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Purpose. The purpose of this paper is to provide a physical description of the amorphous state for

pharmaceutical materials and to investigate the pharmaceutical implications. Techniques to elucidate

structural differences in pharmaceutical solids exhibiting characteristic X-ray amorphous powder

patterns are also presented.

Materials and Methods. The X-ray amorphous powder diffraction patterns of microcrystalline cellulose,

indomethacin, and piroxicam were measured with laboratory XRPD instrumentation. Analysis of the

data were carried out using a combination of direct methods, such as pair distribution functions (PDF),

and indirect material modeling techniques including Rietveld, total scattering, and amorphous packing.

Results. The observation of X-ray amorphous powder patterns may indicate the presence of amorphous,

glassy or disordered nanocrystalline material in the sample. Rietveld modeling of microcrystalline

cellulose (Avicel\ PH102) indicates that it is predominantly disordered crystalline cellulose Form I"

with some amorphous contribution. The average crystallite size of the disordered nanocrystalline

cellulose was determined to be 10.9 nm. Total scattering modeling of ground samples of !, +, and %

crystal forms of indomethacin in combination with analysis of the PDFs provided a quantitative picture

of the local structure during various stages of grinding. For all three polymorphs, with increased grinding

time, a two-phase system, consisting of amorphous and crystalline material, continually transformed to a

completely random close packed (RCP) amorphous structure. The same pattern of transformation was

detected for the Form I polymorph of piroxicam. However, grinding of Form II of piroxicam initially

produced a disordered phase that maintained the local packing of Form II but over a very short

nanometer length scale. The initial disordered phase is consistent with continuous random network

(CRN) glass material. This initial disordered phase was maintained to a critical point when a transition

to a completely amorphous RCP structure occurred.

Conclusions. Treating X-ray amorphous powder patterns with different solid-state models, ranging from

disordered nanocrystalline to glassy and amorphous, resulted in the assignment of structures in each of the

systems examined. The pharmaceutical implications with respect to the stability of the solid are discussed.

KEY WORDS: amorphous; CRN; disorder; disordered nanocrystalline; glass; pair distribution function
(PDF); RCP; Rietveld; total scattering; X-ray powder diffraction (XRPD).

INTRODUCTION

Typically, the occurrence of a noncrystalline solid form
can be determined by observing the loss of the distinct X-ray
powder diffraction (XRPD) peaks characteristic of crystal-
line order, and the appearance of a general Bhalo’’ pattern.

Such FX-ray amorphous_ material is generally characterized
further by thermal analysis in a differential scanning calorim-
eter (DSC) where the appearance of a glass transition tem-
perature, Tg, confirms the noncrystalline nature of the
material (1). There are, however, a number of different non-
crystalline phases that can give broad halos in the measured
XRPD data, the most commonly observed of which are
supercooled liquids and glasses (2).

At the present time the two primary theoretical models
of glassy/amorphous materials that have been relatively
successful in predicting material properties are the random
close packed (RCP) and continuous random network (CRN)
models. In the RCP model, molecules pack to minimize the
local free energy and maximize local entropy without any
consideration of three-dimensional (3D) tiling, i.e., no long-
range translational, orientational, or conformational symme-
try (3). The local molecular packing within an RCP model
need not be related to any crystalline packing arrangement,
as shown in Fig. 1a. The CRN model, originally proposed by
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Zachariasen (4), describes a glassy material that is character-
ized by a single optimum intermolecular bonding network.
Typically, the preferred molecular packing will be represen-
tative of a Fhigh temperature_ crystalline polymorph. Indi-
vidual molecules will, however, exhibit a random distribution
of bond angles and distances about the preferred packing
arrangement. This is schematically represented in Fig. 1b.
The relationship between the crystalline state and the glassy/
amorphous state implied by these models can be further
explored in terms of Fthermodynamic_ and Fkinetic_ disorder-
ing processes.

Three long-range order (LRO) symmetry operators
(translational, orientational, and conformational) define the
various solid forms available to an organic molecule. A
crystalline system is defined by the presence of all three
operators; the various mesophases (liquid crystals, condis
crystals, and plastic crystals (5)) have one or two of the long
range symmetry operators and the ideal amorphous state is
defined by the absence of all three operators. Figure 2 outlines
how the loss of these intrinsic LRO symmetry operators can
lead to disordering of the crystalline phase resulting in
various noncrystalline solid forms. The appearance of disor-
der in the solid state caused by the loss of the crystalline
LRO operators is herein referred to as thermodynamic
disordering due to the symmetry breaking nature of these
transitions. Thermodynamic disordering allows for the ap-
pearance of random close packing in the amorphous state. In
direct contrast to the discrete symmetry breaking thermody-
namic disordering, Fig. 2 also outlines a more continuous
disordering process where long-range order is reduced to
short range order (SRO). The continuous process will be
referred to as kinetic disordering and can occur for crystalline

material or any of the mesophases. Kinetic disordering will,
for example, reduce LRO crystalline material to SRO
nanocrystalline material (6) or glassy material (7). Kinetic
disordering preserves the local crystalline/mesophase packing
symmetry into the glassy state. Thermal analysis of the
liquidYsolid transformation should exhibit a melt transition
for any solid form defined by one or more order parameters
(crystalline and mesophase) and a glass transition for a solid
form defined by an absence of one or more order parameters
(amorphous and mesophase).

A consideration of thermodynamic and kinetic disorder-
ing processes, as depicted in Fig. 2, suggest the existence of
two different types of amorphous/glassy phases; the thermo-
dynamic ideal amorphous and the kinetic glass. It is proposed
that the ideal amorphous phase can be described by the RCP
model and that the kinetic glass can be described by the CRN
model. An ideal or true amorphous material is defined as
isotropic, having no order (translational, orientational, or
conformational) on any significant length scale (8). However,
the complex molecular structures of pharmaceutical com-
pounds automatically introduce local anisotropy to an
amorphous system. To reflect this non-ideality, the term
Famorphous_ or BRCP amorphous’ is used in the context of
this work to denote a material that has inherent SRO due to
the local anisotropy present in the system but is isotropic on a
macroscopic scale. For most organic molecular materials the
SRO is not expected to extend over distances much larger
than nearest neighbor (NN) or next nearest neighbor (NNN)
interactions, which are typically less than 20Y25 Å for small
organic molecules (9). The CRN kinetic glass is inherently a
metastable phase that will have different excess configura-
tional entropy than the ideal amorphous because it retains
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Fig. 1. Models of disordered phases; (a) random close packed, (b) continuous random network, (c)

microstructural model illustrating the contribution of molecular anisotropy to local domain structure and

strain field interface formation, and (d) enlargement of (c) illustrating the NN coordination observed

using pair distribution functions.
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the local molecular packing motif and bonding of the parent
crystalline form (10).

