlt-r H-<=-NH-f!t-<=-Nl+-

~ ~ 
---N 1-1-l f····- CHr-<3-Nlt-?lt-<3-Nl+-

) H R r-(/ '·oH R 
..,..-} ' er '·oH 

1.-aspartyl peptide 1.-isoaspartyl peptide 

Figure 22.13 Deamidation reaction scheme of asparaginyl residues to form cyclic imides which 
hydrolize to aspa11yl and and isoaspa11yl peptides. 

and oxidalion are probably Lhe most common reaclions in Lhe dry solid slale. In solids 
which contain substantial moisture, all of the degradations described above can occur. 
Very liule has been published on the solid-state degradation of proteins, making this an 
important area for additional research. 

22.7 PARTICLE DESIGN AND THE PHYSICS OF TABLET COMPACTION 

In recenl years lhere has been growing interesl in using solid-state chemistry to under
stand the reasons for tableting problems and lo design and engineer particles and 
crystals with optimum tableling properties (Wray, 1992; York, 1992). Table 22.7 lists 
the undesirable material properties which oflen lead to compaction problems. To avoid 
these problems, materials without these properties need to be designed and synthesized. 

Table 22.8 provides a list of the solid-state properties Lhat vary from one drug to 
another and Table 22.9 lists the mechanical properties which are dependent on these 
solid-state properties. At present it is not possible to directly correlate a single solid
state property to a mechanical property; however, it is clear that variation in the solid
state properties of a substance will result in changes in mechanical properties of that 
substance. This is one of the reasons for the desire to consistently manufacture a drug 
substance with the same solid-state properties. 
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Table 22.7 Material Properties and their Associated Potential Compaction Problems 

Material Property 

High strain rate sensitivity 

Hygroscopicity 
Variation in crystal properties 

Potential Compaction Problem 

Chang! of mechanical characteristics upon scale-up 
to high-speed tablet machines 

Handling and processing difficulties 
Batch-to-batch and source variation problems 

(polymorph, solvate, amorphous form) 
Low aqueous solubility Inadequate drug dissolution 
Unsuitable mechanical properties Capping; lamination ; excessive elastic recovery 

too high or too low crushing strength 
York, 1992 

Table 22.8 Variable Solid-State Properties of Drug Substances 

Crystal density 
Crystal habit 

Crystal hardness 

Crystal order/disorder 
Crystal structure 

York, 1992 

Polymorphism 

Hydrates/solvates 

Amorphous material 
Surface properties 

Table 22.9 Variable Mechanical Properties of Drug Substances 

Brittle/ductile transitions 
Fracture stress 
Stress/strain relaxation 

York, 1992 

Indentation hardness 
Yield pressure 

Deformation characteristics 

Hygroscopicity (RH0 ) 

Particle size and shape 
Stability 

Wettability 

Poisson ratio 

Young's modulus 

Table 22.10 Processing Stresses and Treatments Affecting Drug Substance Properties 

rocessing-slresses 

Temperature 

Pressure 

Mechanical 

Exposure to liquids, gases, and vapors 
vapors 

York, 1992 

Pretreatment of 
Drug Substance 

Milling 

Crystallization 
Precipitation 

Freeze drying 

Manufacturing 
Unit Operations 

Flow 

Milling 

Drying 

Compression 

Coating 

In addition, as discussed in several previous sections, there are several processing 
stresses that can be produced by unit operations (see Table 22.10). These stresses can 
affect the drug and in some cases even result in change of the crystal form of the drug 
or the production of an amorphous form. Obviously such changes will result in 
additional changes in the properties of the substance. Thus every effort should be made 
to find a method of processing the drug substance which does not result in changes of 
its properties. 
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In conclusion, it is clear that there is an intimate relationship between the structure 
of the drug substance and its properties. Careful attention to this relationship will no 
doubt avoid some of the compaction and processing problems which can be encoun
tered. In addition, future research may result in the development of methods to engi
neer crystals with the desired properties. 

