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Purpose. To use advanced powder X-ray diffraction (PXRD) to characterize the structure of anhydrous
theophylline following compaction, alone, and as part of a binary mixture with either α-lactose
monohydrate or microcrystalline cellulose.
Materials and Methods. Compacts formed from (1) pure theophylline and (2) each type of binary
mixture were analyzed intact using PXRD. A novel mathematical technique was used to accurately
separate multi-component diffraction patterns. The pair distribution function (PDF) of isolated
theophylline diffraction data was employed to assess structural differences induced by consolidation
and evaluated by principal components analysis (PCA).
Results. Changes induced in PXRD patterns by increasing compaction pressure were amplified by the
PDF. Simulated data suggest PDF dampening is attributable to molecular deviations from average
crystalline position. Samples compacted at different pressures were identified and differentiated using
PCA. Samples compacted at common pressures exhibited similar inter-atomic correlations, where
excipient concentration factored in the analyses involving lactose.
Conclusions. Practical real-space structural analysis of PXRD data by PDF was accomplished for intact,
compacted crystalline drug with and without excipient. PCA was used to compare multiple PDFs and
successfully differentiated pattern changes consistent with compaction-induced disordering of theophyl-
line as a single component and in the presence of another material.
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INTRODUCTION

The US Food and Drug Administration’s Critical Path
Initiative to New Medical Products maintains the need for
industry to continue investigation and development of
analytical methods capable of fundamentally characterizing
pharmaceutical systems. The availability of more effective
analysis techniques will facilitate product and process under-

standing, and reduce drug product failures (1). Challenges
encountered during drug product development are often the
result of unpredicted changes to the physicochemical and
mechanical properties of materials used in manufacturing.
Characterization during small-scale research should predict
performance modifications that may occur at commercial
scale. This goal is contingent upon accurate detection and
quantification of specific changes in material structure that
can be linked with product performance. Some such changes
(i.e. dissolution rate, friability, etc.) can be traced to very
subtle structure modifications, where the largest limitation in
detection and quantification is inadequate analytical sensitiv-
ity, particularly in the context of complex mixtures of
materials. At present, research in this area is heavily focused
on active pharmaceutical ingredients (API), with substantially
fewer reports concerning responses of excipients or compo-
sites to processing. As the pharmaceutical industry moves
forward, it is imperative that the synergistic functions of both
API and excipients be considered as the basis for claiming
product understanding at the level of specifically engineered
delivery platforms.

Powder X-ray diffraction (PXRD) is universally applied for
detecting phase changes and assessing material structure and
order. Industrial applications of PXRD rest in the ability to
analyze materials from all stages of powder processing, without
prior destructive sample preparation. Traditional uses of this
technique have focused on analysis of prominent, high-intensity
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NOTATION

ABBREVIATIONS: MCC, Microcrystalline cellulose; PCA, Principal
components analysis; PDF, Pair distribution function; PXRD, Powder X-
ray diffraction
SYMBOLS: dL, Scalar scaling constant (noise); dR, Scalar scaling
constant (reference); f, Atomic scattering factor; ‹f›, Average atomic
scattering factor; G, Pair distribution function; I, Identity matrix; L, Noise
matrix; ρ, Local number density; ρ0, Average number density; Q,
Scattering vector magnitude; r, Inter-atomic radial distance; R, Matrix of
reference diffraction pattern(s); S, Structure function; T, Scaling matrix; X,
Matrix of multi-component diffraction patterns; Xfin, Matrix of isolated
diffraction attributable to the component of interest; δ, Delta function; ∑,
Pre-scaling matrix; ‘, Transpose
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Bragg diffraction peaks that are characteristic of a given
crystalline phase. In addition to long-range order, the
powder diffraction pattern contains information pertaining
to intermediate and short-range order. Specifically, diffuse
scatter, which occurs between and superimposed on Bragg
diffraction peaks, offers additional information pertaining
to the short- and intermediate-range structure of materials,
when treated appropriately.