An intermediate X-ray amorphous material within the
kinetic disordering continuum is disordered nanocrystalline.
Within the scope of this work, disordered nanocrystalline
material refers to a solid form that retains the molecular
packing motif of a parent crystalline polymorph but only over
very short distances corresponding to a few nanometers. The
actual order length scale will depend on the size of the
molecule and the number of NN involved in the local order.
This length scale is not the same as a particle size measured
for powder samples. Glassy material like silica glass (7) is the
end point of kinetic disordering within the solid state. In the
glassy material, although the molecular packing motif will
still be representative of a parent crystalline form, the
concept of an average unit cell is no longer applicable. From
X-ray diffraction measurements it is typically the length scale
of the order that separates disordered nanocrystalline from
glassy material. As such, X-ray diffraction measurements
alone are often insufficient to distinguish the two phases.
However, thermal analysis of a glassy phase should reveal a
glass transition temperature, whereas only a melt would be
expected for a nanocrystalline material.

Based on these concepts, the random nature of amor-
phous or glassy phases implies the existence of more densely
packed regions (local domains) representing the average local

order driven by the anisotropy of the molecule and less
densely packed regions (microstructure) representing the
interaction between the local domains. Our proposed amor-
phous model describing local domains of order surrounded by
microstructure is shown schematically in Fig. 1c. Obtaining
information about the order in the local domains using
XRPD provides a better understanding of the amorphous
material being generated.

Due to the complexity of noncrystalline materials, it is
important to understand their physical properties, be able to
distinguish the different types of materials, and understand the
nature of the glassy state. Consequently, in depth analysis of
the X-ray diffraction patterns is required, as well as additional
measurements of structure to establish the true nature of X-
ray amorphous materials. To this end, materials that have
been rendered noncrystalline through cryogenic grinding have
been analyzed by various methods and classified as disordered
nanocrystalline, glassy, or amorphous materials. By examining
the features of the pair distribution function (PDF) of material
after different grinding times, it will be demonstrated that
changes can be identified related to the crystalline form that
arise from the stresses induced during grinding. XRPD and
PDF data are discussed for microcrystalline cellulose (MCC),
indomethacin (11), and piroxicam (12) materials. In conclu-
sion, the pharmaceutical implications of observed differences
in the type of X-ray amorphous material formed and its
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Fig. 2. Thermodynamic and kinetic disordering processes in solid systems illustrating the relationship

between molecular order (translation, orientation, and conformation) and the length-scale of

cooperativity; LRO, MRO and SRO. The dashed line reflects a projection of the Fdegree of disorder_

onto the kineticYthermodynamic disordering plane, highlighting the similarity in the SRO and therefore

the observed XRPD patterns, of different solid phases. In this view, a Fperfect crystal_ is representative

of a solid without any disorder and Famorphous_ reflects greatest degree of disorder. The ranges denoted

for Tg and Tm represent systems that undergo a glass transition and melting, respectively.
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stability will be discussed. This report is the first in a series of
papers from our laboratories to discuss the characterization
and understanding of amorphous and noncrystalline materials.

EXPERIMENTAL

Systems Analyzed

Microcrystalline cellulose (MCC), Avicel\ PH102, was
obtained from FMC Corporation (Philadelphia, PA). The
sample was analyzed using a Bruker D-8 Discover diffractom-
eter and Bruker’s General Area Diffraction Detection System
(GADDS, v. 4.1.20). An incident beam of Cu K! radiation was
produced using a fine-focus tube (40 kV, 40 mA), a Göbel
mirror, and a 0.5 mm double-pinhole collimator. The sample
was packed between 3-2m thick films to form a portable disc-
shaped specimen. The prepared specimen was loaded in a
holder secured to a translation stage and analyzed in
transmission geometry. A beam-stop was used to minimize
air scatter from the incident beam at low angles. Diffraction
patterns were collected using a Hi-Star area detector located
15 cm from the sample and processed using GADDS. The
intensity in the GADDS image of the diffraction pattern was
integrated using a step size of 0.01- 2�. The integrated patterns
display diffraction intensity as a function of 2�. Prior to the
analysis a silicon standard was analyzed to verify the Si 111
peak position.

A sample of quench melt indomethacin was prepared for
model development and was analyzed using a Shimadzu
XRD-6000 X-ray powder diffractometer using Cu K! radia-
tion. The instrument is equipped with a long fine focus X-ray
tube. The tube voltage and amperage were set to 40 kV and
40 mA, respectively. The divergence and scattering slits were
set at 0.5- and the receiving slit was set at 0.15 mm. Diffracted
radiation was detected by a NaI scintillation detector. A �Y2�
continuous scan at 3-/min (0.4 s/0.03- step) from 2.5 to 60-2�
was used. Five scans were collected per sample and the
measured counts of each scan were added. A silicon standard
was analyzed to check the instrument alignment. Data were
collected and analyzed using XRD-6000 v. 4.1. Samples were
prepared directly in an aluminum holder for analysis.

XRPD data previously reported for quench melt and
cryoground indomethacin (11) and piroxicam (12) were
further analyzed using the methods described below.

Materials and Methods

The measured X-ray powder patterns from disordered
nanocrystalline/glassy and amorphous materials will all exhib-
it the broad halos characteristic of X-ray amorphous material.
A visual inspection of the measured X-ray amorphous
patterns and their relationship to the crystalline powder
patterns can provide some suggestion as to the type of material
that may be present. The diffuse halos present in X-ray
amorphous patterns from disordered nanocrystalline material
will show strong correlation to the diffraction peaks present in
the powder pattern of the parent crystalline polymorph. The
transition from disordered nanocrystalline to glassy may cause
the position of the diffuse halos to move with respect to the
diffraction peak from the parent crystalline form but the

overall intensity envelope of the two powder patterns should
be similar. The diffuse halos in the X-ray amorphous pattern
for thermodynamic amorphous material may show no corre-
lation to either peak positions or the intensity envelope
observed in the powder pattern of the parent crystalline
polymorph. Although some information can be extracted
through analysis of the measured X-ray amorphous patterns,
any direct analysis of the measured X-ray powder patterns
without consideration of the underlying molecular packing
can lead to ambiguous conclusions. The most self-consistent
approach to the analysis of X-ray amorphous data is to start
with an appropriate molecular packing model and work
towards the X-ray diffraction pattern. This type of analysis
requires a different set of analytical tools than those tradition-
ally used to analyze X-ray powder data.