22.8 PREDICTION OF CRYSTAL STRUCTURES AND POLYMORPHS 

Recently there have been reports of the successful calculation of theoretical crystal 
structures of organic molecules (Gavezzotti, 1991, 1994, and 1996; Karfunkel and 
Gdanitz, 1992; Holden et al., 1993). For example, Holden and co-workers (1993) 
reported the development of a program called MOLPAK which investigates all unique 
orientations of a central molecule and the construction of appropriate coordination 
patterns about the central molecule. This program provides a map of the minimum unit 
cell volume as a function of the orientation of the central molecule. The program uses a 
repulsion-only potential. The five to ten smallest volume packing arrangements are 
then subjected to a lattice energy minimization refinement to yield possible crystal 
structures. The correct results are usually obtained if the search and refinement steps 
are restricted to the correct space group. If additional space groups are examined, then 
the correct structure does not have the lowest energy in some cases. In addition, in 
cases of strong hydrogen-bonding the program can fail to identify the correct structure. 

Molecular Simulations Inc. (1997) has developed a materials science computing 
package (Cerius2) which has several modules including a polymorph predictor. This 
module is capable of prediciting the polymorphs of organic molecules; however, its 
application to pharmaceutical problems is in its infancy. Nevertheless, the introduction 
of this program in an easy-to-use software package marks a milestone in the develop
ment of computational methods for the prediction and analysis of polymorphs and will 
probably lead to the eventual development of approaches to the ab initio prediction of 
polymorphs for other than small, rigid molecules. 

The forerunner to the polymorph prediction software is described by Karfunkel 
and Gdanitz (1992), who reported a program which searches for ' the global crystal 
energy minimum. This program allows the investigation of crystal packing forces. 
They suggested that one published crystal structure was incorrect based on their 
calculations. 

Approaches to the prediction of crystal structure and polymorphs are based on 
early work by Kitaigorodski and Gavezzotti (Kitaigorodskii and Mirskaya, 1972; 
Gavezzotti, 1991). Their work has laid the groundwork for these calculations by 
developing potential functions for use with crystals. 

Gavezzotti used his PROMET3 program (1994), which allows for geometrical 
crystallography and symmetry relationships as input to generate polymorphic crystal 
structures, to investigate the conformational differences between two polymorphs of 7-
dimethylaminocyclopenta[c]coumarin (Gavezzotti, 1996). Gavezzotti ( 1994) argues 
that it may never be possible to predict polymorphs and crystal structures ab initio 
because the errors in calculations of the heat of sublimation are of the same order of 
magnitude as the differences in energies of polymorphs. Furthermore, Gavezzotti has 
enumerated seven questions which must be answered in order to allow calculation of 
the crystal structure of an organic solid (Gavezzotti, 1994): 
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l. Will the compound crystallize at all? Just because a low energy solid 
is predicted, there is no assurance that experiments will lead to the 
formation of a crystal. As describd above, many factors can influ
ence the crystallization of the substar ce. 

2. Is the crystal high-melting? The me! ·ng point of a solid is extremely 
difficult to predict due to entropic factors and the possiblility that the 
melt will be highly associated. Thus even the prediction of a crystal 
with a large heat of sublimation does not ensure a high melting point. 

3. What is the lattice energy ( heat of sublimation)? This is the parameter 
predicted by the polymorph prediction software and can be subject to 
relative large errors due to errors in parameter sets. 

4. Will the crystal stn,cture be non-centrosymmetric? Crystal structure 
predictions rely upon a knowledge of the symmetry of the crystal and 
can be greatly assisted by the initial choice of a unit cell. It is difficult 
to predict ab initio whether a solid will spontaneously resolve and 
produce non-centrosymmetric crystals. 

5. What will be the conformation of a flexible molecule in the crystal? In 
some cases the crystal packing can alter the conformation of a solid. 
The prediction of crystal structures is dependent upon a knowledge of 
the molecular conformation and thus can be thwarted in such in
stances. 