In the present work, the compaction behavior of
anhydrous theophylline was investigated. Binary composite
compacts were also prepared and analyzed, using either a
common tablet filler (α-lactose monohydrate) or a common
tablet compression aid (microcrystalline cellulose (MCC)) in
combination with anhydrous theophylline. PXRD, in combi-
nation with total scattering computational methods, was used
to assess the effects of powder compaction without reversion
of compacts to powders. Furthermore, the use of PCA as an
alternative to the traditional weighted agreement factor in
comparing PDF transformed diffraction data was explored.

MATERIALS

Binary mixtures comprised of anhydrous theophylline
(Lot No. 92577, Knoll AG, Ludwigshafen, Germany) and
either crystalline α-lactose monohydrate, referred to as
lactose for the remaining paper, (Lot No. 125090020, Acros
Organics, Geel, Belgium) or microcrystalline cellulose,
referred to as MCC for the remaining paper, (Avicel PH
200, Lot No. M427C, FMC BioPolymer, Mechanicsburgh,
PA) were blended and compacted using an automatic single-
station Carver Press (Carver, Inc, Model 3887.1SDOA00,
Wabash, IN) equipped with a 13 mm flat-faced punch. The
approximate median particle size of theophylline was 90 μm.
A circumscribed central composite experimental design (2)
was used for sample preparation, in which both excipient
concentration (0–75% w/w) and compaction pressure (67–
503 MPa) were varied. Consolidation at each pressure
resulted in composite solid fractions ranging from 0.85–0.98.
The central point was repeated five times to build precision
into the design.

METHODS

Powder X-ray Diffraction (PXRD)

PXRD data were collected using an X’Pert Pro MPD
system (PANalytical B.V., Almelo, the Netherlands) equipped
with a copper anode (l=1.5406Å), an auxiliary elliptical mirror,
and X’Celerator™ detector. The operational voltage and
amperage were set to 45.0 kV and 40.0 mA, respectively, and
diffraction patterns were acquired using an irradiation time of
101.42 s per step and an angular step size of 0.017° 2θ over a
range of 2–100° 2θ. Data were collected with the instrument set
in transmission geometry, using intact compact samples, sand-
wiched between two layers of X-ray transparent kapton film and
placed on a spinning vertical sample stage (16 rpm).

Pattern Separation

PXRD analysis of binary compacts produced diffrac-
tion patterns containing information from both compo-

nents. To study the effects of powder compaction on a
specific constituent, a method for accurately separating
diffraction events attributable to each individual component
was required. The pattern subtraction technique (3),
commonly reported for this purpose, often leaves residual
artifact in separated patterns attributable to diffraction by
component(s) that are not of interest, or negative peak
intensities as a result of overcompensation. An alternative
approach for isolating single constituent diffraction patterns
from multi-component data has been recently reported in
the literature (4).

Generalized Least Squares (GLS) pre-processing has
been reported in the near-infrared spectroscopy literature as
a multiplicative orthogonalization technique used to make
spectra “blind” to interferants while retaining sensitivity to
the main analyte (5). Signal pre-processing using this
covariance-weighted technique reduces the dimensionality of
final models by including prior knowledge. The scaling
matrix, T, is calculated as follows:

@L ¼ d2LLL
0 þ I ð1Þ

T ¼ inv @
1=2
L

� �
ð2Þ

where d is a scalar covariance-scaling constant, L is an m × n
noise matrix, L′ is the transpose of L, and I is an n × n
identity matrix. In the case of PXRD, the matrix L would be
comprised of diffraction information from material(s) that are
not of interest to a given evaluation. The final scaling of the
multi-component diffraction patterns, X, is given by

XFIN ¼ XT ð3Þ

where T multiplicatively suppresses diffraction in X displaying
covariance with the noise matrix. A problem is encountered
with this particular method when components that are not of
interest (noise) diffract at the same angle (2θ) as the
component of interest. This issue results in the suppression
of diffraction events from the component being isolated. The
method was, therefore, modified to account for covariance
between the “noise” component(s) and the component of
interest by creating a second scaling matrix:

@R ¼ d2
RRR0 þ I ð4Þ

where R is an m × n matrix of the reference material (i.e. a
pure component diffraction pattern of the constituent of
interest) and the remaining variables are defined above. The
scaling matrix, ΣR, was used to suppress angular variables in
the noise matrix, which are covariate with the component of
interest as follows:

@FIN ¼ @L � inv @Rð Þ ð5Þ

T ¼ inv @
1=2
FIN

� �
ð6Þ

where T is substituted back into Eq. 3. By compensating for
angular variables (2θ) of the noise matrix that are covariate
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with those of the constituent of interest, a more accurate
separation is obtained. All data manipulations in this study
were performed using programs written in-house in the Matlab
programming environment (v7.1, MathWorks, Natick, MA).

