Pharm Res (201 1) 28:1041-1048
DOI 10.1007/s11095-010-0350-0

RESEARCH PAPER

Data Requirements for the Reliable Use of Atomic Pair
Distribution Functions in Amorphous Pharmaceutical

Fingerprinting

Timur Dykhne « Ryan Taylor « Alastair Florence « Simon J. L. Billinge

Received: 27 September 2010 / Accepted: 10 December 2010 / Published online: 8 January 2011

© Springer Science+Business Media, LLC 2011

ABSTRACT

Purpose To determine the optimal measurement strategy for
fingerprinting condensed phases of pharmaceutical systems using
atomic pair distribution functions (PDFs) obtained from data
collected using several types of x-ray diffraction instruments.
Methods PDFs of crystalline and amorphous-phase molecular
systems derived from data accessible to copper-,
molybdenum-, and silver-anode laboratory sources were
compared to one another and synchrotron data using
qualitative and quantitative methods.

Results \We find that reliable fingerprinting is still possible using
siver and molybdenum laboratory sources, but data from
copper anode laboratory sources are unreliable for fingerprint-
ing, vielding ambiguous and potentially incorrect results.
Conclusion The ambiguities make data measured using low
energy x-rays unsuitable for fingerprinting active pharmaceutical
ingredients and small molecule systems, and, in general,
copper anode diffractometers are undesirable for this purpose;
however, laboratory x-ray sources with either Mo or Ag
anodes are well suited for this application.
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ABBREVIATIONS

API active pharmaceutical ingredient

PDF pair distribution function

XRD x-ray diffraction

TS-PDF  total scattering pair distribution function
CALS copper-anode laboratory source

MALS molybdenum-anode laboratory source
SALS silver-anode laboratory source
INTRODUCTION

The majority of drug compounds, or active pharmaceutical
ingredients (APIs), are marketed in crystalline forms largely
for reasons of physico-chemical stability and processibility.
However, the amorphous state is also of significant interest
within the pharmaceutical industry, particularly as a
possible means to enhance aqueous solubility of APIs (1).
In the development of new medicinal products, poor oral
bioavailability due to low aqueous solubility/dissolution
rates of many crystalline API candidates is increasingly a
potential barrier to enabling treatments to be administered
using tablet or capsule formulations. However, to ensure
that all batches of manufactured dosage forms are
bioequivalent, the selection of a robust solid form is
necessary to ensure that the batch-to-batch variability in
raw material properties is minimized and that the selected
form is stable during all stages of processing, manufacture,
and storage. An important practical barrier to the devel-
opment of amorphous APIs in product development is the
lack of reliable methods for fingerprinting amorphous APIs,
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for example to provide unambiguous structural identifica-
tion of raw material or to highlight possible structural changes
over time that may lead to changes in product performance,
e.g. due to crystallization of the API. Whilst largely routine for
crystalline solids, traditional x-ray diffraction (XRD) finger-
printing methods are invalid for amorphous forms due to the
lack of long-range atomic structure (2). Recently, atomic pair
distribution function (PDF) methods have been suggested as
an alternative approach for fingerprinting amorphous APIs
(2,3) and for providing valuable insight into the local packing
of pharmaceuticals in non-crystalline forms. If these methods
are validated as giving reliable fingerprints of APIs in the
amorphous state, they could make a significant contribution
to expediting the wider commercial exploitation of amor-
phous pharmaceuticals.

PDF analysis of x-ray powder diffraction data is a
powerful approach for studying amorphous (4) and nano-
structured materials (5,6). Although the PDF has historical-
ly been used on inorganic materials, it has recently received
some attention from the pharmaceutical community and
has been applied to molecular materials in crystalline and
amorphous phases. There are examples in the literature of
PDFs of molecular materials obtained from x-ray diffrac-
tion data from standard, widely available copper anode
laboratory-based XRD instruments (7-10), and also PDFs
obtained from powder data collected on a high energy
synchrotron source (2).