6 . What is the space group and the number of molecules per asymmetric 
unit? It is extremely difficult to predict the space group of a crystal. 
Monte Carlo approaches are probably best in this case. 

7. Wlwt are the cell parameters? In addition, to the space group, the cell 
parameters and resultant density are an important factor in crystal 
structure prediction and analysis. 

Even with all of these questions and uncertainties, the order of calculated energies 
of polymorphs may be conserved thus making it possible to predict the order of stabil
ity...oLdiffereot polyruorphs..in at least some cases. 

It should be noted that the program Cerius2 (Molecular Simulations Inc., 1997) 
provides a Rietveld module to refine any proposed crystal structure of a substance 
from its powder-diffraction pattern. This program, in combination with high-resolution 
powder-diffraction data, has potential to solve structures of low-molecular weight 
drugs for which good single crystals cannot be obtained (Gavezzotti, 1994; Karfunkel 
and Gdanitz, 1992). 

22.9 ATOMIC FORCE MICROSCOPY (AFM) 

Atomic force microscopy is a powerful new technique for studying solid-state reactions 
(Frommer, 1992; Kaupp, l 992a-<::). This technique provides Angstrom-scale images 
of reacting crystals, providing new insight into solid-state reactions. Using this 
method, Kaupp has studied the photodimerizations of cinnarnic acids (Kaupp, 1992a) 
and anthracenes (Kaupp, 1992b) and suggested that the phase transitions in the surface 
regions of the crystal are of foremost importance in the reaction. In fact, he suggested 
that the photodimerization of cinnarnic acids involved a surface reaction with consider
able mass transport to the active site. In this regard, it is interesting to note that Enkel-
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mann and co-workers ( 1993) have recently reported that a single-crystal to single
crystal photodimerization of cinnamic acid can be accomplished by irradiating the 
crystal at a wavelength corresponding to the chromophore's absorption tail. It is 
interesting to speculate whether the mechanism of the dimerization of cinnamic acid is 
different depending upon the wavelength of irradiation. 

Kaupp (1992c) has also studied solid-gas reactions using AFM and has suggested 
that these studies provide new insight into the mechanisms of these reactions and, in 
particular, how the product phases build up. 

AFM has also been used to probe the surface structure of crystals and determine 
whether the structure on the surface is different from the bulk structure as determined 
by single crystal X-ray methods (Overney et al., 1992). For example, the surface of 
pyrene crystals consists of monomers while the bulk consists of dimer pairs. In 
contrast, the AFM of tetracene showed that the intermolecular spacings on the crystal 
surface correspond to those in the bulk crystal. 

22.10 REGULATORY ASPECTS OF THE SOLID-STATE CHEMISTRY OF DRUGS 

Interest in this subject stems in part from the Food and Drug Administration's (FDA) 
drug substance guideline that states "appropriate" analytical procedures should be used 
to detect polymorphic, solvated (including hydrated), or amorphous forms of the drug 
substance. The guideline also states that it is the applicant's responsibility to control the 
crystal form of the drug substance and, if bioavailabilty is affected, to demonstrate the 
suitability of the control methods. This highlights the importance of controlling the 
crystal form of the drug substance. 

While it is clear that the New Drug Application (NDA) should contain information 
on solid-state properties, particularly when bioavailability is an issue, an applicant may 
be unsure how to scientifically approach the gathering of information and even what 
kind of information is needed. This section is intended to provide a strategic approach 
to remove much of this uncertainty by presenting concepts and ideas in the form of 
decision trees rather than a list of guidelines or regulations (Byrn et-al., 1995). This is 
especially important because each individual compound has its own peculiarities which 
require flexibility in approach. The studies proposed herein are part of the Investiga
tional New Drug (IND) process. 

