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ABSTRACT 

In the absence of single crystals, powder diffraction data (especially 

synchrotron data) can provide a means of determining the crystal structure 

of an active pharmaceutical ingredient. The process of solving and refining 

a crystal structure using powder data is summarized, and suggestions for 

overcoming challenges are given for the various steps. Indexing can often 

be a bottleneck. Measures of the quality of a Rietveld refinement - 

including statistical, graphical, and chemical reasonableness (particularly 

the root-mean-square displacement between a Rietveld-refined and a 

DFT-optimized structure) - are described, and examples are given of what 

to expect, based on a large number of structures determined using 

synchrotron powder diffraction data. Recent crystal structures of important 

and/or interesting molecules are reviewed. Examples illustrating the 

accuracy which can be achieved, interesting features of the process of 

structure solution, the distinction between salts and co-crystals, and phase 

transitions are also reviewed. 
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Introduction 
In this review of pharmaceutical powder crystallography, 
I provide recent (last five years) examples of its 
application – principally to salts/cocrystals and phase 
transitions, but also some important molecules. Because 
the field is fairly specialized, I feel it is important to 
quantify its scale, and to provide experience-based hints 
on what to expect and what can go wrong, for those who 
might want to join the field. 

 
By “powder crystallography” I mean the solution and 
refinement of crystal structures using powder diffraction 
data, in contrast to the more-usual single crystal 
experiment and the use of powder diffraction for 
qualitative and quantitative phase analysis. It is still a 
good rule that “If you have a single crystal, you should 
use it.”, but powder diffraction can be a useful “Plan B”. 
Overlap of three dimensions of diffraction data into a 
one-dimensional powder pattern ultimately limits the 
information content, but powder diffraction can still be a 
powerful technique, especially when single crystals of a 
pharmaceutical active ingredient (API) are unavailable. 

 
A search of the Inorganic Crystal Structure Database 

(ICSD)1 for crystal structures flagged as “powder” 
indicates and increase from about 1200 to 3000/year 
over the last 45 years (Figure 1). Most of these represent 
new compositions which are isostructural to known 
compounds. Establishing which are truly new structures 
would require an entry-by-entry examination. A search 
for powder structures of organic compounds in the 
Cambridge Structural Database (CSD)2 indicates an 
increase from about zero in 1990 to about 400-
450/year currently (Figure 1).  
 
The number of crystal structures in the CSD Drug Subset 
has increased from about 75/year in 1990 to about 
900/year currently (Figure 2). The number of powder 
structures in the CSD Drug Subset is much smaller, at about 
35/year (Figure 3). The spike in 2005 represents a 
variable-pressure study of glycine3, and so is an outlier 
in the trend. Thus powder structures represent about 4% 
of those in the CSD Drug Subset (Figure 4). As seen from 
Figure 3, I myself account for a significant fraction of the 
total pharmaceutical powder structures. In the following 
discussion, I emphasize my own structures (as I have more 
information available), but cover the available universe. 
Most of my pharmaceutical structures have been part of 
a project with the International Centre for  
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Figure 1. Number of powder crystal structures per year in the Inorganic Crystal Structure Database (black) and the 
Cambridge Structural Database (red). 
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Figure 2. Number of crystal structures per year in the Cambridge Structural Database Drug Subset. 
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Figure 3. Number of powder crystal structures per year in the Cambridge Structural Database Drug Subset (black). The 
red line shows the number of structures by author = Kaduk, and the green line is my actual count. The black dashed line 
is an exponential growth to guide the eye. 
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Figure 4. The percentage of powder structures per year in the Cambridge Structural Database Drug Subset. 
 
Diffraction Data (ICDD). The project has two objectives: 
1) to prepare high-quality powder patterns of large-
volume commercial pharmaceuticals at ambient 
conditions to include in the Powder Diffraction File4, and 
2) to determine the crystal structures when they have not 
been reported. Most analytical powder diffraction is 
done at room temperature. When a single crystal 
structure exists, it was often done at low temperature 
(often 100K). Thermal expansion between 100 and 300K 
typically 1.0-1.5%, often anisotropic) shifts the peaks in 
a powder pattern (Figure 5) enough that those in a 
pattern calculated from a 100K structure will fall outside 
the normal windows used in a search/match (phase 
identification). So, even if such a calculated pattern exists 
in the PDF, the identification can be missed. Surprisingly 
many pharmaceutical crystal structures are unpublished, 

presumably because the innovator companies have kept 
them as trade secrets. Availability of the crystal structure 
permits quantitative phase analysis by the Rietveld 
method, avoiding the need for a pure reference sample 
necessary for PONKCS analyses5. 
 

Steps in the Process and Advice on What to 
Expect 
The process of solving a crystal structure from powder 
data is conveniently visualized by “The Maze” (Figure 6), 
originally by Baerlocher and McCusker6 and modified by 
David7. The characteristics of the sample are mostly 
beyond the scope of this review, but the sample should 
ideally be a single-phase fine-grained randomly 
oriented powder. 

 

 
Figure 5. A calculated powder pattern (Cu K wavelength) for the 298K structure of phenelzine sulfate (black) and one 
calculated from the 80K structure of the same compound (green). 
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Figure 6. See caption above. Figure 4.3.1 from International Tables for Crystallography Volume H.  Reproduced with 
permission from the Internatioanl Union of Crystallgraphy, https://it.iucr.org. 
 
For our purposes, we are considering X-ray powder 
diffraction, so there are two choices of radiation source: 
laboratory diffractometers and synchrotrons. Laboratory 

diffractometers (generally using Cu Kα radiation, though 

other wavelengths are occasionally used) are convenient, 
and often “good enough”; I have solved many organic 
crystal structures using laboratory data, even from a 
benchtop instrument. 
 