The first step in a PDF measurement is to collect powder
diffraction data with low noise over some range of
momentum transfer, Q, where Q is related to the Bragg
angle, 0, which is half the scattering angle, and the
wavelength, A of the incident radiation: Q = 47z sin@/A.
The data are then corrected for experimental artifacts and
normalized to obtain the reduced structure function, F(Q),
which can be Fourier transformed to get the PDF (5). This
is readily done using available software (11).

It has been shown previously that powder diffraction
data collected over a wide Q-range can successfully be used
to differentiate the local structure of x-ray amorphous
pharmaceutical forms (i.e. samples that do not give rise to
measurable Bragg diffraction on a standard laboratory
diffractometer) of carbamazepine and indomethacin from
their respective crystalline forms, both in Q-space (raw data)
and in real-space, as the PDF (2). This approach, referred to
as total scattering pair distribution function (T'S-PDF) analysis,
1s therefore a good candidate for fingerprinting amorphous
small molecule materials. An alternative approach for
fingerprinting amorphous forms within the laboratory envi-
ronment is to use powder diffraction data from a conventional
copper-anode laboratory source (CALS) to obtain PDFs (7—
10). Here we evaluate the relative ability for fingerprinting
the inherently low-Q CALS-derived PDFs and TS-PDFs
obtained with higher energy sources.
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In general, if there is too little information in a
diffraction data-set, it will not be possible to use it for
fingerprinting, as it will not give a uniquely identifiable
pattern arising directly from the molecular packing of the
particular form. For example, it has been pointed out that,
in contrast to crystalline forms, there is insufficient
information in the diffraction pattern of amorphous APIs
when measured in the low-Q region accessible from a
CALS (10). Indeed, the absence of diffraction peaks in a
CALS powder pattern is often used as the basis to identify
the sample as amorphous or, more specifically, as diffrac-
tion amorphous. This lack of information in a conventional
CALS diffraction pattern collected from an amorphous API
1s the main origin of the difficulty in realizing reliable
fingerprinting of non-crystalline APIs or solid dispersions of
APIL. However, when measuring diffraction data over a wider
Q-range, PDFs can be obtained that are more information
rich and, therefore, more capable of being applied success-
fully in sample fingerprinting. This argument breaks down at
the point where the structure-containing signal in the
diffraction data disappears altogether. At this point the
resolution is sample-limited, and there is no benefit to
measure over a wider range of (. In most inorganic
materials, this occurs typically at values of Q= 30-40A"! (5).

To access higher Q-ranges it is necessary to use shorter
wavelength x-rays. For example, the maximum QO-range
accessible to a typical CALS instrument is ~8A7!,
equivalent to 160° 26, whereas for molybdenum-anode
laboratory sources (MALS) and silver-anode laboratory
sources (SALS), it is ~16A™" and ~22A™" respectively. Q-
ranges up to ~45A7" are accessible when measuring using
high energy synchrotron radiation (12). In this paper we
address the issue of the range of @ that is required for
effective fingerprinting of amorphous APIs. We also
investigate the value of Q where scattering from amorphous
APIs becomes sample limited.

A second requirement for successful fingerprinting of any
solid form is that for the data to be representative they must
be reproducible and uniquely attributable to the phase
being measured. As the PDF is derived from the raw data
through a process of data corrections and normalization,
any ambiguities in the data reduction may lead to
variations in the resulting PDFs. Thus, a given data-set
could potentially result in more than one PDF. Clearly in
such instances, the measured PDF is not unique and is of no
value for fingerprinting. As with powder diffraction for
fingerprinting polycrystalline phases, any observed changes
in the pattern should relate directly to changes in the
structure of the sample alone.

We find that data collected over Q-ranges accessible
from MALS and SALS instruments yield PDFs that give
unique and reliable fingerprints. The situation becomes
more ambiguous as the Q-range measured decreases and
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low-Q,,,. measurements from copper sources are less
reliably unique and the information content is not, in
general, adequate to provide a unique and therefore
reliable fingerprint.