Pair Distribution Function (PDF)

The PDF is a total scattering method that exploits the
Fourier relationship between X-ray diffraction intensity and
the real-space arrangement of atoms, given appropriate data
treatment. This method has received extensive attention in
the inorganic literature (6–9); however, few pharmaceutical
applications have been reported (10–12). In the present work,
the PDF was calculated for (a) compacts formed from pure
components and (b) mathematically isolated diffraction
attributable to a single component, detected from PXRD
patterns of binary compacts. This provided a sensitive method
to assess the structure-specific compaction behavior of
theophylline, individually as well as in a consolidated mixture.
The PDF, G(r), is defined as

G rð Þ ¼ 4pr � rð Þ � �o½ � ð7Þ

where ρ(r) and ρo are the local and average atomic number
densities, respectively, and r is the inter-atomic separation
distance (13). The PDF calculates the probability of finding
atom pairs separated by a distance r, and is obtained by
transformation of the reciprocal space structure function, S
(Q), according to

G rð Þ ¼ 2
p

ZQmax

0

Q S Qð Þ � 1½ � sin Qrð ÞdQ ð8Þ

where S(Q) is obtained from a diffraction experiment, and Q
is the magnitude of the scattering vector (14). The term Qmax

is the resolution of the diffraction experiment, which is
dependent on the wavelength of radiation used and the
maximum diffraction angle (°2θ) of data collection. Corrections
were made to the intensity data to obtain a structure function
normalized to the total-scattering cross-sectional area, consis-
tent with the assumptions of Egami and Billinge (15).

For a crystalline material, a theoretical PDF may be
calculated from a solved crystal structure. The mathematical
corrections applied to a theoretical PDF, including compen-
sations for limited Q-resolution and broadening of probability
peaks as a result of thermal motion are detailed elsewhere
(15,16). Theoretical modeling of the PDF, G(r)c, for a
crystalline material is achieved by

G rð Þc¼
1
r

X
m

X
n

f m f n
fh i2 d r � rm;n

� �� 4pr�o ð9Þ

where fm and f,n are the atomic form factors for the individual
atoms, ‹f› is the mean atomic form factor for the structure,
and rm,n is the separation distance between atoms m and n
(from the crystal structure), where the delta function is
assessed out to a user-defined radial distance rmax.

Reviews of the PDF, both experimental and theoretical,
are found elsewhere (13,15). All intensity corrections and
PDF calculations were performed using software developed

in-house in the Matlab programming environment based on
published equations. Theoretical PDF patterns for anhydrous
theophylline were calculated using the solved Cambridge
Structural Database (CSD) crystal structure, (refcode:
BAPLOT01).

Principal Components Analysis (PCA)

PCA is a multivariate, bilinear decomposition technique
used to identify the orthogonal basis set, which explains the
maximum amount of variance in a data matrix, X, where X is
n observations of an m-dimensional vector. PCA decomposes
data into loadings and scores, where loadings represent the
weight of each variable for a given principal component (PC),
and scores represent the weight of the PC for each sample.
Vectors comprising a data matrix, X, possessing comparable
score values for a given PC are similar; dissimilar score values
indicate differences between vector features. Reviews of
principal components analysis may be found elsewhere in
the literature (17,18). PCA models were calculated in the
Matlab programming environment using the PLS_Toolbox
(v3.0, Eigenvector Research, Manson, WA).

Traditional comparison of PDF transforms have involved
calculation of a weighted agreement factor, Rwp, between the
properly scaled sample PDF and a reference, albeit a
theoretically calculated or empirically derived pattern (15).
In this study, PCA was used to assess variations among PDF
patterns as an alternative to the weighted agreement factor
commonly employed for this purpose. This method may be
preferable to the Rwp calculation when there are a large
number of PDFs to compare, as in this study. PCA is also
applicable when a reference pattern is not available or
comparison to a reference pattern is inappropriate for a
given analysis.