Powder patterns of organic samples measured on a 
laboratory diffractometer using the typical Bragg-
Brentano (flat plate) configuration can be prone to 
systematic errors, which complicate the structure solution 
process. The two major errors are specimen transparency 
(which shifts the peaks to lower angles) and specimen 
displacement (which most often shifts the peaks to higher 
angles, when the surface of the specimen is too high). 
Transparency also generates extra peak asymmetry and 
broadens the peaks compared to those from an inorganic 
sample, but the main concern is the shift in peak positions. 
 
The use of synchrotron radiation offers advantages in 
resolution (peak widths), signal/noise, and 
peak/background. Synchrotron patterns do not suffer 
from transparency and displacement errors. We normally 
emphasize the improved resolution (which always helps), 
but few pharmaceutical samples exhibit the instrumental 
resolution, since they suffer from microstrain broadening. 
Thus, the highest resolution synchrotron beamline is not 
always necessary. The best synchrotron beamline is the 
one you can get time on! The complexity of 
pharmaceutical powder problems means that one can 
often waste time trying to obtain a structure from 
laboratory data; the process is generally more efficient 
at a synchrotron, so why handicap yourself with less than 
the best data? An unspoken disadvantage of synchrotron 
radiation for pharmaceutical samples is beam damage. 
Most of the pharmaceutical samples I have measured 
show subtle or not-so-subtle signs of changes during the 
measurement: shifts in peak positions and shapes, which 

can complicate structure solution and refinement. My 
synchrotron powder data on pharmaceuticals have been 
collected at 11-BM at the Advanced Photon Source at 
Argonne National Laboratory and the Canadian Light 
Source. There are other comparable synchrotrons around 
the world. 
 
Indexing a powder pattern (determining the lattice 
constants = unit cell parameters) can be a bottleneck in 
structure solution. Indexing is all about accurate peak 
positions, so the systematic errors in a laboratory pattern 
must be minimized/eliminated by careful specimen 
preparation and/or use of an internal standard. 
Synchrotron patterns do not suffer from these errors, and 
so are easier to index. The higher resolution also helps in 
determining accurate positions of closely spaced or 
overlapping peaks. Impurity peaks are the bigger 
problem; if a synchrotron pattern cannot be indexed, it is 
almost a sure sign that the sample is a mixture. Attempting 
to describe the peak positions in a mixture by a single 
unit cell is a fruitless exercise. Weak impurity peaks can 
sometimes be tolerated, but if they are among the lowest-
angle peaks (the most important ones for indexing) they 
can cause difficulties. Permitting a small number of 
unindexed lines is often a good strategy to overcome such 
difficulties. 
 
Processing patent patterns can be challenging. The latest 

USP8 states that “The agreement in the 2θ diffraction 

angles between specimen and reference is expected to 

be withing 0.2̊ for the same crystal form, whereas 
intensities between specimen and reference may vary 
considerably due to preferred orientation effects.” The 
variations in peak position arise mainly from specimen 
displacement and transparency. Systematic errors as 

large as 0.2̊ can be fatal for success in indexing. 
 
Most indexing programs and structure solution packages 
contain space group interpreting/suggesting routines. 
These programs often work well, but sometimes the space 

https://it.iucr.org/


A Review of Pharmaceutical Powder Crystallography 

© 2025 European Society of Medicine 6 

group can be ambiguous, and multiple space groups must 
be tried. 
In general a prelude to structure solution is a Le 
Bail/Pawley fit of the pattern9. These are structure-less 
profile fits, done with the aim of generating a table of 
hklI for speeding up the structure solution, rather than 
using the whole pattern.  
 
The next step is structure solution. A good current 
summary of structure solution methods is given in Rizzi et 
al.10. I have had most success with direct methods/charge 
flipping and Monte Carlo Simulated Annealing. My 
experience using synchrotron radiation is that about half 
of pharmaceutical structures solve straightforwardly (in 
the sense that the solution is suggested directly by a 
program), while the other half can require weeks or 
months of operator intervention. 
 
Direct methods and charge flipping use the peak 
intensities (used to generate structure factor amplitudes) 
to generate phases for the structure factors. These 
methods are thus “unbiased” by any chemical knowledge 
(except the kinds of atoms present in the structure). They 
both require atomic-resolution data: accurate intensities 

at d-spacings as low as 1.3-1.0 Å (70-100̊ 2θ using Cu 

radiation). For most pharmaceuticals, this criterion is not 
met; the peaks do not go out to high-enough angles, and 
peak overlap limits the accuracy of intensity extraction. 
Even using synchrotron data, only about 13% of 
pharmaceutical structures are solved by direct methods. 
The percentage could certainly be improved with more 
effort, but it is often quicker to switch to Monte Carlo 
Simulated Annealing, and use the chemical information 
we have. 
 
Most pharmaceutical powder structures are solved using 
Monte Carlo Simulated Annealing (or its relative, parallel 
tempering). This is an example of a global optimization 
method. We use our knowledge of the chemical 
connectivity of the molecule(s), and fix (or nearly fix) the 
bond distances and angles. The variables include three 
coordinates for the position of a fragment, three 
orientation angles, and the torsion angles in the molecule. 
The fragment(s) are placed in a fixed unit cell with known 
space group(s) in a random position, random orientation, 
and with random torsion angles. The powder pattern is 
calculated and compared to the experimental one. Then 
a “move” is made; one of the variables is changed, the 
pattern re-calculated and compared to experiment. If the 
agreement is poorer, the move is mainly discarded, but 
accepted with a finite probability which decreases 
throughout the process. If the agreement improves, the 
sequence of moves continues. Essentially this is a way of 
guessing the crystal structure, tens or hundreds of millions 
of times. The success rate is good up to about 30 
variables, above which it decreases rapidly. But one only 
needs to succeed once! For any compound, there are 
many poor crystal structures. Plausible ones tend to occur 
at the bottoms of very deep and very narrow minima in 
a hypersurface. Such a global minimization technique 
provides a way of sampling all of these minima, and 
minimizing the chances of being trapped in a false 
minimum. 
 
