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ABSTRACT: Two multisample laboratory powder diffractometers have been evaluated
for the purpose of pattern indexing in the context of physical form screening. Both
diffractometers utilise foil transmission geometry, primary monochromated radiation,
and a position-sensitive detector. Data collected from six compounds (sotalol hydro-
chloride, hydroflumethiazide, verapamil hydrochloride, captopril, clomipramine hydro-
chloride, and famotidine) showed good angular resolution (FWHM as small as ca. 0.068)
and lattice parameters were easily obtained using the indexing program DICVOL-91.
The extent of preferred orientation in each pattern was estimated using the DASH
implementation of the March-Dollase function and is most evident with clomipramine
hydrochloride and famotidine. Otherwise, the data compare favorably with reference
capillary data sets. In conclusion,where there is a requirement to analyze 20–30 samples
per day, with an emphasis on obtaining the high-quality data that are important in
pattern recognition and imperative in indexing, the combination of foil transmission
geometry, primarymonochromated radiation, plus a position-sensitive detector is highly
effective. The data also afford opportunities for crystal structure determination.
� 2003Wiley-Liss, Inc. and theAmericanPharmacists Association J PharmSci 92:1930–1938, 2003
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ization; crystallography; X-ray powder diffractometry; powder pattern indexing; crystal
structure; DICVOL-91; DASH

INTRODUCTION

The development of experimental methods for
increasing the efficiency and throughput of all
stages of drug discovery and development is an
important area of current research within the

pharmaceutical industry. The drive towards
increased efficiency in physical form screening
stems from the need to take the most favorable
physical form (polymorph, solvate, and salt) to
market in the shortest time possible, while ensur-
ing that no unexpected transformations subse-
quently disrupt production.

Traditional physical form screening metho-
dologies rely on systematically fingerprinting
samples recrystallizedunderawide rangeof condi-
tions using spectroscopic, thermal and diffraction
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techniques; it is X-ray powder diffraction (XRPD)
specifically that concerns us here. Typically, the
initial stage of a screen is directed towards identi-
fying different physical forms, for example on a
search/match basis.1 Diffraction pattern quality is
an issue and the point has already beenmade that
as the quality of experimental XRPD patterns
improves (i.e., more accurate measurement of 2y
and intensity, I), so the process of pattern recogni-
tion becomes easier.1 A logical extension to pattern
recognition is to ‘‘add value’’ to the drug develop-
ment process at this stage by additionally deter-
mining lattice parameters and ultimately solving
novel crystal structures (Figure 1). Even more so
than with pattern recognition, meeting these am-
bitions demands routine high-quality XRPD data
collections as an integral part of the physical form
screen.

The focus of attention in this communication is
the importance of data quality for powder pattern
indexing in the context of the workflow shown in
Figure 1. We have investigated two ‘‘off-the-shelf ’’
powder diffractometers, each with a multisample
configuration suited to collecting high-quality
patterns at a rate of up to ca. 30 per day (based
on ca. 45 min data collection per sample—see
Materials andMethods). In the context of physical
form screening, the ideal instrumental specifica-
tion balances the requirement for small sample
quantities,minimal samplepreparation, andmini-
mum data acquisition time, good angular resolu-
tion, and accuratemeasurement of the positions of
the first 20 reflections for indexing low-symmetry
structures.

Both diffractometers utilize foil transmission
geometry, primarymonochromated radiation, and
a position-sensitive detector (PSD). While reflec-
tiongeometry tends tobemorepopular in industry,
transmission geometry presents some definitive
advantages for structural analysis where (as in
this case) the materials are not strongly absorb-

ing.2 Similarly, while the most widely used radia-
tion in conventional XRPD is the CuKa1,2 doublet,
the fact that the resolution function contains two
peaks is an unnecessary complication, given the
objective of accurately determining 20 reflection
positions for the purpose of indexing.

In both the instruments investigated here, the
convergent Guinier-type beam path using a con-
ventional X-ray tube line focus provides excellent
resolution in the equatorial plane, but lacks
resolution perpendicular to it. Therefore, a one-
dimensional PSD is used to maintain resolution
at the expense of the complete detection of the
Debye-Scherrer rings. The advantage of a linear
PSD over a scintillation counter is simply a higher
count rate that enables significantly faster data
acquisitionwith very little increase in full width at
half maximum (FWHM).