Theoretical Background

The reduced structure function F(Q) = Q[S(Q) — 1] is
obtained from raw powder diffraction data by correcting
for experimental effects and normalizing the data, which is
then Fourier transformed to obtain the PDF, Gfr) (5). In
practice, it is not possible to know a priori the proper
normalization factors, which depend on things such as
detector efficiency, beam size and sample volume and
density that are not typically well known. However, the
behavior of the function S(Q) is known: $(0) oscillates around
unity, and as Q— o0, S(Q) asymptotically approaches unity. If
we assume that additive corrections to the data (for example,
background subtraction, multiple scattering, and Compton
scattering) have been well accounted for, or are minimal, we
can use the asymptotic behavior to ensure a correct
normalization by scaling the data such that it oscillates about
(f(Q))* and approaches it in the high-Q region (5), as we
explain below. In practice we don’t measure S(Q) to o but to
some finite value, 0,,, which is determined by the
wavelength of the incident radiation and the highest
scattering angle used. However, the signal in the diffraction
data dies out with increasing O and is gone by a Q-value of
40-50A"" in most cases (5). In practice, even when data are
collected over a range limited to Q;,m215—20A7l it is
possible to observe the decay of the signal.

The decay of the signal at high-Q allows for a reliable
normalization of the data. By definition, S(Q) oscillates
around unity, and the decay means that S(Q) asymptoti-
cally approaches unity with increasing O (5). Since
S(Q) =1(0)/{f(Q))?, we need to multiply the measured
intensity by a factor such that, in the high-Q region where
the signal has died, 1(Q) = (f(Q))*. We used the program
PDFGetX2 [11] to carry out the corrections and the
normalization. The data were corrected for background
scattering, self-absorption, and incoherent Compton scat-
tering, then normalized for incident flux, number of
scatterers, and atomic form factor squared, {f(Q)}z, to
obtain the structure function, S(Q).

In practice, PDFGetX2 assists the user with the
corrections by optimizing the shape of the S(Q) over a
user-specified range of data, typically in the high-Q region.
The program varies a series of physical parameters such
that the S(Q) oscillates around the {f(Q))* and approaches
1 as Q approaches Q,,. This is an effective way of
determining the proper corrections when oscillations of
the signal around (f(Q))* are small, i.c., in the high-Q
region. However, at low-Q, the signal is still oscillating

strongly. The approximation used by the program no
longer holds, since the value of §(0,,.,) depends on precisely
where 0, falls in the oscillating signal. It is no longer true
that the correct shape of the S(Q) is obtained by matching
1(0) to {f(0))* over some user-specified range of 0,
Different S(Q) shapes lead to a variability in the PDF
obtained by Fourier transforming the data, and it is
therefore possible to obtain qualitatively dissimilar PDIs
by selecting different ranges of data over which to run the
optimization. When data are available extending to high-0Q,
the ambiguity in determining the correct shape of the S(Q)
is resolved, and unique PDFs are obtained from a given
diffraction pattern, as we show below.

The PDF, G(1), is obtained from the S(Q), by a Fourier
transformation according to

) Qpuar

Glr) = 4mrlplr) — o) =

Q[S(Q) — 1sinQyr dQ.,

nin

where p(r) is the microscopic pair density, and pg is the
average number density (13). The Fourier transform is a
linear transform, and there 1s a unique relationship between
S(0) and the resulting G(r). No information is added or
removed in the transform. However, in practice, what is
transformed is the corrected, experimentally determined
Sep(Q), which we assume to be very close to the actual S(Q):
Gewp(r) = 2[5 OlSexp(Q) — 1)sinQr dQ. There is still a
unique relationship between G,,(r) and S,,(Q) if the
transform is carried out over the same Q-range, but
fingerprinting will be compromised if S,,(Q) itsclf is not
sufficiently unique, i.e., deviations of S,,(Q) from the
underlying S(Q) of the material under study are small
compared to differences between the S(Q)s of different
materials of interest. In this paper, we test this assumption
for data measured to low and high values of Q,,,. We do
this by obtaining different S,,(Q) functions from the same
raw data using different, but reasonable, protocols for
carrying out the PDF optimization in PDFgetX2. This is
done by fixing 0,, but changing the range given to
PDFgetX2 for the automatic PDF optimization. Since the
exact value of Q,, 1s a somewhat arbitrarily chosen
experimental parameter, we also show the sensitivity of
S(Q) to the choice of 0, over some narrow but reasonable
range of values for data with low- and high-0,,,.s.