Pair Distribution Functions (PDF)

The PDF is a total diffraction approach to studying the
structure of both amorphous and crystalline materials, pro-
viding a fingerprint of the inter-atomic distances that define a
particular solid form (3). The PDF is presented as probability
against distance and represents the weighted probability of
finding two atoms separated by a distance r (13). The peaks
in the PDF correspond to commonly occurring interatomic
distances, where the product of peak area and distance gives
the number of atoms involved weighted by the number of
electrons per atom. A PDF trace is a robust one-dimensional
representation of a radially averaged three-dimensional
structure (14Y18), as shown in Fig. 1d.

Following Warren (19) the PDF is simply the Fourier
sine transform of the reduced structure factor representation
of the measured XRPD data. The most critical step in
deriving the PDF is the reduction of the measured data in 2�
to the reduced structure factor S(Q). Then the data must be
corrected for experimental aberrations including absorption,
lorentz-Polarization, multiple scattering, instrumental back-
ground and thermal contributions (20,21). The corrected data
expressed in terms of Q can then be reduced to remove the
average electronic form factor giving S(Q) in a form suitable
for transformation into a PDF. The qualitative form of the
reduced structure factor is used in ensuring a PDF trace free
of artifacts induced by the Fourier transformation. The
reduced structure factor should oscillate around zero moving
continuously to the base line at both low and high Q. A
further measure of the PDF Fquality_ for quantitative analysis
is that integration over the complete reduced structure factor
gives the average material density (21). PDF analyses
performed in this study used software developed internally
based on published equations (19).

Most data published on the use of PDFs require the
measurement of data on synchrotron systems out to large Q-
values (22). However, the combination of atomic/molecular
form factors and thermal vibrations present in molecular
organic materials causes the measured X-ray intensity for
intermolecular correlation to fall off to background levels
between 40 or 60-2� when using Cu K! radiation (1~1.5406
Å). This rapid intensity fall off means that data collected on
standard laboratory powder diffraction systems is sufficient to
calculate PDFs that capture the relevant intermolecular
ordering information. The reduced measurement range does
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however, reduce the spatial resolution of the resulting PDF.
As with any Fourier transform-based analysis technique, the
presence of significant noise levels within the measured XRPD
data or false termination steps can lead to the appearance of
spurious correlations within the PDF. This problem is
especially serious, when analyzing X-ray amorphous materials
(due to the low signal-to-noise) and can be minimized by
averaging the results of multiple measurements and by
collecting data and background at both high and low angles.

A direct comparison of experimentally determined PDF
traces is a straight forward method for identifying possible
kinetically disordered materials. For kinetically related
materials, the same PDF peaks are to be expected at short
distances. Once a kinetic disordered material has been
identified, the challenge is to determine the disordering
process that relates the PDF peak intensities and longer
distance PDF peak positions. The breaking of 3D crystal
symmetry that occurs with the thermodynamic transition into
an amorphous phase typically causes the PDF peaks from the
amorphous phase to move more significantly with respect to
the PDF peaks from the crystalline phase. If the comparison
between experimental PDF traces for an ordered and
disordered phase show significant movement of the first inter
molecular peak positions, this is an indicator that a thermo-
dynamic transition has taken place and that the materials
may not be kinetically related.

Rietveld Method

Although the Rietveld method was originally developed
for single crystal structure solution (23,24), it has been
extensively applied for quantitative analysis and microstruc-
ture analysis. The core of the Rietveld approach is a single
crystal structural model of each phase being analyzed. In
principle, the kinetic disordering of a crystalline material can
be treated as a crystalline phase with variable microstructure
(crystal size, micro-strain and defects) (25,26). The Rietveld
analysis results presented here were derived using MAUD,
v.1.998 (27).

However, the Rietveld method has a number of signif-
icant weaknesses when dealing with materials exhibiting
SRO. Perhaps the most commonly reported problem is the
use of discrete structure factors, which are only evaluated at
the expected Bragg diffraction positions. For XRPD patterns
with broad halos, the continuous variability of the material
structure factor can cause peak shape and peak position
changes that cannot be described using discrete structure
factors (28). With the Rietveld method being based on
coherent diffraction peaks it is also unable to model the
incoherent diffuse X-ray which may be the dominant
contribution for X-ray amorphous materials.

Total Scattering Method

To extend the original Rietveld method towards kinet-
ically disordered materials, a new X-ray powder pattern
simulation approach has been developed using a continuous
structure factor extension to the original Rietveld approach
that includes the possibility of single random defects and
correlated pair random defects (29). The implementation of
this method will be discussed in a forth coming paper (30).

Using this total scattering model, X-ray diffraction from
nanocrystalline/glassy and disordered crystalline materials is
described by a combination of coherent and incoherent
scattering profiles. Because of the random nature of the
molecular arrangements in the glassy phases, however, the
concept of a single average unit cell used in traditional
powder pattern calculation is often not sufficient to describe
the observed X-ray diffraction within the continuous struc-
ture factor model. For glassy materials, the continuous
structure factor is evaluated over multiple unit cells with
randomly displaced molecules in an attempt to model the
random nature of the material. The use of an expanded unit
cell also removes the dominating small angle scattering
component calculated by the total scattering models based
upon a single average unit cell. The molecular models used to
derive the total scattering may also be used to derive
simulated PDF’s.

Amorphous Packing Model (APM)

Modeling the X-ray diffraction from the thermodynamic
amorphous phase at the molecular level requires a different
theoretical approach, as the molecular packing by definition is
not related to any crystalline unit cell. The ideal approach
would be to generate a randomly packed ensemble of
molecules or molecular complexes using computer simulation
techniques like Monte Carlo or molecular dynamics. Howev-
er, to date, computational modeling has only been successfully
applied to the random packing of ideal Fmolecules_ such as
spheres, rods, ellipses and rectangles (31Y33). If a random
packing arrangement could be generated, then the pair
distribution function of that arrangement can be used to
generate the X-ray powder pattern (34), or can be directly
matched to an experimentally derived PDF.

