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structure described by the CIF can then be imported into to the
user’s graphics or Rietveld package.
Free-text searches of the comments are also included on this
screen. These are particularly useful, as ICSD collection codes
and CSD refcodes are included in the comments. If the user has
the CSD installed on the same machine as the PDF, the PDF
entry links live to the coordinates in the CSD entry.
By using the Results menu option when a hit list is displayed,
ranges of cells in the spreadsheet can be selected and simple
descriptive statistics (mean, median and estimated standard
deviation) can be generated. Also under Results is a Graph
Fields option. The variables used for the x and y axes of the plot
can be selected and both scatter plots and histograms can be
generated. Each of the points in such a plot is ‘live’ and can be
clicked to display the full PDF entry. Fig. 3.7.1 shows a plot of the
cubic lattice parameter with respect to at.% Fe in FeO (Fe and O
only, space group No. 225) under ambient conditions. From
such data it is easy to generate a correlation between the Fe
stoichiometry and the lattice parameter.
An optional add-on module to the PDF is SIeve (Search
Index). This is a peak-based search/match program which enables
the use of a manually entered (or imported) peak list or derives a

peak list from imported ASCII raw powder-diffraction data in
several formats. It also has a ﬂexible ASCII data-import module.
Hanawalt, Fink, Long8 (the eight lowest-angle peaks in the
pattern) or electron-diffraction searches can be carried out.
Again, there is a Preferences option to customize the searches. A
particularly useful (and easy-to-use) feature is the ability to apply
a ﬁlter to the search/match. This ﬁlter can be selected from
several pre-deﬁned ﬁlters and/or any previous search in the
session (stored in a history list). The combination of conventional
search/match and Boolean searches can be very powerful, as
illustrated in the next section.
3.7.2.4. Boolean logic in phase identiﬁcation
Most phase identiﬁcations are carried out using the peak-based
or full-pattern algorithms supplied by the instrument vendor.
These often work well for major phases and can be customized to
improve their success in identifying minor/trace phases. The
native capabilities of the PDF (not all of which are accessible
through some vendors’ software) can be very powerful in identifying those extra peaks that result from a Rietveld difference
plot (or any difference plot from pattern-ﬁtting software) using
the major phases. Below we use examples to illustrate several
strategies.

Figure 3.7.1
A plot generated by the Results/Graph Fields function in the Powder Diffraction File. The
search was for entries containing only Fe and O and with space group No. 225 (resulting in
FeO entries) measured under ambient conditions. One outlier was removed from the hit list
manually. The trend in the cubic a lattice parameter with Fe content is apparent, as well as
the large number of apparently stoichiometric FeO entries, some of which may not be
correctly characterized.