RESULTS

Pure Theophylline Compaction

In Fig. 1, the PXRD patterns (average of 3 samples) for
theophylline compacted at 67 MPa and 503 MPa are shown as
blue and red solid lines, respectively. The original patterns
were normalized and were corrected for absorption, Laue
monotonic scattering, Compton scattering, etc. (15) to remove
physical artifacts (i.e., sample thickness and solid fraction).
The red and blue dashed lines in Fig. 1 respectively represent
one standard deviation (n=3) for diffraction from theophyl-
line compacts prepared at 67 MPa and 503 MPa. The Bragg
peak positions of samples compacted at higher pressures
occur at the same diffraction angle (°2θ) relative to the
sample compacted at 67 MPa, indicating low probability of
residual uniform strain. Moreover, additional PXRD peaks,
which would be indicative of a polymorphic conversion, are
not observed. One noticeable difference between the pat-
terns, however, is increasing diffuse scatter over the 23–30 º2θ
range for samples compacted at higher pressures.

Fig. 2 (solid lines) shows the average PDF pattern (n=3)
for each of the corresponding samples in Fig. 1. The dashed
lines represent one standard deviation as calculated from the
three replicates. At lower radial distances in the PDF
(r<30 Å), peak positions and intensities are highly correlated,
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irrespective of compaction pressure. In contrast, the Fig. 2
inset, which focuses on r>40 Å, shows a dampening of the
probability peaks, as well as peak shifts, which become
significant with increased compaction pressure.

In an attempt to arrive at a possible materials-based
explanation for the alterations observed in the PDF of
anhydrous theophylline upon compaction at high pressures,
simulations based on reverse Monte Carlo (6,19) refinement
were performed. Briefly, as unit cell translation and expan-
sion were calculated from the crystal structure solution,
spatial permutations were applied to randomly selected
atomic coordinates. These permutations included linear
deviations from periodicity, as well as alterations to axial
orientation (e.g., the molecule may be rotated 120° with
respect to the c-axis). The fully translated model, calculated
to a defined rmax, therefore contained a certain percentage of
atomic coordinates that varied from their original positions
defined by the average structure. PDF patterns for computa-
tionally altered structures were subsequently calculated, and
the data were mathematically compared with experimentally
derived PDF patterns using an agreement factor.

When simulating atomic displacements from average
structure, it is important to define the proper constraints to
yield physically-meaningful simulations. One of the con-
straints incorporated in the models calculated for this study
was the rigid body assumption; i.e, the molecule was held
rigid such that permutations to atomic coordinates could not
result in changes to intra-molecular bond distances, angles, or
conformations. An additional constraint prevented atomic
overlap of coordinates resulting from simulated displace-
ments. The final constraint allowed only atomic coordinates
residing at r values comprising long-range order (r>40 Å) to
be randomly selected for permutation, as this region defines
the marked differences between the PDFs presented in Fig. 2.

The experimentally derived PDF pattern for theophyl-
line compacted at 67 MPa (blue line) and the PDF pattern

calculated from the crystallographic structure of theophylline
(black circles) are shown in Fig. 3a. Generally speaking, the
difference plot indicates pattern similarity, especially at longer
r values. This result is expected as the compaction pressure is
insufficient to induce large deviations from the average
crystallographic structure.

Recall from Fig. 2 that the PDF of the high pressure
sample shows dampening and shifts in peak position relative
to the lower pressure sample at r>40 Å. An acceptable fit
between the PDF of the sample compacted at high pressure
and the theoretical PDF will require alterations to the original
calculated PDF to accommodate the probability peak aberra-
tions. Fig. 3b shows the experimentally derived PDF for
theophylline compacted at 503 MPa (red line), a refined PDF
from the Monte Carlo simulation (black circles), and the
difference between the two PDFs (green line, shown below
Fig. 3b). The simulated PDF shows the same probability peak
shifts and dampening as the experimental PDF of the sample
compacted at a high pressure. The goodness of fit between
the calculated PDF and the experimental PDF can be seen in
the difference plot (green) shown below Fig. 3b. The
simulated PDF was modeled by pseudo-randomly selecting
molecules in the defined spherical volume (radius = 60 Å)
and inducing a deviation from the average crystallographic
structure. The number of molecular permutations was con-
verted to a percentage of total molecules probed in the
simulation. Therefore, the simulated PDF in Fig. 3b (black
circles) differs from the calculated PDF in Fig. 3a (black
circles) as a result of 0.928% of the molecules deviating from
the defined average structure.