Simplified models of the expected molecular packing
within the thermodynamic amorphous phase can be proposed
based upon the emergent characteristic of randomly packed
systems that molecules tend to form short range uniaxial
stacks characterized by the shortest intermolecular packing
distances. Using the KAP approach (35) and minimizing the
local molecular free energy, it is relatively straight forward to
generate possible molecular packing arrangements for the
amorphous state. If a PDF transform of a measured X-ray
amorphous pattern has been made, then the most likely
packing distances along with their relative abundance can be
determined in advance. This local nearest neighbor approach
to modeling the thermodynamic amorphous material may
return a number of different local molecular packing
arrangements that give similar packing distances. To help
identify the most appropriate local packing model, the X-ray
powder pattern for the nearest neighbor arrangements can be
simulated from the derived PDF or using a similar total
scattering model as used for the glassy material (30).

The emergent property of short range uniaxial packing
along the shortest intermolecular packing directions has a
significant implication for measured X-ray powder patterns
for amorphous materials. Depending on the degree of
molecular anisotropy, there may be up to three preferred
packing directions. Each preferred packing direction within
an amorphous material will give rise to a diffuse diffraction
halo in the measured powder pattern.
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RESULTS AND DISCUSSION

The materials analyzed in the following section all appear
to be X-ray amorphous in nature, exhibiting three or fewer
primary diffraction halos in the measured X-ray powder
patterns. The nature of the local molecular order, however,
is proposed to be different for each material. The examples are
focused on four broad categories of materials that can give rise
to X-ray amorphous patterns (disordered nanocrystalline,
glassy, amorphous, and mixed systems). Analysis of meso-
phases as an example of X-ray amorphous solids was
determined to be outside the scope of this work.

Disordered Nanocrystalline Materials

Disordered nanocrystalline materials are solids that have
lost their long-range crystalline order and have become
disordered, but are not amorphous. The broad X-ray amor-
phous halos observed in disordered nanocrystalline materials
are related to the crystalline microstructure (crystal size,
micro-strain and defects) and are correlated to parent
crystalline peaks.

In pharmaceutical systems, including drug substances,
grinding crystalline material to produce disordered nanocrystal-
line material results in XRPD patterns where the peaks are
observed to continuously broaden upon grinding due to loss of
LRO. The observation of continuous peak broadening through-
out the disordering process is indicative of the formation of
disordered nanocrystalline material. For a disordered nano-
crystalline system, there is a continuum of states between LRO
and SRO, which are proposed to be a single thermodynamic
phase with varying degrees of kinetic disorder.

Microcrystalline Cellulose

Microcrystalline cellulose is commonly treated as an
amorphous material although there has been some uncertainty
over the exact nature of the solid form. Indeed the key solid
state characteristics, i.e., compaction properties, show that it
undergoes significant plastic deformation consistent with a
highly disordered solid. Due to its ubiquitous use in product
development and lack of clarity around its structure, it provides
a useful illustration of the methods under discussion. Cellulose
exists in a number of different crystalline polymorphic forms
that depend on the source of the material as well as the
manufacturing process. Native cellulose (cellulose I), occurs as
partially crystalline microfibrils composed of mixtures of two
different crystalline polymorphs, cellulose I! and I". The ratio
of these forms varies depending on the natural source and only
recently have the forms been available in a sufficiently pure
form for crystal structure analysis (36,37).

Microcrystalline cellulose is commonly used as a binder in
pharmaceutical formulations where it is frequently referred to
as being an amorphous excipient. The dry Tg of microcrystal-
line cellulose is reported as 221 (38) and 235-C (39). A recent
report (40) of crystalline cellulose has demonstrated the utility
of Rietveld modeling for investigating disordered nanocrystal-
line material in microcrystalline cellulose samples from a
variety of sources. Depending on the correlation length within
the crystalline regions (crystal size), traditional Rietveld
methods may be able to accurately model the broadening of

the coherent diffraction peaks. However, the Rietveld method
will be unable to directly model the appearance of any
incoherent diffuse (X-ray amorphous) scattering.

As suggested by its name, microcrystalline cellulose
should represent an ideal material to demonstrate X-ray
amorphous patterns driven by nanocrystalline disorder. The
data in Fig. 3 represents an XRPD measurement of micro-
crystalline cellulose (Avicel\ PH102). Using the published
crystal structures for Forms I!, I" and II of cellulose
(36,37,41), traditional Rietveld modeling determined that
the MCC sample contained no significant amounts of
cellulose forms I! and II, but did contain Form I". The
average crystal size used to achieve the best fit was 10.9 nm,
establishing it as disordered nanocrystalline. However, the
shape of the residual from the Rietveld modeling indicated
that a significant diffuse X-ray amorphous component was
present. Within the traditional Rietveld approach the diffuse
X-ray amorphous scattering can be treated as one or more
broad peaks. The best fit to both the residual and the original
measured data suggested a single halo X-ray amorphous
contribution centered at 21.4-2�. Taking the ratio of the total
diffuse X-ray intensity to the total nanocrystalline X-ray
intensity gave an estimated concentration of approximately
26 wt.% X-ray amorphous. The concentration returned by a
single sample Rietveld analysis cannot be considered to be a
true quantitative number, however, this value is consistent
with a previously published value of 37 wt. % (42). The
microstructure of MCC is known to be variable so it is not
unexpected that the percentage amorphous values differ
slightly. The disordered nanocrystalline and X-ray amor-
phous components are displayed in Fig. 3 along with the best
fit and measured XRPD data. The Rietveld analysis readily
confirms the presence of both disordered nanocrystalline
Form I" and X-ray amorphous cellulose, However, the
traditional Rietveld approach gives little reliable information
concerning the molecular level structure present in the X-ray
amorphous phase.

Amorphous Materials

Within this study, the thermodynamic amorphous phase
has been defined with respect to the crystalline polymorphs.
As such, cryo-grinding studies provide an ideal experimental
approach to investigate the formation of amorphous material
and the nature of the X-ray diffraction response. The typical
behavior observed when grinding a crystalline organic mate-
rial to produce amorphous material is that an increasing
percentage of the crystalline material will collapse to amor-
phous as a function of grinding time. The amorphous local
packing generates broad halos in the XRPD pattern that are
not correlated to the crystalline peaks. If no significant change
is observed in the crystalline diffraction peaks upon grinding,
the ground sample can be modeled as a phase separated binary
mixture of thermodynamic amorphous and crystalline materi-
als. For clarity, this type of relationship between crystalline
and amorphous phases will referred to as Type I (Fig. 4).