Structure refinement using powder diffraction data is 

carried out by the Rietveld method, using one of many 
available program packages. Although it is sometimes 
possible, it is uncommon to refine atom positions 
independently, as is the normal in a single crystal 
refinement. Even with synchrotron data, the molecules 
tend to distort into unreasonable geometries, so the 
general practice is to apply restraints on the bond 
distances and angles. With over 1.3 millions structures in 
the CSD, we have a pretty good ideal of normal values 
for bond distances and angles. A convenient way of 
establishing these averages is to do a Mogul geometry 
analysis, either natively or from within Mercury. I 
generally use the averages and standard deviations 
generated by Mogul as the restraints for my molecule. 
 
Restraints are considered additional data in a Rietveld 
refinement, so we need to consider the relative weights 
of the raw data and the restraints. Most programs 
provide an easy way of adjusting the weights. I prefer to 

have the restraints contribute < 10% to the total χ2 in the 

refinement, so that the refinement is nudged in the right 
direction by the restraints but is dominated by the data. 
Occasionally (for very large problems) the restraint 
weight needs to be higher, to keep the molecules 
together. Although torsion angles can be restrained, this 
is more complex, and since they are features in which I 
am interested, I do not restrain them. Planar groups (such 
as phenyl rings) can be restrained to be planar.  
 
There is an additional feature to using restraints. You 
have to use the right values! I learned this the hard way, 
by making typographical errors when entering restraints. 
The refinement will duly adjust the molecule to the 
incorrect value, even with a low restraint weight. The 
restraints are somehow more important than we expect 
from their weights. 
 
Similarly, it is uncommon to refine atomic displacement 
coefficients independently, although it sometimes possible 
to refine heavy atoms (such as S, Cl, Br, or I) 
anisotropically. More commonly, the Uiso are grouped by 
some form of chemical similarity, such as constraining all 
atoms in a ring system to have the same Uiso. It is 
uncommon to be able to refine hydrogen atoms, so I 
generally recalculate their positions (using molecular 
mechanics techniques) during the refinement, and fix their 
Uiso at some multiple (generally 1.2 or 1.3×) that of the 
displacement coefficient of the heavy atom to which they 
are attached.  
 
Profile coefficients are important variables in a 
refinement. They affect the integrated intensities, which 
determine the structure. Most pharmaceutical patterns 
are dominated by microstrain broadening, so I tend to 
use such models to describe the peak profiles, especially 
the Stephens11 anisotropic microstrain model. Microstrain 
tends to be Lorentzian, but sometimes one has to consider 
the Gaussian/Lorentzian mix in the pseudo-Voigt 
functions usually used to model peak profiles. 
 
Preferred orientation is often a significant problem in 
laboratory flat plate specimens, especially if it is not 
obvious by inspection. Since it distorts the relative 
intensities of the peaks, it tends to compress electron 
density into planes or lines when trying to solve a 
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structure. Although preferred orientation can be modeled 
(as long as it is not too severe), it is always better to 
eliminate or minimize it by better specimen preparation. 
The capillary geometry commonly used at synchrotrons 
generally results in less preferred orientation, but 
sometimes it can be significant even in a rotated capillary 
specimen (Figure 7).  
 
How do you measure the quality of a Rietveld 
refinement? Although there is no single measure, we can 
consider several classes12. The first are statistical 
measures. The most commonly used and useful are the 
weighted profile residual Rwp and the goodness-of-fit 
(GOF). Lower is better for both measures, but how low is 
low enough? The answer (as is the case for any question 
about powder diffraction) is “it depends”.  
 
The weighted profile residual is the weighted sum of the 
differences between observed and calculated data 
points divided by the weight sum of the observed 
intensities, and so contains the quantity minimized in the 
least squares. It is useful mainly as a relative indicator of 
better or poorer refinements. The absolute value 
depends on many things, such as the quality of the data 
(especially signal/noise), the quality/completeness of the 
model, the height of the background, and just about 
anything else one can imagine. With experience, you get 

a feel for what is good for your instrument of interest. To 
quantify, in Figure 8 are plotted the Rwp for > 130 
pharmaceutical refinements I have done using synchrotron 
radiation. The median value is 8.6%, but the values range 
from < 1% to over 20%. All of these are what I consider 
correct structures! Just as with laboratory data, once Rwp 
gets below 10% you feel good about the quality of the 
fit.  
 
The second common statistical measure is the goodness-of 
fit (GOF). This is the ratio between Rwp and the expected 
minimum residual calculated from the counting statistics. 
The ideal value is 1.00, which indicates that the residuals 
are dominated by statistical errors in the data, and not 
by any errors in the model. A value < 1 indicates that the 
weights are wrong, generally from a scaling of the raw 
data. The normal situation is GOF > 1, which indicates 
that there are systematic errors and/or the model is 
incomplete (or wrong). The simplest way to achieve a low 
GOF is to collect poor (noisy) data, but this is of course 
not what we want. Figure 9 reports the GOF values for 
my pharmaceutical synchrotron refinements. The average 
value is 1.5, so this is a reasonable expectation. Another 
measure of the quality fo the refinement is the ratio of 
the Rietveld Rwp to that obtained from a Le Bail or Pawley 
fit. If the ratio is < 2, the general rule of thumb is that the 
refinement is good. 

 

 
 
Figure 7. The texture index (indicating preferred orientation) in pharmaceutical structures determined by the author. A 
texture index = 1 indicates a random specimen, and a value of infinity indicates a single crystal. 
 
Both of these distributions contain some larger-than-
expected values. These tend to result from impurity peaks 
not included in the model, changes in peak shapes and/or 
positions resulting from change of the specimen during the 
measurement (beam damage), and incomplete modeling 
of the background, and the complexity of the problem 
(including potential disorder, which can be difficult to 
model using powder data). Sometimes you do the best 
you can, and move on to the next problem. 