Figure 3.7.2
The result of applying a commercial search/match program (Jade 9.5; Materials Data, 2012)
to the powder pattern of a water-still scale. Weak peaks not accounted for by the major
magnesian calcite phase are apparent and additional tools in the Powder Diffraction File
were needed to identify the additional phases.
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3.7.2.4.1. Water-still deposit
A water still in my home eventually generates
scale, much of which ﬂakes off the walls,
permitting easy analysis in the powder diffractometer. Any commercial search/match program
will easily identify magnesian calcite (Fig.
3.7.2; ﬁles kadu1389.gsas, kadu1389.raw and
iitd26_0510.prm, available in the supporting
information). There are, however, three additional weak peaks at d/I = 4.788/38, 3.3089/51
and 2.3697/56. In Naperville, Illinois, the tap
water comes from Lake Michigan. The bedrock
underlying the Chicago region is the Racine
Dolomite. Given the identity of the major phase
in the scale and the source of the water, it seems
likely that any minor phases will be mineralrelated and contain some combination of the
elements Ca, Mg, C, O and H (to include
the possibility of hydrates and hydroxides).
Accordingly, a search of mineral-related entries
containing ‘just’ the elements Ca, Mg, C, O and
H was performed and used as a ﬁlter in a
Hanawalt search using these three peaks. This
limits the search universe to 692 of the 328 660
entries in the PDF-4+ in 2012. The seven highest
goodness-of-match entries in the hit list were
brucite, Mg(OH)2. This phase was added to the
Rietveld reﬁnement. Analysis of the difference
plot indicated an unaccounted-for peak at a
d-spacing of 3.3089 Å. A search for mineralrelated entries with the same chemistry and
having one of their three strongest peaks in the
range 3.309 (30) Å yielded the vaterite polymorph of CaCO3 as the hit with the highest
goodness of match. This phase was added
to the Rietveld reﬁnement. The ﬁnal
quantitative phase analysis was: 94.7 (1) wt%
Ca0.84Mg0.16(CO3), 5.2 (4) wt% Mg(OH)2 and
0.2 (1) wt% vaterite.
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the peak positions and the ‘just’ chemistry ﬁlter V, P, O and H was
carried out. As expected, PDF entry 00-047-0967 was at the top
of the hit list, but close to the top was entry 04-017-1008 (Shpeizer
et al., 2001): [H0.6(VO)3(PO4)3(H2O)3](H2O)4. The article by
Shpeizer et al. (2001) indicates that this phase was formed from
an anhydrous precursor by exposing it to ambient conditions. The
single-crystal structure was obtained at 173 K. The similarity of
the two PDF entries (Fig. 3.7.5) and the difference in datacollection temperatures makes it clear that these correspond to
the same phase, and that the structure of [H0.6(VO)3(PO4)3(H2O)3](H2O)4 could be used in a Rietveld reﬁnement.
There were still unaccounted-for peaks at 3.5823 and 3.0760 Å.
Under the assumption that these came from a single phase, two
separate searches for phases containing just V, P, O and H and
with one of their three strongest lines in the ranges 3.58  0.03
and 3.08  0.03 Å were carried out and then combined (using the
History option) with a Boolean ‘and’ operation. All ﬁve of the
entries on the hit list corresponded to -VOPO4. This yellow
V5+ compound was consistent with the altered colour of the
V4+-based catalyst, and is a common impurity.
Close examination of the Rietveld difference plot from a
reﬁnement including these three phases indicated that there was
a weak shoulder at a d-spacing of 3.985 Å. A search for phases
containing just V, P, O and H and having a strong peak near this
d-spacing yielded -(VO)(PO3)2, another common catalyst
impurity (Fig. 3.7.6). Including this compound as a fourth phase
yielded a satisfactory Rietveld reﬁnement and a quantitative
analysis of 84.8 (1) wt% (VO)2P2O7, 5.9 (1) wt% [H0.6(VO)3(PO4)3(H2O)3](H2O)4, 5.6 (1) wt% -VOPO4 and 3.7 (1) wt%
-VO(PO3)2.

Figure 3.7.3
Variation of the unit-cell volume with the magnesium content in
magnesian calcites in the Powder Diffraction File.

The composition of the major phase was reﬁned, constraining
the sum of the Ca and Mg site occupancies to equal 1.0. To
understand how this ﬁtted with previous magnesian calcites, a
search for compounds containing only Ca, Mg, C and O, ambient
conditions and space group No. 167 was carried out. Some
manual editing of the hit list was required. Adjusting the
preferences to include the display of composition in at.% and the
unit-cell volume made it convenient to plot the variation in unitcell volume as a function of Mg content x in Ca1 xMgx(CO3) (Fig.
3.7.3). This magnesian calcite in the water-still scale has a higher
Mg concentration than most, but falls close to the trend line. The
ﬂexibility and content of the Powder Diffraction File makes such
data mining relatively straightforward.

3.7.2.4.3. Valve deposit from a piston aviation engine
Applying a commercial search/match program to the diffraction pattern of a deposit from a valve in a gasoline-powered
aircraft engine easily identiﬁed quartz and corundum. The
specimen was scraped from the valve seat and micronized. The
corundum represents abrasion from the elements of the micronizing mill, as it was not present in the pattern of the as-scraped
sample. Metal particles were visibly present in the deposit, so one
could reasonably guess the presence of both ferrite and austenite
(Fig. 3.7.7; ﬁles maso04.gsas, maso04.rd and padv.prm). A Rietveld reﬁnement using these four phases was carried out.
Six peaks picked from the difference plot were entered into
SIeve+ and a Hanawalt search was carried out. No chemically
reasonable simple compounds were near the top of the hit list, so
extra information was sought. An XPS analysis indicated the
presence of Pb, Br, Fe, P, O and C (and H assumed). Aviation
gasoline is still leaded, and ethylene dibromide is sometimes
added as a lead scavenger. The result of a ‘just’ chemistry search
using these seven elements (6543/328 660 entries) was applied
as a ﬁlter to the Hanawalt search. Near the top of the
hit list was PbBr2. Although apparently surprising, this phase is
reasonable given our chemical knowledge. Lead bromide was
added to the Rietveld reﬁnement. Further analysis of the
difference pattern using the same techniques indicated the
presence of cohenite, Fe3C, from the steel, and Fe3Fe4(PO4)6,
the reaction product of the steel with a phosphate fuel additive.
The ﬁnal Rietveld reﬁnement yielded a quantitative analysis of
26.5 (4) wt% austenite ( -Fe, stainless steel), 47.9 (4) wt% ferrite
( -Fe, carbon steel), 17.7 (4) wt% quartz (sand/dirt), 2.9 (2) wt%
PbBr2, 2.6 (2) wt% Fe3Fe4(PO4)6 and 2.2 (2) wt% cohenite (Fig.
3.7.8).