MATERIALS AND METHODS

Small quantities of each of six polycrystalline
samples (Table 1) were analyzed using two dif-
fractometer setups:

1. Instrument A, a Bruker D8-Advance trans-
mission diffractometer with a Johannson-
type3 curved Ge (111) focusing primary
monochromator. The PSD covers an angular
range of ca. 68 2y simultaneously. Data were
collected with each sample sandwiched be-
tweentwoX-ray transparentMylar1 foilsusing
the settings listed in Table 2. The sample
holder was mounted in a nine-position
sample changer that allowed the sample to
be rotated during data collection (Figure 2).

2. Instrument B, a Stoe Stadi-P Combi trans-
mission diffractometer with a curved Johann-
type Ge (111) primary monochromator3,4

which is mounted vertically above the tube
housing so that the beam path is vertical,
allowing the sample stage to move within a
horizontal plane while not disturbing loosely
mounted specimens. The PSD covers the
same angular range as above. The sample
holder consists of a computer controlled x-y
stage into which various inserts may be
clipped. For the present investigation, an
X-ray transparent Kapton1 foil with 12� 8
sample wells5 was used (Figure 3) with the
settings listed in Table 3. The holder was
rocked in y during data collection to improve
particle statistics.

Figure 1. Flowchart illustrating the integration of
XRPD into a physical form screen.
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The choice of Mylar or Kapton depends on the
specific application—Kapton is well suited to
crystallization experiments carried out in situ
because of its chemical resistance, but introduces
a ‘‘hump’’ into the background around 5–68 2y that
may obscure weak reflections in that range and
that is not seen with Mylar. The powder samples
were mounted without grinding or other manip-
ulations aimed at minimising particle orientation
effects. In general, the potential for sample dis-
placement error (and peak broadening) is reduced
by aligning the sample carrier to the correct posi-
tion for a given thickness and then minimizing
thickness variations within and between samples.
The six compounds were chosen because, in terms
of molecular complexity, they are fairly typical of

pharmaceutical active ingredients. Furthermore,
a reference set of room temperature lattice para-
meters determined from capillary powder datawere
available to us, as were single-crystal structures
determined at various temperatures (Table 1).

RESULTS

The XRPD powder patterns collected on instru-
ments A and B from each of the six samples
are shown in Figures 4 and 5, respectively. The
angular resolution across each pattern is good
(Table 4: mean FWHM ca. 0.18, min ca. 0.068) and
is comparable with the resolution obtained with
the reference capillary data sets in Table 1. The

Figure 2. InstrumentA. Datawere collectedwith the nine-position sample changer in
the configuration shown on the left, but the instrument can be easily reconfigured to have
the sample in a horizontal position (right).

Table 2. Instrumental and Data Collection Parameters for Instrument A

Instrument A settings
System D8 Advance y/2y
Generator 40 kV, 40 mA
Measuring diameter/mm 435
Radiation/Å Cu Ka1, l¼ 1.54056
Geometry Transmission Guinier-configuration
Primary optics 48 Soller, 6 mm exit slit, snout tube
Sample holder Mylar foil
Secondary optics Soller integrated in PSD detector holder, lead windows�2 mm

Detector PSD system MBraun OED-50M
Measuring conditions
Range/82y 4–34
Step size/82y 0.0074
Step time/s 0.6
Rotation speed/r.p.m. 30
Total data collection time/min ca. 45
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position of each of the first 20 peaks in each pat-
tern was determined using DASH7 and input into
DICVOL-918 for indexing. The output lattice para-
meters are listed in Table 4 and show excellent
agreement with the parameters listed in Table 1.

The extent of preferred orientation in each pat-
tern was estimated using the DASH implementa-
tion of theMarch-Dollase function9 (Table 5). [The
March-Dollase function is adequate for describing
preferred orientation at the level of structure

Figure 3. InstrumentB. Samples a to f supported byKapton foil in wells A1–A6 of the
12� 8 sample holder (left). The x-y scanning of the sample array is not limited to the
sample holder shown; any coordinates within a grid of ca. 110mm length� 65mmwidth
can be scanned in any order (right).