The second class of quality measures are graphical. 
Generally, in a structure paper there is one Rietveld plot, 
which contains observed, calculated, and difference 
intensities, sometimes with changes in intensity scale. This 
can be enough, but can hide information. In your own 
refinements, it is wise to do extensive zooming into small 
regions, to assess the nature of any mis-fits, and decide 
whether they can be corrected by changes to the model, 
or whether they have to be tolerated.  



A Review of Pharmaceutical Powder Crystallography 

© 2025 European Society of Medicine 8 

 

 
Figure 8. The weighted profile residual Rwp of a large number of pharmaceutical crystal structures determined by the 
author using synchrotron radiation.  
 

 
Figure 9. The Goodness-of-Fit values for a large number of pharmaceutical structures determined by the author using 
synchrotron radiation. 
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Figure 10. The root-mean-square Cartesian displacements between Rietveld-refined and DFT-optimized pharmaceutical 
crystal structures, determined using the Mercury Calculate Molecule Overlay tool (green) and the Crystal Packing 
Similarity tool (red). 
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Figure 11. The average Z-score for bond distances (red) and bond angles (green) for experimental and DFT-optimized 
pharmaceutical crystal structures determined by the author. 
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Results 
The third class of quality measures are what I like to call 
“chemical reasonableness”12. Again, there is no single 
quality measure, but we have to evaluate many different 
features of the structure. 

 
The first thing to consider is the accuracy of the crystal 
structure. Quantifying the accuracy means knowing the 
correct answer. We don’t know this from a single Rietveld 
refinement, but need additional information - perhaps 
spectroscopic and/or chemical and physical properties. 
Such information may not be available. One thing that 
has proven useful is to compare the refined structure to 
one optimized using density functional techniques. 

 
Van de Streek and Neumann13 compared over 200 
refined single crystal structures with their DFT-optimized 
counterparts. The average root-mean-square Cartesian 
displacement between the pairs was 0.084 Å, and all 
were < 0.25 Å. Later they did a similar comparison for 
powder structures14. The average difference was 0.13 Å, 
and almost all were < 0.35 Å. In an overlay of two 

structures with an rms difference ∼0.1 Å, the difference 
is hardly visible to the eye. We can consider such a DFT-
optimized structure as essentially equivalent to a single-
crystal structure, which is normally considered the gold 
standard for correctness. 

 
Van de Streek and Neumann performed dispersion-
corrected DFT optimizations and refined the lattice 
constants. Default DFT (without a dispersion model) tends 
to result in lattice parameters which are too large. I 
prefer to fix the lattice parameters at their experimental 
values, as we know them better than anything else in a 
Rietveld refinement. The authors of the DFT codes tell me 
that this is acceptable, and saves some computer time. 
Such geometry optimizations of pharmaceutical structures 
take days to weeks on a large local multiprocessor 
server, so are not trivial. Fixing the lattice parameters is 
acceptable if we are interested in the geometry. If the 
goal is to compare energies, then the lattice parameters 
should be refined in a dispersion-corrected DFT 
calculation. 

 
Van de Streek et al.15 have recently extended such 
comparisons, and suggest that the normal 
“crystallographic accuracy” is insufficient to obtain 
accurate values of energies and other physical and 
chemical properties, and suggest that we strive for 
“thermodynamic accuracy” in both refinements and 
optimizations. Small differences in atomic positions can 
have large effects on calculated properties. Among the 
examples is atorvastatin calcium trihydrate (Lipitor®), the 
structure of which had been solved using synchrotron 
powder data16. The structure agreed well with the 
experimental data, but two independent DFT 
optimizations disagreed with it and with each other. The 
structure was redetermined, and differences in the 
conformations of the flexible side chains of the two 
independent atorvastatin anions resulted. This new model 
agreed well with both the data and multiple DFT 
calculations. In considering energies, multiple DFT-D 
calculations are recommended to assess the accuracy of 
lattice energies.  
 

Comparison of a Rietveld-refined structure and its DFT-
optimized version is a good way of assessing the 
accuracy of the experimental structure. In (paid, with the 
CSD) Mercury, there are two convenient tools for making 
such comparisons. They are CSD-Materials/Search/ 
Crystal Packing Similarity and Calculate/Molecule 
Overlay. The most appropriate may vary with the 
problem at hand. Distributions of such comparisons are 
presented in Figure 10. Although most fall within the 
range suggested by van de Streek and Neumann14, some 
structures which I believe to be correct have larger 
disagreements. Reasons for this include the complexity of 
the structure, quality of the data (broad peaks and/or 
limited data range), preferred orientation, the presence 
of impurities, and/or incompletely modeled disorder. The 
way to avoid these large differences is probably to 
acquire/prepare a better sample. 
 
Although DFT geometry optimizations on closed-shell 
systems such as most pharmaceuticals are generally quite 
reliable, there is some uncertainty associated with the 
results. Choices of program, basis sets, functionals, and 
control parameters may have small effects on the final 
geometry (and large effects on the energy). Occasionally 
chemically unreasonable results are obtained from a DFT 
calculation. Too-long S-N bonds in the DFT optimization 
of sulfonamides have been observed17-19. DFT programs 
have been shown to sometimes incorrectly locate 
hydrogen atoms, and miss the distinction between a salt 
and a co-crystal20. 
 

Another way to assess the accuracy of a crystal structure 
is to do a Mogul geometry analysis, and compare the 
structure to all of the others in the CSD. Each bond 
distance, bond angle, and torsion angle is compared to 
the similar ones in the CSD. A common metric is the “Z-
score”, the difference of the quantity of interest from the 
average value, divided by the standard uncertainty of 
the average. Perhaps surprisingly, the average Z-scores 
for most refined and optimized structures are similar 
(Figure 11), and < 1. In the refinements, the bond 
distances and angles were restrained to be near their 
average values, so the low Z-scores are to be expected. 
We would also expect that DFT optimization would yield 
chemically reasonable structures with distances and 
angles near the averages. The few structures with 
experimental Z-scores higher than the DFT ones indicate 
structures whose accuracy may not be as great as the 
others. These tend to be large refinements (160-210 
least squares variables), and suggest that there are limits 
on the accuracy which can be expected from a powder 
structure. 
 