PDF of Mathematically Isolated Theophylline

Fig. 4a shows the PXRD pattern of a sample (blue
circles) comprised of 25% w/w theophylline and 75% w/w
MCC, compacted at 118 MPa. Diffraction data attributable

Fig. 2. Mean PDF patterns (average of n=3) of theophylline
compacted at 67 MPa (blue solid line) and 503 MPa (red solid line).
The red and blue dashed lines correspond to 1 standard deviation
from the mean of samples compacted at 67 MPa and 503 MPa,
respectively.

Fig. 1. Mean PXRD patterns (average of n=3) for anhydrous
theophylline compacted at 67 MPa (blue solid line) and 503 MPa
(red solid line). The red and blue dashed lines correspond to 1
standard deviation from the mean of samples compacted at 67 MPa
and 503 MPa, respectively.
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only to theophylline (red) are superimposed over the
diffraction pattern of the aforementioned sample. Most of
the diffuse scatter observable in the diffraction pattern of the
original binary sample (blue circles) is absent when theophyl-

line diffraction was isolated (red data). In Fig. 4b, the PDF
transform of the mathematically isolated theophylline (red) is
shown superimposed with the calculated theoretical PDF
pattern for theophylline (black circles).

Fig. 3. a Experimental PDF pattern for theophylline compacted at 67 MPa (black), calculated PDF pattern
from the crystal structure (blue circles), and the difference plot (green, below); b Experimental PDF pattern
for theophylline compacted at 503 MPa (red), a simulated PDF pattern from reverse Monte Carlo
refinement (blue circles), and the difference plot (green, below).

Fig. 4. a PXRD pattern (zoomed) of a compact containing 75% MCC and 25%
theophylline (sample3) compressed at 67 MPa (blue circles) and the isolated diffraction
attributable to theophylline (red); b The calculated pair distrubtion function of anhydrous
theophylline (crystal structure ref: BAPLOT01) (black circles), the pair distribution
function of isolated theophylline from sample 3 (red), and the difference between the
calculated and experimental (green).
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Fig. 5a shows the diffraction pattern of a sample (blue
circles) containing 25% w/w theophylline and 75% w/w
lactose, compacted at 118 MPa. Mathematically isolated
theophylline diffraction (red) is superimposed over the total
diffraction data from this sample. Many of the Bragg
diffraction peaks observed in the original sample pattern
(blue circles), which are strictly attributable to lactose, are
absent from the isolated theophylline diffraction pattern. In
Fig. 5b, the PDF transform of the isolated theophylline (red)
is shown with the calculated PDF pattern for theophylline
(black circles).

PCA of PDF Transformed Data

As introduced, PCA is a bilinear decomposition method,
where principle components (PCs) are calculated in a manner
to explain the maximum amount of variance such that PCn

and PCn+1 are orthogonal. Similar PDF patterns will have
similar scores for a given PC, while dissimilar PDF patterns
will have drastically different score values for the same PC.
Examples employing PCA score cluster analysis to ordinary
PXRD patterns are found in the pharmaceutical literature
(20,21); however, the authors are unaware of the existence of
previous applications of PCA cluster analysis to PDF data.