Table 3. Instrumental and Data Collection Parameters for Instrument B

Instrument B settings
System StadiP Combi
Generator 50 kV, 30 mA
Measuring diameter/mm 380
Radiation/Å Cu Ka1, l¼ 1.54056
Geometry Transmission Guinier-configuration
Primary optics Collimator 1� 6 mm
Sample holder 12� 8 wells with Kapton foil support
Secondary optics Soller slit integrated in PSD holder
Detector Linear Stoe PSD

Measuring conditions
Range/82y 2–39.99
Step size/82y 0.01
Step time/s 0.7
Rocking speed/8y min�1 10
Total data collection time/min ca. 45

1934 FLORENCE ET AL.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 92, NO. 9, SEPTEMBER 2003



determination empolyed here—for subsequent
Rietveld refinement, more advanced models (such
as those based on spherical harmonics) may be
preferrable.] With compound a on instrument A,
for example, data were Pawley-fitted to ca. 348 2y,
refining background, zero-point, unit cell, and peak
shape parameters. Subsequent DASH optimisa-
tion ofmolecular orientation gave a profile w2¼ 8.2
as the best of three repeat runs using an internal
coordinate description derived from the single-
crystal structure SOTALC (Table 1). (The global
optimization was constrained by fixing the posi-
tion and conformation of the asymmetric unit at
the values observed in the single-crystal struc-
ture.) The profile w2 improved to 6.4 with the
inclusion of a March-Dollase preferred orienta-
tion correction in the optimization (r¼ 0.91) along
direction [010] (improvements in the other direc-
tions tested, [100] and [001], were less significant).

In summary, the intensity corrections to corre-
sponding patterns collected on instruments A and
B (Table 5) are generally consistentwith respect to

direction and overallmagnitude (r< 1 or r> 1) and
are greatest for compounds e and f. Among the
reference capillarydata sets, the effect of preferred
orientation is mild for compounds c and e and
negligible for the others.

DISCUSSION

Both instruments investigated here meet the re-
quirements of good angular resolution and accu-
rate reflection position measurements that are
imperative for success in powder pattern indexing.
In two instances (compounds e and f ), the effect of
preferred orientation upon the transmission foil
patterns is significantly greater than that ob-
served with the capillary data, but such differ-
ences are less significant for the other compounds,
where the effect of preferred orientation is re-
latively mild. There is some disparity between the
magnitude of the corrections returned for com-
pound c on instruments A and B, but it should

Figure 4. Instrument A. XRPD patterns in the range
4–348 2y for compounds a–f of Table 1.

Figure 5. Instrument B. XRPD patterns in the range
4–348 2y for compounds a–f of Table 1. The broad
hump ca. 5–68 2y is from the Kapton foil.
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be emphasized that sample preparation for all mea-
surements on these instruments was not optimized.

In a screening environment, suboptimal parti-
cle size and morphologies are often encountered.
Variations in particle size of a given physical form
will certainly have an effect on line widths. How-
ever, the resolution of the instruments described
here is sufficiently good that such differences will
be visible and therefore quantifiable. Crystalliza-
tion of large particles or particularmorphologies of
a given physical form may increase the extent of
preferred orientation. In such instances, greater
accuracy and consistency in intensity measur-
ments can be achieved with optimised loading of a
lightly ground or sieved sample.

In summary, foil transmission data can yield a
set of accurate reflection intensities where the
effect of sample preferred orientation on the pat-
tern ismild, and this creates obvious opportunities
for crystal structure solution. The patterns in
Figures 4 and 5 were not actually collected with
structure solution in mind, and hence, the data
were collected to only limited spatial resolution.
Nonetheless, it is worth pointing out that even
low-resolution XRPD data contains sufficient in-
formation to enable crystal structures such as
hydroflumethiazide, where the total number of
degrees of freedom is relatively small, to be solved
by global optimisation (Figure 6).