A number of other factors can provide insight into the 
quality of the structure. Sometimes some displacement 
coefficients refine to larger-than-expected values, 
perhaps indicating disorder in a portion of the molecule. 
It can be difficult to model such disorder using powder 
data. An as-solved structure may contain voids, which 
may indicate the presence of unsuspected water/solvent 
molecules. A difference Fourier map can be instructive, 
even though such maps are flatter than single crystal 
maps. The “observed” structure factor amplitudes are 
biased by the structure model, so we expect such maps 
to be relatively flat. The largest peaks and holes in the 
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maps for most structures are < +/- 1.0 e/Å3, or less than 
about 1 hydrogen atom. Sometimes a larger peak in a 
map will indicate the presence of a missing water/solvent 
molecule. If hydrogen bond donors and acceptors are 
present in the molecule, they almost always find each 
other in the crystal structure. If expected hydrogen bonds 
are not present, this can be a sign that the structure is 
incorrect. Examples are provided later. 
 
The remaining discussion highlights and discusses (≤ 5 
years) interesting and important structures, illustrating the 
applications of powder crystallography, major workers 
in the field, and journals in which the results are published. 
 

Interest/Importance of Molecule/Structure 
The chemically unreasonable structure of ibuprofen Form 
II, originally determined using powder data21, was re-
refined using the deposited raw data and combined with 
DFT optimization to yield an improved structure22. It was 
proposed that lack of a preferred orientation model in 
the initial refinement was the source of the problems in 
the original structure. 
 

The structure of a new polymorph, β-L-tyrosine (prepared 

by sublimation), was determined using laboratory 
powder data23. It was difficult to index the pattern, 
because the sample contains a small concentration of the 

known α-polymorph. Once the unit cell was determined 

using 3D-ED, equivalent structures could be obtained 
independently using the X-ray powder and electron 
diffraction data sets. DFT optimization indicated that the 

new β-polymorph is metastable compared to the known 

α-polymorph.  

 
The rhombohedral structure of a metastable Form II of 
oxcarbazepine (prepared by sublimation) was 
determined using laboratory powder data, assisted by 
crystal structure prediction24. The crystallites form by an 
unusual mechanism of condensed droplet formation and 
coalescence preceding nucleation and growth. The 
crystallites twist, limiting their size, and forcing 
determination using a powder sample.  
 
The structure of a new metastable tetragonal form of the 
RNA polymerase inhibitor favipiravir was determined 
using laboratory powder data25. The hydrogen bond 
network differs from that in the stable orthorhombic 
polymorph, and there is no symmetry-allowed direct 
transformation path between the two polymorphs.  
 
The structure of a co-crystal of remdesivir and salicylic 
acid was determined using laboratory powder data26. 
The structure solution and refinement were apparently 
straightforward, showing that synchrotron radiation is not 
strictly necessary.  
 
The structure of Form I of the COVID-19 drug molnupirivir 
was solved using synchrotron powder data27, virtually 
simultaneously with multiple single-crystal determinations.  
 

Interesting Features of the Process 
Although solving many structures using powder data is 
straightforward, issues can arise during the process of 
structure solution, which can make the process non-routine. 

Here are several examples from my own recent work (as 
I know more of the details) of the problems which can 
arise. I hope that knowing about these problems will help 
others in solving structures. 
 

Indexing 
The pattern of fluvoxamine maleate could not be indexed 
until up to 3 unindexed peaks were permitted. A P21/c 
cell with a = 21.6310(15), b = 5.3180(4), c = 

19.5555(15) Å, β = 99.979(5)̊, V = 2215.48(25) Å3 and 

Z = 4 was obtained, but this did not account for all of the 
peaks; there were several shoulders. All of the 2× 
supercells were examined, but these did not yield 
chemically reasonable solutions. The monoclinic cell 
yielded a reasonable solution. It is unclear whether the 
extra peaks resulted from beam damage28. 
 
Fruquintinib Form I crystallizes in space group C2 with a 

= 35.4167(22), b = 3.90500(12), c = 26.9370(11) Å, β 

= 108.0290(22)̊, V = 3542.52(26) Å3, and Z = 8. Both 
the long and short axes made the pattern difficult to 
index, and a larger than normal number of peaks (31) 
had to be used for the indexing. Using the more-normal 
20 peaks yielded smaller unit cells, which did not yield 
chemically reasonable structures29.  
 
The pattern of decoquinate was difficult to index30. The 
long 46 Å axis means that most of the low-angle peaks 
are of the form h00 and hk0, and it was difficult to define 
the short axis. After several attempts (with smaller c-
axes), the pattern was indexed on a primitive monoclinic 
unit cell with a = 46.77298, b = 12.95209, c = 7.65585 

Å, β = 91.97°, V = 4635.24 Å3, and Z = 8 (Z’ = 2). For 

the structure solution (using MCSA techniques) the torsion 
angles of the decyl side chains were fixed at 
approximately 180°.  
 
The pattern of anthraquinone-2-carboxylic acid was 
initially indexed on a P21 cell unit cell with a = 22.70667, 

b = 3.73900, c = 26.39351 Å, β = 106.563°, V = 

2148.35 Å3, and Z = 8 (Z’ = 4), with up to 3 unindexed 
lines permitted. Structure solution and refinement were, 
however, unsatisfactory. The sample was recrystallized 
by sublimation (needle morphology) and the new pattern 
was indexed in P-1 with a = 3.7942(2), b = 13.266(5), 

c = 22.835(15) Å, α = 73.355(30), β = 89.486(6), γ = 

86.061(1)°, V = 1098.50(7) Å3, and Z = 4 (Z’ = 2). The 
structure was then successfully solved and refined in the 
correct space group31. 
 