Indomethacin

An example of a material exhibiting Type I amorphous
behavior is indomethacin. Three unsolvated forms of indo-
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methacin (!, + and %) are known, and grinding studies of these
forms have been performed (11). XRPD data obtained from
these grinding studies are further analyzed here.

As shown in Fig. 5, cryoground + indomethacin exhibits
no peak broadening, indicating a phase separated binary
mixture. Sixty minutes of cryogrinding produces an amor-
phous material. The same trend is observed for cryoground
ground ! and % indomethacin samples. After grinding, the
amorphous patterns produced from the three forms are

essentially the same, as shown in Fig. 6. The amorphous
pattern of the quench melt material has been added for
comparison and it is evident that the same amorphous halo is
obtained. These data indicate that a common X-ray amor-
phous form is produced for indomethacin.

To obtain more information from the XRPD data,
PDFs were calculated. The PDFs of all ground indometh-
acin samples show the loss of LRO with continued grinding.
After 30 min of grinding, interactions greater than approx-

Fig. 4. Schematic of the disordering of crystalline solids. The distance d reflects the increase in local

structural order relative to an ideal amorphous material and is a manifestation of the increase in

cooperativity due to anisotropy.
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Fig. 3. Rietveld modeling studies of microcrystalline cellulose showing the measured and calculated

XRPD patterns for Avicel\ PH102 (overlaid). The calculated pattern was composed of disordered

nanocrystalline Form I" (middle) and a single dominant X-ray amorphous halo (bottom) at about

21.4-2�. The shape and position of the X-ray amorphous halo was determined from the residuals of the

initial Rietveld refinement using only crystalline Form I" cellulose. The shape and position of the

inferred X-ray amorphous peak is consistent with amorphous cellulose and corresponds to approxi-

mately 26 wt.%.
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imately 40 Å are not readily observed, but NN and NNN
interactions (SRO) are still intact in these samples (data
not shown). The PDFs of the ground (60 min) and melt
quench indomethacin samples are also similar when com-
pared. The PDF of the melt quench material is given in
Fig. 7 shows that the NN and NNN peaks corresponding to
the molecular coordination spheres are clearly visible. The
dominant PDF peak (NN) corresponds to a molecular
packing distance of approximately 4.6 to 4.7 Å. With the in-
clusion of van der Waals radii, the peak at 4.7 Å corresponds

to the indomethacin molecular thickness. This axis is ex-
pected to be the primary packing axis because it is the
shortest molecular axis and it is normal to the molecular
plane. A weaker lower angle halo in the X-ray amorphous
pattern corresponds to a packing distance of approximately
9.2 Å, driven by the intermediate length molecular axis.
The appearance of the two shortest molecular dimension in
the measured XRPD pattern is a strong indicator that the
indomethacin forms are thermodynamic amorphous mate-
rial from a Type I transformation.
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Fig. 6. XRPD patterns of amorphous indomethacin samples, (top to bottom): ground %, ground

!, ground +, and quench melt. The same X-ray amorphous pattern is observed for all samples.
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Repeating the analysis performed on MCC using the
traditional Rietveld method, the crystallite size for the three
known crystalline polymorphs (+, !, %) was decreased below
60 Å to calculate patterns representing disordered nanocrys-
talline data. None of the individual crystalline polymorphs
were able to provide a good fit to the measured X-ray amor-
phous data. Figure 8 (line a) shows the Fbest_ fit achieved using
the + crystalline form with the following isotropic microstruc-

tural parameters: crystal size ~60 Å, micro-strain ~11% and
isotropic thermal parameter 8.5. The isotropic thermal param-
eter is used to model random molecular deviation within the
average crystal structure.

A powder pattern generated using the total scattering
model for + indomethacin assuming a glassy structure is
compared to both the experimental X-ray amorphous XRPD
and the results of Rietveld modeling in Fig. 8. Neither of the
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Fig. 8. Results of Rietveld (a) and total scattering (b) analysis of the X-ray amorphous XRPD pattern

for indomethacin (c). Although the continuous structure factor in the total structure model is better able

to describe the primary halo shape and position, neither model is able to reproduce the measured data.

Being based upon the concept of an average crystal model, both calculated X-ray amorphous patterns

exhibit too much structure.

Fig. 7. PDF of quench-cooled melt preparation of + indomethacin with a NN and NNN peak position

of 4.7 and 9.2 Å, respectively.
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simulated X-ray powder patterns based upon a + indometh-
acin unit cell accurately describe the observed X-ray amor-
phous pattern. The simulated powder patterns exhibit either
a broader halo or more structure than is visible in the
measured X-ray amorphous pattern. Perhaps more impor-
tantly, the position of the primary halo is visibly shifted
between the simulated and measured patterns, indicating a
change in the local molecular packing arrangement. The
simplicity of the measured X-ray amorphous data with
respect to the simulated disordered nanocrystalline/glass data
and the observed peak shift support the proposal that any 3D
molecular correlations within an average unit cell have
collapsed and that indomethacin forms a randomly packed
thermodynamic amorphous phase.

The amorphous packing model was used to generate
possible XRPD patterns from those local clusters that gave
the lowest free energy and highest density. Figure 9 shows a
comparison between the measured X-ray amorphous pattern
and a simulated pattern from one of the possible local
molecular clusters without any attempt to fit the data except
for scaling. The simulated pattern is in good agreement with
the measured pattern. The molecular arrangement used to
generate the simulated powder pattern was derived from an
RCP model, further supporting the validity of a thermody-
namic amorphous indomethacin phase. These results indicate
that the single common X-ray amorphous pattern observed
for ground and melt/quench indomethacin is a product of a
thermodynamic amorphous phase described by random close
packing of the indomethacin molecule. Initial modeling

indicates that the most favorable nearest neighbor molecular
packing direction is normal to the plane of the molecule
containing the indole ring and phenyl ring, similar to packing
observed in the + crystalline form (43). This NN arrangement
is the shortest packing distance favored by the RCP model and
also preserves the hydrogen bond dimer, as shown in Fig. 10.
This finding is important in assessing and understanding the
physical stability of the amorphous material, which will be
discussed in a later section.