3.7.2.4.2. Vanadium phosphate butane-oxidation catalyst
Vanadyl pyrophosphate [(VO)2P2O7] catalysts are used
commercially for the selective oxidation of butane to maleic
anhydride. Modern third-generation search/match programs
[using the background-subtracted, K 2-stripped data (ﬁles
goed80.gsas, GOED80.raw and d8v3.prm); Fig. 3.7.4] had no
trouble in identifying the desired major phase (VO)2P2O7, but
had difﬁculty with the minor phases that were clearly present.
Unless the display of duplicate entries is turned off, most
programs will yield several duplicate hits at the top of the list.
Both 00-050-0380 and 04-009-2740 are Star quality, but only the
Linus Pauling File (LPF) entry 04-009-2740 contains atom coordinates for a Rietveld reﬁnement. Entry 01-070-8726 has the
lower-quality B mark.
The native capabilities of the PDF proved helpful in identifying the minor phases. The lowest-angle peak not accounted for
by the major phase is at a d-spacing of 7.2107 Å. A search for
phases containing just the elements V, P, O and H (known from
the synthesis procedure) and having one of their three strongest
peaks in the range 7.21  0.05 Å (an estimated range) yielded
only the single hit 00-047-0967: H4V3P3O16.5(H2O)2. This is a lowprecision (O quality mark) pattern from a US Patent (Harju &
Pasek, 1983), and the pattern contains only four lines. The
comments in the PDF entry indicate that this hydrated phase was
formed by exposing a catalyst to ambient conditions, so it seems
chemically reasonable but poorly deﬁned.
To see whether this phase had been better characterized by a
crystal structure, the four peaks were entered into SIeve+ and a
Hanawalt search using a wider than default tolerance of 0.3˚ on
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Figure 3.7.4
The results of applying a commercial search/match program (Jade 9.5; Materials Data,
2012) to the (background-subtracted, K 2-stripped) powder pattern of a butane-oxidation
catalyst. The ﬁrst three patterns in the hit list had equivalent ﬁgures of merit. The PDF
entries 00-050-0380 and 04-009-2740 had Star quality marks and 04-009-2740 contained the
atomic coordinates necessary for a Rietveld reﬁnement. Additional peaks are apparent.
The phases that give rise to them were identiﬁed using the native capabilities of the Powder
Diffraction File.

Figure 3.7.5
Comparison of the low-quality experimental PDF entry 00-047-0967 with the high-quality
calculated pattern 01-074-2749 located by searching the experimental pattern against the
rest of the PDF. The similarity in patterns and chemistry demonstrated that the two phases
were the same and that the coordinates used to calculate entry 01-074-2749 could be used in
a Rietveld reﬁnement of a butane-oxidation catalyst.