EXPERIMENTAL PROCEDURE
Samples
TS-PDF data were collected from melt-quenched (amor-

phous) samples of carbamazepine (CBZ), an anti-epileptic
drug, and indomethacin (IND), a non-steroidal anti-
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inflamatory drug (henceforth referred to as CBZ-a and
IND-a, respectively), as well as polycrystalline samples of
CBZ Form I and Form III (CBZ-I and CBZ-III) (14) and
the a (15) and y (16) forms of IND (IND-a and IND-y). The
molecules are shown in Fig. 1.

Details of the sample preparation are described else-
where (2). Briefly, the amorphous samples were prepared
using a melt-quenching method whereby molten compound
was rapidly cooled in liquid Ny, lightly ground, sieved, and
filled into a 1 mm diameter Kapton® capillary.

X-Ray Powder Diffraction Experiments

All samples were measured using a Bruker-AXS D8
diffractometer using capillary geometry with primary
monochromated Cu-K,; radiation (A= 1.54056A) and
Lynxeye position sensitive detector (PSD) in the range 2—
40° 20 (i.e. Qe ca. 2.8/0%_1) with step size 0.016° 26, 10 s
per step at 100 K (2). Although this is well below the
potential Q,,,, accessible on the instrument, this reflects the
typical data range collected for fingerprinting polycrystal-
line samples. Total scattering data were also collected at
beamline 11-ID-B at the Advanced Photon Source (APS) at
Argonne National Laboratory using the rapid acquisition
PDF method (17). A 2D image plate detector was placed
perpendicular to a high energy x-ray beam (2A=0.137024A)
198 mm behind the sample. Data were collected for 300 s,
and this was repeated between 5 and 8 times for a total
collection of about 30 min for ecach data-set.

Fingerprinting

After PDFs were obtained from the data using the methods
discussed above, we tested their efficacy at fingerprinting.
This was done both qualitatively and quantitatively. For the
qualitative analysis, we simply used a visual comparison of
the plots of the PDFs. For the quantitative analysis, we used
programs that quantify the similarity of curves. In particular,
we used the commercially available PolySNAP program,
which uses a modified version of the Spearman correlation
parameter (18). In addition to PolySNAP, we used a home-
written program that computes the Pearson product-
momentum correlation (19), r = 117,127:0 X‘G;XS Yo_),);)’
where X and o, are the mean and standard deviation of a

O0” NH

O
|

2 O
OH

Fig. 1 Molecular structures of CBZ (left) and IND (right).
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data set, respectively. Both correlation techniques create an
n X n matrix that contains a correlation value 7 in the range
—1 to 1 between each pair of n data-sets. The value 1 implies
complete correlation, zero implies no correlation, and —1
implies an anti-correlation. The correlation techniques are
extremely powerful because they ignore absolute scaling,
but are sensitive to relative scaling and slight shifts in peak
positions.

We studied the correlations between PDFs in the range
7= 3.0-20.0 A. We chose this range because the very local
structure (i.e. 7 < 3.0 A) of all molecular samples is similar
due to intra-molecular atom pairs, for example, consisting
of nearest and next-nearest neighbor carbon-carbon bonds
at 1.4A and 24A, respectively. Applying the correlation
analysis to the entire data range does not change the result
significantly but reduces the sensitivity to finding differences in
molecular packing of the correlation analysis by including a
range of r that is highly similar regardless of the packing.

RESULTS
Uniqueness Tests

First we considered TS-PDIF data from the synchrotron
which has a Q.= 20.0A°". Figure 2(a) shows four PDFs
obtained from the same data-set but where the range of
data used for the automated normalization in PDFgetX2 was
from 62%, 71%, 80% and 92% of the OQ,u to O
respectively, e.g., in the first case, 62%, data were normal-
ized from 12.5A7" to 20A".