Supporting evidence for the indomethacin packing
model generated by the RCP simulations comes from Raman
and infrared measurements (44) which suggest that the
majority of the indomethacin molecules in the amorphous
state form hydrogen bonded cyclic dimers similar to the
Fgamma_ crystalline polymorph. Solid state NMR measure-
ments on amorphous indomethacin using spin-lattice relaxa-
tion times to estimate molecular mobility show that 73% of
the carbons were in a state of monodispersive relaxation (45).
This suggests that the amorphous state is relatively homoge-
neous and restricted. The carbons in the molecular plane
indole and phenyl rings showed slower mobility than the
chain carbons which is consistent with the proposed RCP
packing model. The molecular NN packing distances deter-
mined by the PDF indicate that a single molecule is the
packing synthon in the amorphous phase. Although the
resulting preferred packing allows the formation of a
hydrogen bond dimer, the dominant number of dimers
observed in the amorphous state indicates that the hydrogen
bonding must be influencing the preferred local packing.
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Fig. 9. Measured + indomethacin X-ray amorphous pattern (top) and best fit simulated XRPD pattern

using the amorphous packing model (bottom). The primary halo at ~20-2� corresponds to an NN molecular

coordination distance of approximately 4.7 Å, while the weaker second halo centered at about 11.7-2�
corresponds to a second NN coordination distance of approximately 8.7 Å. These packing distances do not

correspond to the Bragg d-values for the measured peak positions due to the spherical averaging. The

packing distances closely correspond to the two smallest molecular dimensions plus 1.5 Å. Note the 9.5 Å

peak denoted on the PDF in Fig. 7 is related to the second harmonic of the primary NN packing distance

and not the secondary packing direction revealed in the molecular packing study.
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The lack of broadening observed for the crystalline
diffraction peaks upon grinding indicate that RCP amor-
phous indomethacin materials are produced from the known
crystalline forms via a first-order-like Type I transformation.

Combined Glassy/Amorphous System

In contrast to the binary phase relationship observed for
the Type I crystalline to amorphous transition, X-ray
diffraction measurements of cryoground piroxicam (12)
indicate that a more complex relationship between crystalline
and amorphous forms is possible. Piroxicam is known to exist
as two unsolvated forms, designated Forms I and II (12). The
X-ray diffraction measurements of the cryogrinding study
performed on the two polymorphs will be summarized and
further analyzed in this section.

Piroxicam

The XRPD data collected during the cryogrinding of
Form I indicated that Form I piroxicam behaved much like
indomethacin. There was no observable diffraction peak
broadening while the X-ray amorphous component was
observed to increase with grinding time. The published
Rietveld modeling of the X-ray amorphous pattern was
unable to achieve a good fit, which was taken as an indication
that the cryogrinding had produced a thermodynamic RCP
amorphous phase. Form II was also found to go amorphous
upon grinding; however, it revealed an intermediate X-ray
amorphous contribution that was markedly different from
the X-ray amorphous contribution observed on grinding the
more stable polymorph, Form I. With continued cryogrinding
of Form II, the intermediate X-ray amorphous contribution
collapsed to an XRPD pattern that matched the X-ray
amorphous pattern produced from Form I.

The intermediate Form II X-ray amorphous pattern
closely followed the intensity envelope observed for the

crystalline Form II XRPD pattern. Traditional Rietveld
modeling of the intermediate X-ray amorphous contribution
is able to achieve a reasonable fit with an effective crystal
size of 1 nm, Fig. 11a. The high temperature piroxicam Form
II crystal structure has a b lattice parameter of approximately
1.2 nm, so the effective crystal size from the Rietveld
modeling is smaller than the crystal unit cell. With the same
small crystal size, the fit to the measured intermediate X-ray
amorphous data was very poor using coherent scattering
from the total scattering model due to the dominant small
angle scattering generated by such small crystalline units. The
nonphysical crystal size along with the lack of agreement with
the total scattering model suggest that modeling the inter-
mediate X-ray amorphous phase as disordered nanocrystal-
line is not appropriate.

Neutron diffraction measurements on silica glass suggest
that it is the incoherent scattering from the high temperature
crystalline polymorph that provides the best description of the
diffuse scattering in the glassy phase (7). Figure 11b shows a
comparison between the measured intermediate X-ray amor-
phous pattern and the calculated incoherent scattering using
the total scattering model. Without refinement of the
piroxicam Form II crystal structure, the agreement between
the calculated incoherent scattering and measured X-ray
amorphous contribution is reasonably close. Although the
agreement to the measured data is not as good as that
achieved by the Rietveld refinement, modeling the disor-
dered phase as a CRN glass is a better physical representa-
tion than a disordered nanocrystalline material with 1 nm
effective crystal size. The observation of a glass transition for
the intermediate X-ray amorphous form would confirm it as
being a glass rather than a disordered nanocrystal.

It is proposed that cryogrinding of Form II piroxicam
caused the LRO crystalline material to initially collapse
towards a disordered nanocrystalline/glassy phase before
finally transforming through a solid-state disorder to disorder
phase transformation into an amorphous form. For clarity, this
type of relationship between the crystalline and amorphous
phase will be referred to as Type II (Fig. 4). The expected
continuous diffraction peak broadening prior to the forma-
tion of a disordered nanocrystalline phase was not observed
in the published data. This may be a result of expected rapid
Brecrystallization’’ or annealing of the partially disordered
crystalline material before the XRPD data could be collect-
ed. The persistence of the crystalline Form II diffraction
peaks with no observed peak broadening under cryogrinding
may also result from a discrete collapse of the crystalline
Form II structure into the glassy Form II piroxicam phase.

The more stable piroxicam Form I crystalline polymorph
is known to form hydrogen bonded dimers in the solid state
(12), similar to indomethacin. This is in contrast to the Form
II crystalline polymorph that forms continuous hydrogen
bond chains. The hydrogen bond chains may provide
sufficient stabilization of the crystalline molecular packing
allowing the crystalline Form II piroxicam to initially
transform into a glass phase before becoming amorphous.