The pattern of L-5-methyltetrahydrofolate calcium 
trihydrate could be indexed with difficulty in P21 with a 

= 6.9575, b = 6.5372, c = 53.7699 Å, β = 92.320̊, V 

= 2444.33 Å3, and Z = 4. Some plausible solutions were 
obtained, but they all contained some molecular overlap. 
Analysis of this cell using PLATON32-33 showed that it was 
not the conventional monoclinic cell, which has a = 7.202, 

b = 6.548, c = 53.837 Å, and β = 90.54̊. The fact that 

the β angle was close to 90̊ suggested exploration of 

orthorhombic unit cells. A better Le Bail fit was obtained 
in P212121 with a = 7.1706(6), b = 6.5371(5), c = 
53.8357(41) Å, V = 2523.58(26) Å3, and Z = 4.  In the 
best solution (by MCSA) the chirality of one of the C 
atoms was inverted, so had to be corrected manually34. 
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Determination of Space Group 
The pattern of cabotegravir could be indexed on a 
primitive orthorhombic unit cell with a = 31.4706(11), b 
= 13.4934(3), c = 8.43811(12) Å, V = 3583.201(18) 
Å3, and Z = 8. A Le Bail fit in space group P222 
accounted for all of the peaks, but the space group was 
ambiguous. Le Bail fits in six additional proper 
orthorhombic space groups (P22121, P21221, P21212, 
P2122, P2212, and P2221), as well as monoclinic space 
groups P2111, P1211, and P1121 and the triclinic space 
group P1 were carried out. Space group P22121 yielded 
a fit as good as P1, so it was adopted for structure 
solution35, after converting the cell to the standard setting 
P21212. 
 

Delamanid crystallizes in space group P212121 (#19) 
with a = 67.3701(18), b = 12.86400(9), c = 
5.65187(12) Å, V = 4898.19(14) Å3, and Z = 8. 
Establishing the space group was difficult. Several space 
group interpretation routines suggested the extinction 
symbol Pb_b, especially preferring Pbnb (Z’ = 1). The 
glide planes are inconsistent with pure R-delamanid. The 
highest ranked proper space group was P212121, which 
would require Z’ = 2. The structure was thus solved and 
refined in both Pbnb and P212121. The centrosymmetric 

space group (Pbnb) yielded Rwp ∼20.4%, while the non-
centrosymmetric space group (P212121) yielded Rwp 

∼17.8% (with about twice as many parameters). To 
confirm the absence of a center of symmetry, a second 
harmonic test was carried out36. The SHG is a quadratic 
function of the laser power level, so the sample is non-
centrosymmetric, and thus the suggested space group 
was P212121. 
 

The pattern of elvitegravir Form II was initially indexed 
on a primitive orthorhombic cell with a = 11.54903, b = 
13.33241, c = 14.04233 Å, V = 2162.2 Å3, and Z = 4. 
The space group was ambiguous, but P21221 yielded an 
apparent successful solution and refinement of the 
structure. The structure solution contained a void on a 2-
fold axis; the void was located in a reasonable position 
to form hydrogen bonds, so a water molecule was added 
to the model.  A Rietveld refinement of 117 variables 
using 24,238 observations and 81 restraints yielded the 
residuals Rwp = 0.1399 and GOF = 2.14. The largest 
errors in the difference plot were in the intensities of 
many of the strong low-angle peaks, and the fit was 
overall disappointing. The root-mean-square Cartesian 
displacement between the Rietveld-refined and DFT-
optimized structures was 0.341 Å, at the upper end of 
the normal range for correct structures. The unit cell did 
not account for the weak (0.6% relative intensity) 100 

peak at 2.27̊. While no one of these measures of the 
quality of the fit is necessarily a “red flag”, their sum 
motivated concern about the correctness of the structure. 
Accordingly, the symmetry was lowered to P21 (to model 
the 100 peak), with a re-labeling of the axes to obtain 
the standard setting. This means that there are two 
molecules in the asymmetric unit, and thus that the 
problem was twice as large. The structure was re-solved 

in P21, and the success rate was only ∼2%. TGA 
confirmed that the sample was anhydrous37.  
 

Chemical Reasonableness 
It is common to deduce H atom positions (after MCSA 

using a neutral molecule) by analysis of potential 
hydrogen bonding, but sometimes the analysis is more 
complicated. It is almost always true that hydrogen bond 
donors and acceptors find each other in a crystal 
structure. 
 
The pattern of reboxetine mesylate Form 2 was difficult 
to index, until a 3D ED structure of Form 1 appeared38. 
Once the Form 1 peaks could be identified, the pattern 
of Form 2 could be indexed on a monoclinic unit cell with 
Z’ = 2. Two cations and two anions were used to solve 
the structure39. In the best solution, the protonated N in 
the morpholine ring of one molecule 1 formed the 

expected N-H⋅⋅⋅O hydrogen bonds to two anions, but the 
equivalent N in the other molecule did not. Examination 
of the structure showed that a C atom was 2.867 and 
2.951 Å from two O atoms of the anions, and thus was 
probably a nitrogen atom. The atom types in this 
morpholine ring were reassigned manually and the 
hydrogen positions were recalculated using Mercury 

(conceptually rotating the ring by 180̊) to obtain the 
model for refinement. 
 
The best solution for palovarotene refined to Rwp = 
0.0373, but was chemically unreasonable. There was a 
void, surrounded by hydrophilic groups (the carboxylic 
acid and pyrazole ring), but no hydrogen bonds. Visual 
examination of the structure revealed that, if both the 
pyrazole ring and the carboxylic acid group were 

rotated by ∼180̊ the “free” N and hydroxyl group would 

become close enough to form an O-H⋅⋅⋅N hydrogen bond. 
Both the original and “flipped” structures were optimized 
using VASP (Kresse and Furthmüller, 1996). The “flipped” 
structure was 14.6 kcal/mol lower in energy than the 
original, so the final refinement was carried out using the 
flipped structure40. 
 