It is clear from the figure that the resulting PDFs are all
highly similar. This is supported by the correlation analyses
with the Pearson correlations for the PDIs all being larger
than 0.99: the PDI generated is always unique regardless of
reasonable variations in the selected processing parameters.

This is not true for the data with Q,,,,= 2.8A7! from the
CALS data, as is evident in Fig. 2(b). Again, the four PDFs
are all from the same data-set obtained by providing
PDFgetX2 with the same relative Q-ranges as in Fig. 2(a)
for normalization. The four curves have peaks shifted and
even features disappearing. For example, the peak at 12A is
wholly absent in two of the four PDFs. Correspondingly, the
Pearson correlations are as low as 0.73 between these PDFs.

Qmax Sensitivity

So far, we have looked exclusively at data collected from a
synchrotron (A=0.137A) or a CALS not used to its full
potential (1= 1.54A, 20,,,=40 degrees). There are other x-
ray sources between these two extremes, including molyb-
denum anode laboratory sources (MALS), with a wave-
length of 0.709A (20), and silver anode laboratory sources
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Fig. 2 PDFs of amorphous- T T . 1.0 T T T
phase CBZ with (@) Qg =20.0 ) _
A™"and (b) Qe =2.8A"" opti- a 0k b
mized over the same relative )
ranges of Q. In panel (@), all of the 6 T
PDFs match up to each other 0.6 T
perfectly, while in panel (b), the 4 -
PDFs exhibit variations in peak 0.4 H 4
positions, relative intensities, and 77\ 2 A (\‘.’“ |
broadness. < <
o o 0.2 -
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0.0
ok _
—02}F \ -
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(SALS), with a wavelength of 0.559A (20). We choose the
maximum 26 value of 160°, which corresponds to Q.=
8.0A7", for the CALS, and a reasonable 26, for example
90°, which corresponds to a limit where experiments may
be completed in a short amount of time, for the MALS and
SALS. The Q,,, values that correspond to these conditions,
with 26,,,=90°, are 12.5A7" and 15.9A7" for MALS and
SALS, respectively.

To provide a uniform comparison of these instrument
conditions, and in the absence of access to a complete set of
suitable diffractometers, we have simulated data for the three
instrument types using the data collected from the synchrotron
only over the Q-range up to the relevant Q,,, values given
above for each anode type. In this test, we found that it was
important to renormalize the synchrotron data-sets for each
value of Q,,,,. Although, in principle, the data should require

r(A) r(A)

the same normalization factor regardless of 0, in practice,
some deficiencies in the data corrections mean that the
normalization needs to be tweaked for each Q,,,. This
underscores the importance of being able to carry out a
reliable normalization, though we note that the fact of
having the higher-Q data available allows us to make better
corrections before the final step of treating the normalization.

Figure 3(a) shows the results for the crystalline Form-III
CBZ, with the low angle 20,,,,=40 degrees CALS data also
shown for completeness.

It is clear from the figure that a Q,,, of 12.5A71,
accessible to a MALS, is sufficient to obtain virtually all of
the features that distinguish the underlying molecular
packing (i.e., in the region above r=3A). However,
although the general shape of the PDF is reproduced in
the QWMZS.OA71 data, there is a significant loss of

Fig. 3 PDFs of (a) amorphous- sh T T T . g T T T .
phase CBZ and (b) Form Il CBZ \ a ! b
with Qpgx Values corresponding l _
to, in order from top to bottom, a Qmax=20.0 | Rmax=20.0
typical synchrotron setup, SALS 6 6 [t 4
(2612 =90°), MALS (26,1, = |
90°), CALS (28, = 160°), and Qax=15.9 Rrax=15.9
CALS (26,15 =40°). _ l _ ‘
T4 1251 T Qa=12.5
5 Qmax_ 12.5 ﬁ ‘ ax
o o [
= max_8-0
Al am=so | |l Q=80 |
|
| Qmax=2.8 | Qmax=2.8
Of of .
1 1 1 1 1 1
0 5 10 15 20 0 5 10 15 20

r (A) r (A)
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information. For example, features such as the sharp peaks
at 3.7A and 4.4 A are completely lost. This suggests that for
differentiating the molecular packing in different forms of a
typical API, an experiment with a Q,,, of 12.5A7" should
be adequate. Such an experiment is easily carried out with
a MALS, but not a CALS.