As pointed out in this book, solid drug substances display a wide and largely un
predictable variety of solid-state properties. Nevertheless, application of basic physico
chemical principles combined with appropriate analytical methodology can provide a 
strategy for scientific and regulatory decisions related to solid-state behavior in the 
majority of cases. By addressing fundamental questions about solid-state behavior at 
an early stage of drug development, both the applicant and the FDA are in a better 
position to assess the possible effects of any variations in the solid-state properties of 
the drug substance. The resulting early interaction of the parties with regard to these 
fundamental questions would not only tend to ensure uniformity of the materials used 
throughout the clinical trials but also would virtually resolve solid-state issues before 
the critical stages of drug development. A further benefit of these scientific studies is 
the development of a meaningful set of solid-state specifications which critically 
describe the solid form of the drug substance. These specifications also facilitate the 
approval of a change in supplier or chemical process. 
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We suggest a series of decision trees for collecting data on a drug substance that 
will efficiently answer specific questions about solid-state behavior in a logical order. 
In "difficult" cases, perhaps where mixtures of forms must be dealt with or other 
unusual properties are encountered, the decision trees should still be followed as a first 
stage in the investigation. 

Decision trees provide a conceptual frame -vork for understanding how the justifi
cation for different crystal forms might be presented in the drug application. Industry 
may wish to use these decision trees as a strategic tool to organize the gathering of 
information early in the drug development process. Put another way, these decision 
trees provide a thought process that will lead to development of the most appropriate 
analytical controls. Since it is the responsibility of the industry to select the appropriate 
test or tests to identify the phase of the solid and determine its relevant pharmacet.tical 
properties, this approach is superior to simply performing a broad range of tests 
without regard to their relevance. 

We have chosen to present this approach in the form of a series of decision trees, 
one for each of the most common solid-state forms. The charts are accompanied by 
examples from the literature representing the kind of data that would be useful in 
supporting the various decisions. 

We should point out that, from a regulatory standpoint, if a company can establish 
a specification or test to ensure production of a well defined solid form of the drug 
substance, then it is not necessary to do all of the physical and chemical testing outlined 
in the decision trees. From a scientific standpoint, however, such an approach is risky 
since new forms may appear unpredictably during various stages of the development 
process. The appearance of these new forms usually slows the drug approval process 
and makes planning difficult. 

Four decision trees are described in the sub-sections that follow: 
a. polymorphs 
b. solvates (including hydrates) 
c. desolvated solvates 
d . amorphous forms 

All of the decision trees end (e.g., Figure 22.14) with an indication of the types of 
controls which will be required based on whether a single morphic form or a mixture 
will be produced as the drug substance. Although this ending provides a simplified 
view of a very complicated process of selecting appropriate controls, it is included to 
illustrate the consequence of the decisions made with regard to the drug substance. The 
reader should realize that the actual selection of the appropriate control could be the 
subject of another review which might contain another set of decision trees. 

In addition, when using the decision trees, one should bear in mind that for some 
solids a combination of trees or even all four trees will have to be used to completely 
characterize all of the materials. 

A. POLYMORPHS 

The decision tree for polymorphs is shown in Figure 22.14. It outlines investigations 
of the formation of polymorphs, the analytical tests available for identifying poly
morphs, studies of the physical properties of polymorphs, and the controls needed to 
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ensure the integrity of a drug substance containing either a single morphic form or a 
mixture. 

The first step in the polymorphs decision tree is to crystallize the substance from a 
number of different solvents in order to attempt to answer the question: Are poly
morphs possible? Solvents should include those used in the final crystallization steps 
and those used during formulation and processing and may also include water, metha
nol, ethanol, propanol, isopropanol, acetone, acetonitrile, ethyl acetate, hexane and 
mixtures if appropriate. The solids produced are analyzed using X-ray diffraction and 
at least one of the other methods. In these analyses, care must be taken to show that the 
method of sample preparation (i.e., drying, grinding) has not affected the solid form. 
If the analyses show that the solids obtained are identical (e.g., have the same X-ray 
diffraction patterns and IR spectra) then the answer to the question "Are polymorphs 
possible?" is probably "No," and further research may not be needed. 