3.7.2.4.4. Isocracker sludge
An isocracker is a reﬁnery unit which simultaneously carries out cracking and isomerization
reactions to produce more high-octane gasoline.
A black deposit isolated from such a unit
was surprisingly crystalline (Fig. 3.7.9; ﬁles
NALK157.gsas, NALK157.raw and padv.prm).
It was easy to identify small concentrations of
elemental sulfur, pyrrhotite-4M (now called
pyrrhotite-4C), haematite, lepidocrocite and
dolomite, but the major peaks did not match
well those of any entry in the PDF.
It seemed likely that a mineral-related phase
would serve as a structural prototype for an
apparently new phase, so two separate searches
for mineral-related phases with one of their
three strongest peaks in the d-spacing ranges
7.09  0.03 and 5.57  0.03 Å were combined.
The two hits in the search list were both uranium
minerals. These seemed unlikely in a reﬁnery
deposit(!). Widening the search ranges to 7.09 
0.10 and 5.57  0.07 Å yielded rasvumite,
KFe2S3 (PDF entry 00-033-1018), as the second
entry in the hit list.
The ﬁt to the major peaks in the deposit was
reasonable, but there should not be any potassium in a reﬁnery deposit and none was detected
in a bulk chemical analysis. When the jar
containing the deposit was opened, it smelled
strongly of ammonia. Ammonium and potassium ions are about the same size and often form
isostructural compounds. The infrared spectrum
of the deposit was dominated by bands of
ammonium ions.
The potassium in the structure of rasvumite
(PDF entry 01-083-1322, used as a reference)
was replaced by nitrogen. Analysis of potential
hydrogen-bonding interactions yielded approximate hydrogen positions in the ammonium ion.
These positions were reﬁned using a densityfunctional geometry optimization. This model
yielded a satisfactory Rietveld reﬁnement
(Fig. 3.7.10) and the quantitative analysis
45.7 (2) wt% (NH4)Fe2S3, 12.8 (4) wt% S8,
22.0 (6) wt%
lepidocrocite
( -FeOOH),
5.5 (5) wt% haematite ( -Fe2O3), 6.6 (3) wt%
pyrrhotite-4C (Fe7S8) and 6.6 (3) wt% dolomite
[CaMg(CO3)2; limestone environmental dust].
The powder pattern and crystal structure of
(NH4)Fe2S3 are now included in the PDF as
entry 00-055-0533.
3.7.2.4.5. Amoxicillin
The amoxicillin powder from a commercial
antibiotic capsule was highly crystalline.
Its powder pattern (ﬁles kadu918.gsas, KADU918.
raw, d8v3.prm and KADU921.rd) was matched
well by the PDF entries 00-039-1832 and
00-033-1528 for amoxicillin trihydrate, but there
was an additional peak at a d-spacing of
16.47 Å (5.37˚ 2). With such a low-angle peak,
it seemed prudent to measure the pattern again

Figure 3.7.6
The four crystalline phases identiﬁed in a butane-oxidation catalyst.
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Figure 3.7.7
The four phases identiﬁed in a valve deposit from an aircraft engine by automated search/
match methods and guessing based on the appearance of the sample. The pattern has had the
background and K 2 peaks removed.

starting at 3˚, and another peak was observed
at d = 24.80 Å (3.56˚ 2).
A search of the PDF-4/Organics 2013 for
phases having two such peaks among their
longest (lowest-angle) peaks yielded entry 00005-0010 for calcium stearate at the top of the
hit list, as well as two lead stearates. We can
safely assume that lead stearate is not
present in a pharmaceutical. Calcium stearate,
however, has its strongest peak at 1.76˚, so
another pattern was measured starting at 1.5˚
2. This peak is indeed present (Fig. 3.7.11).
The primary literature suggests that the
compound in PDF entry 00-005-0010 is really
calcium stearate monohydrate, and that its
structure (like those of many other stearate
salts) has not yet been determined. The
CSD entry for amoxicillin trihydrate
(AMOXCT10; Boles et al., 1978) contained
some incorrect H-atom positions and was
missing an H atom, so these were corrected
before a Rietveld reﬁnement was carried out.
3.7.2.4.6. Pseudoephedrine
As P. W. Stephens was measuring the
powder pattern of a commercial pseudoephedrine-based decongestant on beamline
X16C at the National Synchrotron Light
Source at Brookhaven National Laboratory,
he noted that extra peaks were present. The
lowest-angle peak was at a d-spacing of
12.73 Å, and other peaks occurred at 5.74,
4.62 (strongest) and 4.407 Å. A search in the
PDF-4/Organics for compounds having the
string ‘ephed’ in the name, a long line at 12.73
 0.05 Å and a strong line at 4.62  0.02 Å
yielded the single hit 00-041-1946, pseudoephedrine hydrochloride, a reasonable impurity in pseudoephedrine.

Figure 3.7.8
The seven phases identiﬁed in the valve deposit from an aircraft engine.