For the low- QWMZQ.SA71 CALS data, there is a
dramatic loss of information, and peak maxima in the
curve do not even qualitatively correspond to the positions
of sharp peaks in the higher resolution PDFs. Data collected
over this range are clearly inadequate for fingerprinting.

It is evident from Fig. 3(b) that the same conclusions can
be drawn from the PDFs obtained from these amorphous

APIs. They are considered to be x-ray amorphous in the sense
that they have no sharp peaks in the powder diffraction
measurement on a CALS, but, as synchrotron-based total
scattering PDF measurements (2) show, they can have rather
well-defined local molecular packing. As with the crystalline
Form-III, we see that a Q,,, of 12.5A7" yields virtually all
the fingerprinting information, but there is significant loss of
information on reducing to Q,,,,= 8.0A"". We thus see that,
as for the crystalline APIs, amorphous APIs can be finger-
printed using a practical measurement on a MALS.

We now turn to the quantitative correlation analysis
using the Pearson correlation coefficients from these data,
reproduced in Table 1.

Table | Summary of Pearson

Correlation Coefficients Between CBZ- CBZ-a CBZ-| IND-a IND-a IND-y
the PDFs Shown in Fig. 3. Cor- N
relations Higher than 0.8 are Qox=20A""
Shown in Bold (Except When they CBZ-lll | 0.88121 0.580032 0.36072 0.520868 0.535466
are Trivially Unity) CBZa | 0.721854 0.499347 0.692577 0.58505
CBZ-l | 0.4143 0.607663 0.353945
IND-a | 0.706309 0.477629
IND-a I 0.648231
IND-y |
o= 1594
CBZ-ll | 0.88806 0.587318 0.408013 0.540808 0.554994
CBZ-a I 0.735184 0.528379 0.711449 0.603083
CBZ-| | 0.461576 0.633917 0.371975
IND-a | 0.747408 0.512554
IND-a | 0.656109
IND-y |
o = 12.5A7
CBZ-lll | 0.884121 0.602841 0.414968 0.532329 0.552159
CBZ-a I 0.743738 0.550489 0.694594 0.596248
CBZ-l | 0.493308 0.642929 0.385381
IND-a | 0.796457 0.546241
IND-a I 0.648245
IND-y |
Quax=8.0A™"
CBZ-ll | 0.896121 0.609902 0.488752 0.541615 0.588639
CBZ-a I 0.803586 0.611696 0.717735 0.620615
CBZ-| | 0.567149 0.668514 0.403731
IND-a | 0.874273 0.593747
IND-a | 0.660049
IND-y |
Qo =2.8A""
CBZ-lll | 0.592352 0.56047 0.242189 0.301645 0.315372
CBZ-a | 0.738592 0.815624 0.889357 0.291114
CBZ-l | 0.749409 0.688959 0.128833
IND-a | 0.95458 0.25323
IND-a I 0.324015
IND-y |
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We see an overall trend that the Pearson correlation
coeflicients increase with decreasing 0, for each of the
same comparison pairs (e.g., CBZ-III with CBZ-I or CBZ-
IIT with CBZ-a). This reflects the fact that as the G(7) (i.e.
PDF) curves broaden due to the decreasing Q,,,, the PDFs
become less effective at differentiating between different
underlying structures: PDF curves from dissimilar structures
are less discriminating as Q,,,, decreases and the PDFs lose
information content. However, this loss of information and
the consequent changes in the Pearson correlation coef-
ficients are quite small for Q,,,,> 12.5A7", By QWDC:&OAH,
the Pearson correlation coeflicients have increased signifi-
cantly for each comparison pair, to the extent that it is now
difficult to distinguish CBZ-a between CBZ-III and CBZ-I,
whereas the synchrotron data clearly show that CBZ-a is
made up of locally Form-IIT molecular packing (2). We also
see a false-positive for IND-a compared with IND-a that is
not seen in the higher resolution high-Q,,,, data. Finally, at
Qpx=2.8A7" the Pearson correlation does not provide any
meaningful information. The correlation between CBZ-III
and CBZ-a, which we expect to be high, is not significant,
and there are more false-positives than in any other case.