The PDF of ground piroxicam Forms I and II showed
the loss of LRO with continued grinding with both forms
collapsing into the final thermodynamic RCP amorphous
phase. In the thermodynamic amorphous phase a reproduc-
ible local structure exhibiting three distinct NN order length

Fig. 10. Optimum NN molecular packing as derived from the

amorphous packing model applied to the measured X-ray amorphous

data of indomethacin. Note the primary packing direction occurs

approximately normal to the molecular plane defined by the rigid 5

member and 6 member rings, allowing the formation of dimers

similar to the published + crystal structure.
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scales at 4.8, 7.9, and 12.1 Å was observed (12). These
characteristic peak positions corresponded to the dominant
atomYatom distances in the amorphous phase and can be
related to the molecular dimensions of the molecule. With
the inclusion of van der Waals radii, the peak at 4.8 Å is
approximately the molecular thickness, the peak at 7.9 Å

approximates the molecular width, and the peak at 12.1 is
approximately the molecular length. The amorphous form of
piroxicam is unusual in that three uniaxial inter-molecular
packing relationships are established rather than the
expected and more common one or two. With the observed
packing distances being related to the physical size of a single
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Fig. 11. (a) Measured amorphous XRPD pattern for cryoground piroxicam Form II (top) and simulated

incoherent XRPD pattern (bottom) obtained using the total scattering model and a high temperature

modification of the single crystal structure (ref ID: KAFYAR) from Cambridge Structural Database

(CCDC). (b) Measured amorphous XRPD pattern for cryoground piroxicam Form II and Rietveld

calculated XRPD patterns from nanocrystalline material with crystal sizes of 1, 5, and 25 nm. A high

temperature modification of the single crystal structure (ref ID: KAFYAR) from Cambridge Structural

Database (CCDC) was used for the Rietveld calculations.
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molecule, the basic packing synthon in the amorphous state
corresponds to a single molecule and not a dimer. However,
analysis of the mechanochromism observed on the cryogrind-
ing of both Form I and Form II into the amorphous state (46)
indicate that only a small percentage of the hydrogen bonds
are broken by the cryogrinding. Work is continuing in our lab
to better understand the piroxicam system.

It is important to note that X-ray amorphous patterns
obtained for ground piroxicam represented three types of
materials: 1) RCP amorphous material obtained by a Type I
transformation (Form I grinding), 2) disordered nanocrystal-
line/ CRN glassy material (Form II grinding), and 3) RCP
amorphous material obtained by a Type II transformation
(Form II grinding). Although the XRPD patterns of the
amorphous forms derived from Type I or Type II trans-
formations are almost indistinguishable, the stability of the
materials was found to be different, as discussed in the next
section.

Pharmaceutical Implications

A property of amorphous materials not explored so far
that has direct consequences on the results that might be
returned by different analytical techniques is the existence of
microstructure. The formation of local short range order that
minimizes the local free energy suggests the existence of local
domains. The local molecular order is typically not crystalline
in nature and therefore is not able to grow into long range
order. This implies that it is the number of local domains that
characterize amorphous materials and not necessarily the size
of the domains. Due to the random nature of the amorphous
phase, the relative high density local domains must be
balanced by relative low density (high free energy) regions
that form the microstructure. This is schematically depicted
in Fig. 1c. Annealing of amorphous material is proposed to
allow more of the initial microstructure to convert to the
preferred local order. With a single thermodynamic amor-
phous phase, the average short range order within the local
domains will be stable and reproducible from batch to batch.
In contrast, the number of local domains and extent of the
microstructure will strongly depend on how the amorphous
material was formed and will directly influence a number of
material properties such as stability. Whereas XRPD is more
sensitive to the average local amorphous order in the local
domains, other experimental probes such as enthalpy,
volumetric relaxation, or water vapor absorption, are likely
to reflect to some extent the properties of the microstructure.
Characterization of amorphous/glassy systems, therefore,
requires the use of complementary experimental probes
which is currently being investigated in our laboratories.

Structural Aspects

As the above examples illustrate, obtaining a material
that exhibits an amorphous halo can represent any number of
BX-ray amorphous’’ or disordered phases, ranging from
disordered nanocrystalline to amorphous. Even amorphous
materials can differ based on the residual LRO present in the
sample.

When developing an amorphous material, it is important
to understand the type of disordered material being pro-

duced. As demonstrated with piroxicam, the amorphous
material obtained can be dependent on the starting material
and the process used to render it X-ray amorphous. This is
one reason that amorphous materials produced from differ-
ent crystalline forms or using different processes (milling,
lyophilization, quench melt) can result in varying physical
properties.

There are a number of ways to determine the type of
disordered system. One method uses the peak broadening
observed for the crystalline peaks in the XRPD pattern if
partially amorphous material is available (such as from
grinding the crystalline material or partial recrystallization
from an amorphous solid). Samples that exhibit continuous
peak broadening represent disordered nanocrystalline mate-
rial. Samples that do not exhibit continuous peak broadening
are amorphous materials. However, as observed with pirox-
icam, partially disordered nanocrystalline material is unstable
to LRO and may transform before the peak broadening can
be observed. Another method is examination of the PDF
data. If the intermolecular peaks in the PDF of the X-ray
amorphous material matches the initial crystalline material
but exhibits a decay in peak height, the material is disordered
nanocrystalline or glassy. Significant differences in the PDF
traces between the two materials will indicate an amorphous
material. Additional information can be obtained from the
PDF analysis, such as the correlation length of NN and NNN
interactions, which can help distinguish disordered nano-
crystalline from a glass. A third way is to model the XRPD
data. If a good fit is obtained for the experimental amor-
phous halo by decreasing the crystallite size in a Rietveld
model, the material is potentially disordered nanocrystalline,
provided the effective crystal size is physically realistic. If the
parent crystalline unit cell within the total scattering model is
able to describe the experimental data using the incoherent
scattering contribution, then the material is most likely
glassy. If an amorphous packing model readily fits the
experimental data, the material can be considered to be
amorphous.

From a practical standpoint, the type of disordered
material obtained will also influence quantitation of partially
amorphous samples. It is important to note that since
disordered nanocrystalline materials form one continuous
phase with crystalline material, quantitating the amount of
Bamorphous’’ material using crystalline/amorphous binary
mixtures as standards is not applicable and will not result in
representative values for the disordered material in the
sample. Rietveld or total scattering modeling to determine
material parameters, such as crystallite size and strain, is a
more appropriate method to characterize these materials.
For amorphous materials, the partially crystallized sample
consists of two phases, therefore, quantitating the amount of
amorphous material using binary phase mixtures of stand-
ards, as is often done for pharmaceutical systems (47), is
appropriate.