The cation in ractopamine hydrochloride contains two 
chiral centers, and commercial material is a mixture of 
four forms: S,S/R,R/S,R and R,S. Powder diffraction 
cannot distinguish between the pairs of enantiomers. 
Ractopamine hydrochloride crystallizes in space group 
Pbca with a = 38.5871(49), b = 10.7691(3), c = 
8.4003(2) Å, V = 3490.75(41) Å3, and Z = 8. The 
(disordered) structure was solved and refined separately 
using the S,S and S,R diastereomers. The S,R form was 
significantly lower in energy41. 
 
Danofloxacin mesylate crystallizes in space group P1 
with a = 6.77474(8), b = 12.4973(4), c = 12.82826(28) 

Å, α = 84.8709(29), β = 87.7501(10), γ = 74.9916(4)°, 

V = 1044.723(11) Å3, and Z = 2 (Z’ = 2). The structure 
was solved by Monte Carlo simulated annealing 
techniques, and the 11 best solutions were refined. In the 
two best solutions, the orientations of the cyclopropane 
rings and the methyl group on the diazobicycloheptane 
cages were the same. Each of the three N atoms in the 
cation is prochiral, so multiple sites for protonation had to 

be considered. The expected cation-anion N-H⋅⋅⋅O 
hydrogen bonds are not present, but there are cation-
cation hydrogen bonds42.  
 

Meglumine diatrizoate crystallizes in space group P21 
with a = 10.74697(4), b = 6.49364(2), c = 18.52774(7) 

Å, β = 90.2263(3), V = 1292.985(5) Å3, and Z = 2. Two 
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different crystal structures, which yielded essentially 
identical refinement residuals and positions of the non-H 
atoms, were obtained. The differences were in the H atom 
positions and the hydrogen bonding. One structure was 
123.0 kJ/mol/cell lower in energy than the other, and 
was adopted for the final description43.  
 
Butenafne hydrochloride crystallizes in space group P21 
(#4) with a = 13.94806(5), b = 9.10722(2), c = 

16.46676(6) Å, β = 93.9663(5)̊, V = 2086.733(8) Å3, 

and Z = 4 (Z’ = 2). Although a reasonable initial 
refinement was obtained, the structure was chemically 
unsatisfactory. Only one of the cations formed the 

expected N-H⋅⋅⋅Cl hydrogen bond; the N⋅⋅⋅Cl distance 

was 3.061 Å. The corresponding N⋅⋅⋅Cl distance for the 
other cation was 3.619 Å. The butenafine free base 
molecule is achiral, but protonation can result in both R 
and S enantiomers. Both molecules were in the R 
configuration, as they were generated from two copies 
of a downloaded molecule. Manually inverting the 
configuration of the “long” cation from R to S performing 
a molecular mechanics-based structure optimization 
yielded the initial model for a much more satisfactory 
Rietveld refinement. Butenafine hydrochloride turns out to 
crystallize as a racemic co-crystal of enantiomers44, 
explaining the Z’ value of 2.   
 

Difference in Chemistry 
Benserazide hydrochloride Form I crystallizes in space 
group P21/n (#14) with a = 19.22983(15), b = 

14.45066(10), c = 4.57982(2) Å, β = 93.6935(3), V = 

1270.014(15) Å3, and Z = 4. The structure was solved 
by direct methods, but benserazide is a chiral molecule. 
What was purchased was an unintended racemate45. 
 
Lifitegrast sesquihydrate Form A crystallizes in space 
group P21 (#4) with a = 18.2526(4), b = 5.15219(6), c 

= 30.1962(6) Å, β = 90.8670(19), V = 2839.35(7) Å3, 

and Z = 4. Thus, Z’ = 2, and there are two lifetegrast 
molecules and two water molecules in the asymmetric unit 
of the presumed monohydrate. The structure was solved 
by Monte Carlo simulated annealing techniques and 
refined, and a moderate-sized void was noted. The void 
was large enough for a third water molecule, which would 
be stabilized by forming a number of hydrogen bonds. 
The compound is thus an unrecognized sesquihydrate46. 
 
Cariprazine hydrochloride (marketed as Vrayar) is used 
to treat a variety of psychological disorders. The structure 
of “cariprazine hydrochloride” was solved by direct 
methods, but an additional atom was located, and 
refined as a chloride ion. The compound purchased was 
thus cariprazine dihydrochloride47. Cariprazine 
dihydrochloride was also claimed in the patent48, but no 
diffraction data was provided.  
 

Large Structures 
Structures with more than one molecule in the asymmetric 
unit (Z’ > 1) are fairly common among pharmaceuticals. 
The presence of multiple fragments means that more 
variables are involved in both solution and refinement, 
and that the structure are automatically more 
challenging. Some notable recent examples are: 
quizartinib hydrate49 and carbadox50. 

Accuracy 
The crystal structure of nilotinib hydrochloride 
monohydrate was determined51, and compared to the 
previously determined structure of the free base52 and 
several solvates (single crystal structures). The accuracy 
of the synchrotron powder structure was high, and the 
precision (uncertainty) was only slightly worse than the 
single crystal structures. The cations in the hydrochloride 
and the free base molecule have very different 
conformations, so the comparison provides an opportunity 
to examine the detailed energetics of the system. 
 
The crystal structure of doxorubicin was determined using 
laboratory powder data53. The assignment of the site of 
protonation was unambiguous. DFT optimization was used 
to confirm and analyze the structure. The rms Cartesian 
displacement between the Rietveld-refined and DFT-
optimized structures was only 0.153 Å. 
 