Information Content of PDFs

Although a PDF can be plotted on an arbitrary grid, by
convention, PDFs, including all of the PDFs shown above,
are plotted on a relatively fine grid, with dr~0.01A.
However, it has recently been shown (Farrow et al.,
unpublished) that the ideal grid spacing for PDFs to
maximize information content while minimizing corre-
lations between data points is a grid spacing slightly less
than the Nyquist-Shannon sampling frequency, i.e.,
51’5&. Therefore, the number of independent data

points in a PDF, N, is directly proportional to 0,,,, since
N ~ e = %Q”’“) For example, the ideal grid spacings
for Q,.=20.0A"", 8.0A™" and 2.8A"" are 0.157A,
0.393A, and 1.122A, respectively, which means that the
synchrotron PDF contains roughly 2.5 times more inde-
pendent data points than the 160° 26,,,. CALS PDF, and
7.15 times as many as the 40° 26,, CALS data. For
illustration, Fig. 4 contains the PDFs from Fig. 3 on the
Nyquist-Shannon grid.

We note how the CALS PDFs are much more coarse
than those from the synchrotron data, reflecting their
reduced information content and further confirming their
limited value in amorphous API fingerprinting.

CONCLUSION

We have studied the efficacy of fingerprinting small
molecular solids using atomic pair distribution functions
(PDFs) obtained from data measured over different ranges
of momentum transfer, Q. The chosen ranges corresponded
to the maximum Q,,,, value accessible to copper-anode lab-
based XRD devices, reasonable 0Q,,, values accessible to
molybdenum-, and silver-anode devices, and a synchrotron
beamline. We found that the ability to reliably fingerprint
samples using PDF is closely related to the Q,,. of the
available data. As 0,,. decreases, the PDFs become
broader, and lower resolution and the information content
in the PDFs goes down. While the best results were offered
by data collected at the synchrotron beamline, it was still
possible to fingerprint with data in the Q regime attainable
by silver and molybdenum lab-based instruments. Howev-
er, fingerprinting failed with the low 0Q,,,, simulating copper
anode lab-based instrument. Furthermore, we also found

Fig. 4 PDFs of (@) Amorphous s T T T 7] 8 T T T
CBZ and (b) Form Ill CBZ from | a ‘ b
Fig. 3 plotted on the Nyquist grid. _
The lower Q,..x PDFs have a l Qmax=20.0 l ( Qmax=20.0
coarser grid. 6 6 A
l Qmax=15.9 r\ Qmax=15.9
|
—_ ‘ —
(\‘;( 4 J Qmax=12.5- Iﬁ 4 Q 3X=12'5-
o ’ “ o ’
‘ =
2k Qmax=8.0 i ) Qmax=8.0
| ’ Qmax=2.8 Qmax=2.8
of| | . 0 .
l .
1 1 1 1 1 1
0 5 10 15 20 0 5 10 15 20
r (A) r (A)
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that data of a sufficiently high-Q could be robustly
normalized, resulting in a unique PDF. However, for low-
OQpuar data different normalization protocols for the same
data-set resulted in a non-uniqueness in the resulting PDFs.
This shows that data with a Q,,, of 12.5A7" or above
should be used for effective fingerprinting of pharmaceut-
icals. Such data are easily obtained in a laboratory
environment using a Mo or Ag anode x-ray source, or at
a synchrotron source where higher quality data and shorter
counting times are possible. We expect that other small
molecular systems will have similar requirements.
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