Physical Stability

The development of the amorphous form of an active
pharmaceutical ingredient (API) for use in solid dosage
forms is desirable when the crystalline form does not provide
the requisite pharmaceutical properties, particularly inade-
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quate oral bioavailability due to poor aqueous dissolution,
and when other approaches such as salt formation fail to
solve the problem. Since amorphous solids are in a higher free
energy state than the crystalline state, the development of
amorphous API represents a significant risk whereby the
compound might undergo re-crystallization over the time
course of processing, storage and use of the product. Although
some approaches are available to reduce crystallization rates,
e.g., the use of solid dispersions of API and polymers (48), it is
important to understand and characterize the intrinsic
tendencies of amorphous API to crystallize under various
conditions. It is well recognized that the crystallization of
API from the amorphous state depends on structural,
thermodynamic and kinetic factors (49). Of critical impor-
tance is the structure of the amorphous form at various
temperatures and relative humidities, since this impacts
strongly on the thermodynamic driving force for nucleation
and on the molecular mobility of the system, as reflected in
the relaxation times (50).

As shown in this study, the ground indomethacin
materials exhibit broad halos in the XRPD pattern uncorre-
lated to the crystalline peaks, indicating a first-order-like
Type I transition. Amorphous material produced via a first-
order-like Type I transition may retain some residual
memory of the initial crystalline phase due to the phase
coexistence implied by a first-order transition. This Fmemory_
is observed for indomethacin where, upon crystallization,
ground + indomethacin converts back to crystalline +
indomethacin. A careful examination of the PDF for +
indomethacin amorphous material reveals features at larger
intermolecular distances that are not a product of experi-
mental error or truncation errors introduced by the PDF
calculation. These weak features are seen to correspond to
peaks in the PDF for crystalline + indomethacin, Fig. 12. This
is strong evidence that the amorphous material produced by

cryogrinding + indomethacin retains residual + crystalline
form. This residual LRO for the + crystalline form can be
considered a Bmemory effect’’ or possible Bseeding effect’’
that has been postulated for a number of systems. The PDF
provides evidence that LRO in amorphous materials can
direct the crystal form produced under stress conditions. The
PDF data for cryoground ! indomethacin also helps explain
the observed crystallization for this material (Fig. 13). The
PDF for ground ! indomethacin shows residual ! indometh-
acin LRO, as well as additional structure, which is correlated
to + character (while it is not clear how the + appears, it is
known that below Tg, + is the dominant phase and may form
spontaneously (51)). Under stress, cryoground ! indometha-
cin recrystallizes to + and ! indomethacin (11).

This is consistent with the observation that while
grinding of the + form led to the + form upon recrystallization
at 30-C, grinding of the ! crystal form for 60 min resulted in
mixture of ! and + forms upon recrystallization at 30-C (52).
Further studies showed that a rapidly cooled quench melt,
subsequently cryoground in liquid nitrogen for 60 min,
produced an amorphous material with essentially the same
Tg as a sample cryoground from the + crystal for 60 min and
the same specific surface area (11). However, isothermal
crystallization from the quench cooled material at 30-C
revealed that the rate of crystallization for the ground
crystals was about five times greater than that observed for
the ground quench melt. Such behavior would be consistent
with the conclusion, presented above, that the formation of
amorphous materials by cryogrinding of the ! and + crystal
forms of indomethacin produces amorphous material with
seeds of the original crystal form used.

Cryoground piroxicam provides a useful example of
crystalline forms that convert upon grinding to amorphous
material both spontaneously and through an intermediate
short-range ordered phase. The XRPD pattern of piroxicam
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Form I shows no continuous peak broadening on the way to an
amorphous state, behaving like the indomethacin polymorphs
discussed above. However, the XRPD pattern of Form II shows
the formation of an intermediate disordered nanocrystalline/
glassy phase before collapsing to an amorphous phase.

The XRPD patterns obtained by grinding piroxicam
Forms I and II for 60 min resulted in amorphous materials
for both forms. The patterns for these samples show the same
amorphous character but different residual LRO (12). The
recrystallization behavior of the two amorphous materials
was reported to be different. The amorphous material
obtained from Form I recrystallized to Form I and exhibited
a crystallization onset of 48-C. The PDF of amorphous Form
I showed that the LRO of crystalline Form I was retained in
the amorphous material and provided an easy pathway to
recrystallization, resulting in a material that was not physi-
cally stable. In contrast, the PDF of the amorphous material
obtained from Form II showed no correlation with the PDF
of crystalline Form II and only a weak correlation was found
with the PDF of crystalline Form I. This is proposed to be
due to the more second order-like Type II disorder-disorder
phase transition in the system that resulted in the loss of
Bmemory’’ of LRO crystalline Form II. This material
exhibited a recrystallization onset of 63-C. Upon recrystalli-
zation, a new Form III material was reported. The loss of
memory not only thwarted conversion to Form I or II upon
crystallization, but provided a new pathway to produce
material described as Form III. This new pathway resulted
in material that was more stable to recrystallization based on
the recrystallization onset temperature. This example illus-
trates the need to use more than one technique to fully
understand the type of X-ray amorphous materials (disor-
dered nanocrystalline, glassy, or amorphous) as well as their
related stabilities.

CONCLUSIONS

As the above examples illustrate, obtaining a material
that exhibits an amorphous halo can represent any number of
BX-ray amorphous’’ or disordered phases, ranging from
disordered nanocrystalline to glassy or amorphous. Even
amorphous materials can differ based on the extent of the
microstructure and any residual LRO (seeds) present in the
sample. This is not polyamorphism (53Y55), but rather
kinetically different disordered materials.

Since amorphous materials are metastable compared to
crystalline pharmaceuticals, physical stability is an important
parameter when investigating and possibly developing amor-
phous drug substances. Materials ground to or exhibiting the
same X-ray amorphous pattern may crystallize at different
times or to different crystalline forms. This can be perceived
as a lack of control, resulting in amorphous materials that are
not consistent. A better understanding of the short-range and
long-range interactions in amorphous materials using PDFs
and other data analysis techniques presented in this paper
can help explain and possibly help control the physical
stability of the materials. Data analysis of X-ray amorphous
patterns play a significant role in addressing the primary
regulatory concerns for commercialization: understanding,
stability, and reproducibility.

All of the forms discussed here can be viable candidates
for product development. FDA has acknowledged this in open
forum and this is largely a result of the increase in under-
standing of amorphous materials in recent years. The key to
producing a dosage form with the desired quality as well as
gaining efficient regulatory acceptance is to understand as
fully as possible the solid state being filed. Without sufficient
demonstrated understanding one is essentially using an
uncharacterized form with all of the associated risks.
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The data generated within this study represent the initial
modeling results for X-ray amorphous organic molecular
materials. Further studies are required before general rela-
tionships between the crystalline, glassy, and amorphous
forms of organic molecular systems can be firmly established.
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