Three different PCA models were calculated, where each
varied in the number/type of samples included. The first
analysis incorporated PDF patterns for pure theophylline and

theophylline mathematically isolated from binary mixtures
with MCC. The resulting scores plot is shown in Fig. 6. First,
in the dimension of the first PC, where 36.28% of the overall
variance is explained, the score values for pure theophylline
samples compacted at low pressures are drastically different
than those for samples compacted at high pressures. The
variance explained by the first PC, therefore, is weighed
differently in PDF patterns for samples compacted at low
pressures relative to samples compacted at high pressures.
Second, PDF patterns for theophylline data mathematically
isolated from binary samples containing MCC compacted at
low pressures had similar score values for the first PC relative
to those calculated for pure theophylline compacted at low
pressures. This indicates that PDF patterns of samples
compacted at low pressures were similar in the dimension of
the first PC, regardless of MCC concentration. Additionally,
all samples containing MCC compacted at higher pressures
had score values similar to pure theophylline compacted at
high pressures in the dimension of the first PC. Overall, it was
observed that scores of PDF data from samples compacted at
low pressures formed one general cluster, while those from
samples compacted at higher pressures formed another
cluster.

The second PCA performed incorporated PDF data
obtained from theophylline mathematically isolated from
binary mixtures containing lactose, as well as pure theophyl-
line compacts. The PCA scores plot for these data is shown in

Fig. 5. a PXRD pattern of a compact containing 75% lactose and 25% theophylline
(sample 19) compressed at 67 MPa (blue circles) and the isolated diffraction attributable to
theophylline (red); b The calculated PDF pattern for anhydrous theophylline (crystal
structure ref: BAPLOT01) (black circles), the PDF pattern for isolated theophylline from
sample 19 (red), and the difference between the calculated and experimental (green).
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Fig. 7, where the dimension of the first PC explained 46.88%
of the overall variance. Score values for PDF patterns from
pure theophylline samples compacted at low pressures were
considerably different relative to PDF patterns from pure
theophylline compacted at high pressures. Samples com-
pacted at low pressures tended to cluster together, regardless
of lactose content; as did samples compacted at high
pressures. A particularly interesting sample was the compact
containing 75% w/w lactose compacted at 268 MPa, which
clustered with the samples compacted at low pressures. These
data indicate that the PDF pattern resulting from the isolated
theophylline diffraction data of this sample is more similar to
PDF data for samples compacted at low pressures than
samples compacted at high pressures.

The final PCA performed incorporated data from PDF
patterns obtained from all samples in the circumscribed
central composite experimental design, resulting in the scores
plot shown in Fig. 8. In Figs. 6 and 7, scores of samples

compacted at low pressures formed one cluster while samples
compacted at high pressures formed a separate cluster in the
dimension of the first PC. In Fig. 8, delineation between score
values is not as obvious and merits further explanation.
Beginning with the pure theophylline compacts (filled sym-
bols), the score values in the dimension of the first PC, where
33.89% of the overall variance is explained, are drastically
different for samples compacted at low pressures versus those
compacted at high pressures. The scores in the dimension of
the first PC of PDF data from samples containing MCC (blue,
unfilled symbols) again tended to cluster with pure theophyl-
line samples compacted at similar pressures, irrespective of
MCC concentration. Contrary to the previous analyses of PDF
data for samples containing lactose, a clear-cut boundary
delineating clusters of similarly compacted samples in the
dimension of the first PC is not observed. Interestingly, almost
all samples containing lactose (red, unfilled symbols) resulted in
PDF patterns having score values (in the first PC) that were
most similar to all other samples compacted at low pressures.
The score values for all lactose samples compacted at the
intermediate pressure (268 MPa) clustered around samples
compacted at low pressures. Further, a lactose-containing
sample compacted at 419 MPa clustered in the same area.

DISCUSSION

Pure Theophylline Compaction

The PXRD patterns of pure theophylline compacted at
different pressures exhibit an increase in diffuse scatter over
the 23–30 º2θ range. With a median particle size of 90 μm, it is
anticipated that the effects on pattern features and further
mathematical manipulations will be minimal, as peak broad-
ening and increased diffuse scatter tend to occur for particle
sizes in the nanometer scale. Replicate samples (n=3) of pure
theophylline compacted at 67 and 503 MPa were analyzed to
estimate contributions of sample variability to the PXRD
patterns. At both compaction pressures, the standard devia-
tion intervals (Fig. 1, dashed lines) indicate that the increase

Fig. 6. PCA scores plot corresponding to the first and second
principal components for analysis of PDF patterns from pure
theophylline samples (black, closed symbols) and PDF patterns from
theophylline mathematically isolated from binary compacts contain-
ing MCC (blue, open symbols). Black dashed‐line circles surround the
replicate samples.