If polymorphs exist then it is necessary to examine those physical properties of the 
different polymorphs that can affect dosage form performance (bioavailability and 
stability) or manufacturing reproducibility. The properties of interest are solubility 
profile (intrinsic dissolution rate, equilibrium solubility), stability (chemical and physi
cal), crystal morphology (including both shape and particle size), calorimetric behavior, 
and percent relative humidity profile. If there are no discernible differences between 
these physico-chemical properties, then the answer to the second question in the 
decision tree, "Different physical properties?" is "No." 

An important question lies in the properties that differ among polymorphs and 
whether those properties affect the dosage form performance (i.e., quality or bioavail
ability). If they do, then from a regulatory standpoint it is appropriate to establish a 
specification or test (e.g., X-ray powder diffraction or IR) to ensure the proper form is 
produced. From a production standpoint, it is important to develop a process that 
reproducibly gives the desired polymorph. 

If mixtures of forms cannot be avoided, then quantitative control is needed to en
sure that a fixed proportion of forms is obtained. Furthermore, the method of analyz
ing for the proportion of forms would have to be validated. Also, the proportion of 
forms would have to remain within stated limits through the retest date of the drug 
substance and potentially throughout the shelf life of the product-a difficult require
ment if the forms interconvert. Thus, the way to avoid a substantial amount of work in 
this area is to select a single solid form for production. Usually, this would be the most 
physically stable form when whose bioavailabilities are not significantly different. 
Selection of the most stable form would, of course, insure that there would be no 
conversion into other forms. 

Powder diffraction is often a useful method to determine the percentages of poly
morphs in a mixture; however, as discussed above, the detection limit is variable from 
case to case and can be as high as 15% or as low as 0.5% or perhaps lower (Matsuda 
and Tatsumi, 1990; Tanninen and Yliruusi, 1992). 

In cases where stability or bioavailability issues exist, the solid form present in the 
drug product should be investigated, if possible. As discussed above, solid-state NMR 
appears to be the best method for the study of the drug substance in the dosage form 
(Bugay, 1993; Saindon et al., 1993). In some cases, solid-state NMR analysis is 
possible even though tablets contain approximately 95 mg of excipients and 5 mg of 
drug. There are numerous cases, often involving complex mixtures or low dose 
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products, where solid-state NMR (and in fact any technique) will not be sensitive 
enough to identify the polymorph present in the drug product. However, safety and 
efficacy are, of course, independently controlled by the potency assays and by the 
physical tests (e.g., dissolution). 

B. SOLVATES (INCLUDING HYDRATES) 

The decision tree for solvates and hydrates (where water is the solvate) is shown in 
Figure 22.15. It outlines investigations of the formation of solvates, the analytical tests 
available for solvates, studies of the physical properties of solvates and the controls 
needed to ensure the integrity of drug substance containing either a single morphic form 
or a mixture. 

The decision tree for solvates is applied after the preliminary crystallizations have 
been completed. These are essentially the same as in the polymorph decision tree but, 
in addition, should include solvent-water mixtures in order to maximize the chance for 
solvate formation. These experiments can be guided by moisture uptake (percent 
relative humidity) studies. Any solids that indicate a significant change in water content 
as indicated by the percent relative humidity-moisture profile should also be examined. 
The resulting solid phases are preferably characterized by a combination of meth
ods-two for phase identity and two to reveal composition and stoichiometry. 

With very few exceptions, the structural solvent contained in marketed crystalline 
drug products is water. It is nevertheless desirable to characterize other solvated 
crystalline forms of a drug for several reasons: they may be the penultimate form used 
to crystallize the final product and thus require controlled characterization; they may 
form if the final crystallization from solvents, especially mixed solvents, is not well 
controlled; they may be the actual crystallized form of a final product that is desolvated 
during a final drying step; they may be the form used in recovery for subsequent 
rework. The relevance of these points will vary from case to case, but for the present 
discussion we shall treat the subject of solvates in its broadest form. 

The physical properties of solvates are often quite different from the anhydrate 
form. For this reason it is important to characterize the physical properties described in 
the decision tree. As with polymorphs, a number of methods are useful for the charac
terization of solvates. Of course, for hydrates the percent relative-humidity profile is 
particularly important. These methods are listed in the decision tree. 