Figure 3.7.9
The phases identiﬁed in a deposit from a reﬁnery isocracker. At the time, the (NH4)Fe2S3 was
a new phase, identiﬁed by analogy to KFe2S3, rasvumite.
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3.7.2.4.7.
Commercial
multivitamin:
Centrum A to Zn
Commercial multivitamins are challenging
phase-identiﬁcation problems because they
contain small concentrations of many
different components. The application of a
commercial search/match program to a
pattern of Centrum A to Zn collected on
beamline ID-32 at the Advanced Photon
Source at Argonne National Laboratory
using a wavelength of 0.495850 Å (ﬁles
centrum.gsas and id320304.prm) easily identiﬁed brushite, CaHPO4(H2O)2, and sylvite,
KCl (Fig. 3.7.12).
To identify additional phases, 64 peaks with
d > 1.91 Å were picked from the plot and
entered into SIeve+ in the PDF-4/Organics
2013 database. The PDF-4/Organics database
was used to enhance the success in identifying
organic compounds, and the relatively short
d-spacing limit was used to ease the identiﬁ-
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cation of the simple inorganic compounds which are often
present in commercial vitamins.
A Hanawalt search using these peaks easily identiﬁed iron
fumarate (00-062-1294), szmikite [MnSO4(H2O); 00-033-0906],

l-ascorbic acid (02-063-2295), monetite (CaHPO4; 01-070-0359)
and calcite (CaCO3; 00-005-0586). Note that these hits come from
four different data sources; searches based on just one source
would not have identiﬁed all of these compounds.
There were strong high-angle peaks that had not yet been
accounted for at d-spacings of 2.4762, 2.1068, 1.4900 and
1.4783 Å. These four peaks were entered into a new Hanawalt
search, which identiﬁed periclase (MgO; 01-071-3631) and zincite
(ZnO; 01-075-9742).
Superimposing the peaks for all of these compounds onto the
raw data made it clear that there were broad peaks in the pattern
at d-spacings of approximately 5.8750, 5.3273, 4.3277 and
3.9217 Å. Since the lowest and highest angles of these four were
the best deﬁned, separate searches for compounds having each of
these peaks as one of their three strongest lines were combined
using a Boolean ‘and’. Among the hit list was cellulose I (00-0601502), which is a common constituent of pharmaceuticals. The
structure model from PDF entry 00-056-1718 was added to the
Rietveld reﬁnement as a ninth phase.
One last peak at 5.9915 Å was unaccounted for. A search for
pharmaceutical-related compounds with this peak as one of the
three strongest included nicotinamide (02-063-5340; niacin or
vitamin B3). Ten phases were thus identiﬁed
and these account for all of the peaks in the
pattern.

Figure 3.7.10
The ﬁnal Rietveld plot from reﬁnement of the isocracker deposit.

3.7.3. Cambridge Structural Database (CSD)

Figure 3.7.11
Phases identiﬁed in amoxicillin powder from a commercial capsule.

Figure 3.7.12
Phases identiﬁed by automated search/match in a Centrum A to Zn multivitamin tablet.
Additional phases were identiﬁed using the native capabilities of the Powder Diffraction File.
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Some features of the Cambridge Structural
Database system (CSD; https://www.ccdc.
cam.ac.uk; Groom et al., 2016) are described
in Chapter 22.5 of International Tables for
Crystallography Volume F (Allen et al., 2011).
The CSD contains X-ray and neutron
diffraction analyses of carbon-containing
molecules with up to 1000 atoms (including
hydrogens), including organic compounds,
compounds of the main-group elements,
organometallic compounds and metal
complexes. The CSD covers peptides of up to
24 residues; higher polymers are covered by
the Protein Data Bank. The CSD also covers
mononucleotides, dinucleotides and trinucleotides; higher oligomers are covered by
the Nucleic Acid Database (http://ndbserver.
rutgers. edu). There is a small overlap between
the CSD and the Inorganic Crystal Structure
Database in the area of molecular inorganics.
Capabilities particularly useful for structure
validation are covered in Chapter 4.9 of this
volume. This discussion will not attempt a
comprehensive description of the capabilities
of the CSD, but will concentrate on features
that are particularly relevant to powder
diffraction.
The principal interface to the CSD is the
program ConQuest (Bruno et al., 2002). Its
most distinctive feature is the ability to draw
molecular structures and fragments and carry
out substructure searches. Such searches
eliminate the ambiguities that can arise when
searching by compound name or other textbased properties. These chemical-connectivity
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