Fig. 7. PCA scores plot corresponding to the first and second
principal components for analysis of PDF patterns for pure theophyl-
line samples (black, closed symbols) and PDF patterns for theophyl-
line mathematically isolated from binary compacts containing lactose
(red, open symbols). Black, dashed line circles surround the replicate
samples.

Fig. 8. PCA scores plot corresponding to the first and second
principal components for analysis of all samples, including: PDF
patterns for pure theophylline samples (black, closed symbols), PDF
patterns for theophylline mathematically isolated from samples
containing MCC (blue, bold open symbols), and PDF patterns for
theophylline mathematically isolated from samples containing lactose
(red, un-emboldened open symbols).
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in diffuse scatter is not attributable to random sample
variations, as the magnitude of the standard error is not
sufficient to explain the scattering deviations between the
PXRD patterns of the samples compacted at two different
pressures (Fig. 1, solid lines).

The previously discussed pattern distortion can be
associated with many different physical and structural
anomalies (13,22); however, a discussion of each is beyond
the scope of this manuscript. Rather, it is proposed that the
introduction of disorder into a crystalline material may result
in the alterations observed in the average diffraction patterns
(solid lines) in Fig. 1. The PDF method is relatively sensitive
to instances where materials exhibit long-range order; how-
ever, significant structural distortions may also be present that
would not be representative of the average crystallographic
structure. These “crystallographically challenged materials”
result in dampened PDF features as a function of increasing
radial distances relative to their pure crystalline counterparts
(6). It may, therefore, be suggested that the features observed
as a function of increasing compaction pressure in Fig. 2 are
the result of increasing deviations from the average crystallo-
graphic structure of anhydrous theophylline. Replicate sam-
ples at each compaction pressure were carried through the
PDF transformation to assess the effect of sample variability
on the resulting PDF patterns. As shown by the standard
deviation intervals (Fig. 2, dashed lines), the probability peak
dampening and shifting can not be adequately explained by
sample-to-sample variability, as the magnitude is not suffi-
cient to justify the pattern distortions. This is further
supported by data in Fig. 3. Key features in the experimental
PDF and the pattern generated by simulating distortions to
0.928% of the molecules from their defined average position
(Fig. 3b) agree well with one another. This agreement further
supports the observation that compaction-related structural
distortions resulted in the types of probability peak changes
observed in Fig. 2.

It is worthwhile to note that the PDF is a one-dimensional
representation of a three-dimensional structure; therefore,
multiple simulated models may result in the same one-dimen-
sional PDF representation. Though the simulations in this study
were properly constrained to prevent physically meaningless
solutions, other random structure permutations may give an
acceptable or better answer than the one yielded in Fig. 3b. The
proposed model is presented only to show that the PDF
differences associated with compaction are consistent with
compaction-induced disorder.

PDF of Mathematically Isolated Theophylline

The significant disorder of MCC presents a potential
problem with respect to separation of diffuse scatter specif-
ically attributable to MCC from the diffuse scatter from
theophylline introduced as a result of compaction. The green
difference plot in Fig. 4b shows that theophylline diffraction
data mathematically isolated from the theophylline:MCC
mixtures agrees well with the theoretical PDF of theophyl-
line. Given the low compaction pressure used to prepare the
samples for Fig. 4b, significant changes to the anhydrous
theophylline structure were not anticipated, and accurate
mathematical isolation of theophylline diffraction was, there-
fore, expected.

Different issues with isolation of scattering from theo-
phylline:lactose compacts occurs owing to the crystallinity of
the excipient. Specifically, isolation of theophylline diffraction
from regions in the PXRD pattern where both components
have 2θ peak overlap may result in multiple anomalies with
the isolated pattern, including inaccurate peak intensity
values, peak shape distortions, and/or the disappearance of
theophylline peaks altogether. The green difference plot in
Fig. 5b shoes that PDF-transformed theophylline diffraction
data mathematically isolated from the theophylline:lactose
mixtures agrees well with the theoretical PDF of theophyl-
line. Again, considering the low pressure used to prepare
compacts for Fig. 5b, significant structural changes to
anhydrous theophylline were not anticipated.