Capillary remains the geometry of choice for
accurate intensity measurements, but there is no
doubt that filling a lightly ground sample into a
glass capillary and then aligning it is significantly
more time-consuming than the sample prepara-
tion needed for instruments A and B. The latter
option affords obvious advantages when it comes
to maintaining the necessary throughput requir-
ed to accommodate the large number of samples
output from a parallel crystallization screen.

CONCLUSIONS

Where there is a requirement to analyze 20–30
polycrystalline samples per day, with an empha-
sis on collecting high-quality patterns (accurate
measurement of 2y and I), the combination of foil
transmission geometry, primary monochromated
radiation plus a PSD is highly effective. Sample
throughput could obviously be increased by reduc-
ing the scan range and step time for any given
pattern (data out to ca. 308 2ywill include the first
20 peaks in the majority of pharmaceuticals)
and increasing the operating power of the X-rayT
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source, thereby increasing the diffracted intensity
count rate, for example, 50 kV/40 mA, or through
the use of a rotating anode. Further gains could be
realised by increasing the angular range of 2y,
which can be scanned simultaneously by the PSD.
In principle, coupling two linear PSDswould halve
data collection times at no cost to the signal-to-
noise, angular resolution, or the positional accu-

racy of observed reflections typified by Figures 4
and 5.

Finally, the ‘‘ultimate efficiency gain’’ in physi-
cal form screening would see the integration of the
crystallization and XRPD components of Figure 1
so as to minimize the degree of manual interven-
tion in the process of going from powder to crystal
structure. The importance of data quality to achi-
eving this goal cannot be over emphasized.

Table 5. March-Dollase Correction of Intensities for Preferred Orientation in Data Collected Using Instruments A
and B and in the Reference Capillary Powder Data

Compound

Instrument A Instrument B Reference Capillary Data

w2 a w2 POb Dir. r w2 w2 PO Dir. r w2 w2 PO Dir. r

a 8.2 6.4 [010] 0.91 4.7 4.6 [010] 0.98 35.5 34.2 [100] 0.98
Sotalol �HCl
b 9.0 3.4 [010] 0.90 45.9 40.9 [010] 0.91 17.3 13.6 [010] 0.97
Hydroflumethiazide
c 13.1 5.6 [100] 0.78 12.3 12.3 [100] 0.99 30.9 19.6 [100] 0.92
Verapamil �HCl
d 6.4 5.4 [001] 0.94 12.0 12.0 [001] 0.99 22.6 20.5 [001] 0.96
Captopril
e 37.9 7.4 [100] 1.39 27.6 21.1 [100] 1.18 30.9 20.8 [100] 1.09
Clomipramine �HCl
f 35.8 7.9 [100] 1.66 6.1 4.4 [100] 1.13 13.8 12.1 [010] 1.04
Famotidine

aProfile w2, as defined in Ref. 7:

�2
profile ¼

PN

i¼1

wi yiðobsÞ � yiðcalcÞð Þ2

N � Pþ Cð Þ

where yi(obs) is the observed intensity at the ith step in the powder diffraction pattern, yi(calc) is the associated calculated intensity;
wi ¼ 1=�2i , where si, is the standard deviation of the observed intensity at that point. The summation is performed over all N data
points; (N�PþC)¼ (number of data points) � (number of parameters) þ (number of parameter constraints).

bProfile w2 after correction of intensities for preferred orientation.

Figure 6. The single-crystal structure of hydroflu-
methiazide (bold) overlaid with the DASH structures
solved from 42 reflections (spatial resolution¼ 2.65 Å,
Figures 4b and 5b) by optimizing molecular position,
orientation, and conformation. In each case, 10 repeat
DASH runs converged to substantially the same crystal
structure and the ratio w2Rietveld/w

2
Pawley was sufficiently

small (ca. 2) to confirm that the solution was correct.
The only notable discrepancy between the single-crystal
and XRPD solutions relates to the orientation of the�
SO2NH2 group. As has been noted previously,10 the
X-ray scattering power of ‘‘NH2’’ is on a par with that of
an O-atom, such that different orientations are essen-
tially indistinguishable with relatively low-resolution
XRPD data.
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