Another important area is the analysis of the material produced after wet granula
tion of a substance which can form hydrates. We are aware of cases where the bulk 
drug substance is manufactured and stored as the anhydrate. However, upon wet 
granulation, there is a conversion (either partial or complete) to a hydrate. Subsequent 
drying is sometimes not adequate to convert the substance back to the anhydrate, and a 
hydrate or a mixture of hydrate and anhydrate remains. The formation of a hydrate and 
its subsequent drying can result in a change in particle size of the drug substance 
(Himuro et al., 1971 ). 

The manufacturing process of a drug product may include wet granulation or a 
processing step that will subject the dru11 substance even to a brief change in tempera
ture and pressure (e.g., milling or compression). In this event, extensive preliminary 
studies concerning the ability of the drug substance to convert to a new crystal form 
must be carried out in the laboratory by mimicking these processing steps. 
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C. DESOLVATED SOLVATES 

Desolvated solvates are compounds that crystallize as solvates but undergo desolvation 
prior to analysis. Often these desolvated solvates retain the structure of the solvate with 
relatively small changes in the lattice parameters and atomic coordinates, but no longer 
contain the solvent. In addition, desolvated solvates are apt to be less ordered that their 
crystalline counterparts. These forms are particularly difficult to characterize properly 
since analytical studies indicate that they are unsolvated materials (anhydrous crystal 
forms) when, in fact, they have the structure of the solvated crystal form from which 
they were derived. Several observations may give clues that one is dealing with a 
desolvated form: 

a. the form can be obtained from only one solvent 
b. on heating, the form converts to a structure known to be unsolvated 
c. the form has a particularly low density compared to other forms of 

the same substance 

Experiments that help to clarify whether an apparently solvent-free modification is a 
desolvated form or a true anhydrate include: 

a. single-crystal X-ray structure detellTlination in the presence of 
mother liquor from the crystallization 

b . comparison of the X-ray powder diffraction patterns and solid-state 
NMR spectra of the solvated and desolvated crystal forms 

c. determination of the vapor pressure isotherm by varying the vapor 
pressure of the specific solvent involved 

A desolvated form will often take up stoichiometric amounts of the relevant solvent. In 
addition, crystals of the form directly isolated from the crystallizing medium will show 
a plateau in their isotherm as the vapor pressure of the solvent is reduced. 

Figure 22.16 shows the decision tree used to address regulatory issues involving 
desolvated solvates. It is similar to the polymorphs decision tree except that ' the first 
question involves determining whether a solvate was formed initially and then desol
vated , perhaps by "air drying." The remaining questions are identical to the poly
morphs decision tree. 

D. AMORPHOUS FORMS 

Amorphous forms are of substantial interest because they usually are much more 
soluble than their crystalline counterparts. Indeed, there are cases where the amor
phous form is the only solid form that has adequate bioavailability. The initial question 
with this decision tree (Figure 22.17) is similar to the previous ones: Are amorphous 
forms possible? Amorphous forms can be prepared in different ways, for example, by 
spray drying or by freeze drying. One can test whether an amorphous form has been 
produced hy using one of the methods listed. 

The next question on the decision tree is whether the amorphou forms have dif
ferent physical properties. The answer to this question will almost certainly be yes . 
Three differences from crystalline forms may generally be expected for amorphous 
forms: 
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a . amorphous forms have greater solubility 
b. amorphous forms take up water more exter sively 
c . amorphous forms are sometimes less chemi cally stable 

Another key question for an amorphous form is: Does it crystallize, and how and 
when? This question is very important since inadvertent crystallization can greatly 
affect the solubility and dissolution rate, or lead to other failures in formulation . 
Moreover, inadvertent crystallization of an amorphous from shows a lack of control of 
the material. 

22.11 CONCLUSION 

In this last chapter, many of the developing areas of the solid-state chemisLry of drugs 
have been summarized. It is expected that many of these areas will become fully 
developed over the next few years. 
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