PCA of PDF Transformed Data

The circumscribed central composite design of experi-
ments used in the present work directly built sample
variability into each model through replication of the center
point (n=5), which corresponded to a compaction pressure of
268 MPa and an excipient concentration of 48% w/w. The
variance in the PDF attributable to sample variation is
therefore susceptible to explanation by PCA. In the dimen-
sion of the first PC, however, the replicate samples are
observed to cluster together (dashed circles in Figs. 6 and 7),
thereby precluding sample variability from acting as the sole
contributor to the data segregation observed in each plot.

The data-segregation correlated to compaction pressure
observed in Fig. 6 occurred regardless of the concentration of
MCC present. As described above, long-range atomic corre-
lation dampening (r≥40 Å) was concluded to be most likely
attributable to structural differences arising from compaction.
Ultimately, these data strongly support that the variance
explained by the first PC is correlated to the probability peak
dampening observed in PDF data (Fig. 2).

The same data segregation observed in the first analysis
(Fig. 6) was also observed in the second PCA model (Fig. 7),
which suggests that clustering corresponds with the same
probability peak dampening explained above. Recall that the
point representing the binary sample containing 75% w/w
lactose compacted at 268 MPa clustered with the samples
compacted at low pressures. Interpretation of this behavior
suggests that the presence of this much lactose may provide
some degree of “protection” against the theophylline struc-
tural changes interpretable from the PDF; however, this
warrants further investigation.

Almost all samples containing lactose (Fig. 8, red,
unfilled symbols) had PDF patterns with score values (in the
dimension of the first PC) that were most similar to all other
samples compacted at low pressures. The score values for all
lactose samples compacted at 268 MPa clustered around
samples compacted at low pressures, as did a lactose-
containing sample compacted at 419 MPa. The clustering of
this particular sample with others compacted at low pressures
may not seem intuitive given that the remaining two lactose
samples (containing less % w/w lactose) compacted at a high
pressure did not. When sample composition is taken into
consideration, however, a trend in the dimension of the first
PC is observable. At a compaction pressure of 419 MPa, as
the amount of lactose is decreased (Fig. 8, red triangles), the
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sample score values became increasingly similar to the rest of
the samples compacted at high pressure. Overall, every
sample containing lactose (with the exception of the two
compacted at 419 MPa having low % w/w concentrations)
resulted in PDF patterns similar to all samples compacted at
low pressures. These PDF data, therefore, did not exhibit the
probability peak dampening displayed by PDF-transformed
data of (a) pure theophylline samples compacted at high
pressures and (b) PDF-transformed data of mathematically
isolated theophylline from samples containing MCC com-
pacted at high pressures. Hence, the samples containing
>50% w/w lactose did not demonstrate any detectable
structural modifications as a function of compaction pressure
in the range investigated.

CONCLUSION

In this study, the effects of powder consolidation on solid
structure were examined. Simulated data suggest that the
compaction-related changes observed in real-space analyses
(PDF) of theophylline are primarily attributable to molecular
deviations from average crystalline order. The analysis of
pharmaceutically relevant, intact consolidated systems was
performed using PXRD, which afforded structure-sensitive
capabilities without the introduction of artifacts arising from
traditional sample preparation (e.g. subsequent grinding to
revert to powder samples). The application of the PDF
transform to an individual constituent, in the presence of an
excipient, was successfully accomplished as a result of a novel,
accurate mathematical pattern separation technique. Ulti-
mately, this permitted practical real-space structural analysis
of a single component in the presence of another material,
thereby enabling the investigation of compound consolidation
effects (i.e. the effect a material has on the compaction
behavior of another). The use of PCA as an alternative to the
weighted agreement factor for comparing multiple PDF
patterns was successfully demonstrated. Relative to binary
compacts formed with microcrystalline cellulose, structural
changes to theophylline in the presence of α-lactose mono-
hydrate were not observed (except in the two samples
compacted with the least amount of lactose). This suggests
the inclusion of lactose provides protection to theophylline
from structural changes that would otherwise occur at high
pressures. Further exploration of this particular conclusion,
however, deserves additional attention and will be the focus
of future experiments.
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