Salt/Cocrystal 
As drug molecules get larger, their solubility tends to 
decrease. Salts and cocrystals of an API are often more 
soluble than the parent compound, increasing 
bioavailability, and are thus of great current interest. 
Many such structures are solved using powder data, 
especially when the materials are prepared using 
mechanochemical techniques. 
 
As part of a virtual and experimental study of salts and 
co-crystals of riluzole and aromatic carboxylic acids54, 
Voronin et al. isolated a new more-stable Form 2 of the 
salt of riluzole and 2,6-dihydroxybenzoic acid, and 
solved the structure using synchrotron powder data. The 
structure of Form 1 had been determined previously using 
single crystal data. The result permitted detailed 
comparison of the hydrogen bonding and energetics of 
the two forms. DFT calculations and the experiments 
clearly indicated that the two forms were salts, rather 
than co-crystals.  
 
As part of a multicomponent solid form screening of 
ripretinib, the crystal structure of a ripretinib salt with 
ferulic acid was solved using high-resolution laboratory 
powder data55. The result clearly showed that the form 
was a salt. The hydrogen bonding was compared to that 
in a number of other salts and co-crystals determined 
using single crystal data. 
 
A polymorph screening of raltegravir56 yielded 
anhydrous Form A as well as two forms of a potential 
impurity C (methanol solvate). The structure of Form A and 
one of the Forms C were solved using laboratory powder 
data. Compared to the previously-determined K salt57, 
the raltegravir molecule has a very different 
conformation; multiple sites for coordination to K in the 
salt affect the solid-state conformation. Not all of the 
hydrogen positions were located using the laboratory 
data.  
 

The crystal structure of a 1:1 co-crystal of cephalexin and 
serine was solved and refined using laboratory powder 
data58. Both molecules are zwitterions, and the hydrogen 
bonding could be discussed in detail. 
 

A computational method aimed at identifying 
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API/coformer pairs which are unlikely to form cocrystals 
was proposed59. This method can make experimental 
investigation of cocrystal formation more efficient. In the 
experimental portion of the study, the structures of 
cocrystals of carbamazepine and methylparabene and 
2,4-t-butyl-4-methoxyphenol were determined using 
laboratory powder data. Synchrotron powder data was 
used to solve the structure of a cocrystal of 
carbamazepine and DL-tartaric acid, prepared by 
solvent-assisted grinding60. The structure of a 
carbamazepine:indomethacin cocrystal (as well as one of 
furosemide:urea) was solved using laboratory powder 
data61. Structures of several co-crystals of 
carbamazepine with dihydroxybenzoic acids were 
determined using laboratory powder data62. Knowledge 
of the structures facilitated quantitative phase analysis of 
mixtures obtained from mechanochemical reactions and 
determining the crystallization kinetics.  
 
The structures of two forms of dexamethasone:resorcinol 
co-crystals were determined using laboratory powder 
data63. The molecular structure of dexamethasone in 
these cocrystals is virtually identical to that in pure 
dexamethasone64; the rms displacements are 0.066, 
0.092, and 0.105 Å. Structures of co-crystals of 
dexamethasone with catechol and resorcinol were 
determined using laboratory powder data65. The co-
crystals were more soluble than the parent 
dexamethasone. 
 
The structures of a co-crystal of (S)-ibuprofen and L-
proline and a quarter hydrate were determined using 
synchrotron powder data66. The structure solution was 
assisted by complementary techniques, including solid-
state NMR, TGA, and dispersion-corrected DFT 
calculations. A powder study of the dehydration of the 
hydrate was also reported. 
 
The crystal structure of a 1:1 co-crystal of creatine and 
citric acid was determined using laboratory powder 
data67. The creatine was a zwitterion and the citric acid 
as a neutral molecule.  
 
The structure of a co-crystal of metaxolone and 
nicotinamide was determined using laboratory power 
data68. This co-crystal and other isostructural compounds 
had solubilities 3-9-fold higher than that of pure 
metaxolone. 
 
A new 1:1 salt of the leprosy drug clofazimine and 4-
aminobenzoic acid was prepared by liquid-assisted 
grinding, and the structure solved using laboratory 
powder data69. The salt is 5× more soluble than the free 
base.  
 
The structure of a norfloxacin-nicotinic acid cocrystal, 
prepared by mechanochemical synthesis, was solved 
using laboratory powder data70. The cocrystal exhibited 
a pH-dependent solubility increases compared to pure 
norfloxacin.  
 

Phase Transitions 
Powder diffraction was used to characterize the phase 
transitions and desolvations in a series of solvates of 
nifedipine71. Most of the structures were solved from 

single crystals, but that of a low-temperature (100K) form 
of nifedipine:N,N-dimethylacetamide was solved directly 
from the in situ powder data. The molecular structure and 
hydrogen bonding could be analyzed in detail. This work 
emphasizes the importance of powder diffraction for in 
situ studies. 
 

As part of an extensive experimental and computational 
study of polymorphism in the flexible molecule 

chlorpropamide, two solutions for η-chlorpropamide 

(prepared by mechanochemistry) were derived using 
powder data72. Crystal structure prediction was essential 
in sorting out the conformational landscape, but a larger 
energy range than typical must be considered when 
assessing metastable structures. 
 

In a powder diffraction study of the formation of 
halobenzene (F, Cl, Br, and I) solvates of ibrutinib (the 
structures of which had been solved using single crystal 
techniques), an intermediate hemi(chlorobenzene) solvate 
was discovered, and its structure solved using the powder 
data73. The mechanism of solvate formation was 
investigated experimentally and computationally.  
 

The crystal structures of Forms 1 and 4 of tafamidis were 
determined using laboratory powder data74, and the 
details of the phase transitions were studied using in situ 
variable-temperature powder diffraction. The structure 
of Form I was determined independently using 
synchrotron powder data, and the details of the 
hydrogen bonding were characterized using DFT 
techniques75. 
 

Solid-state NMR information can reduce the search space 
of a structure prediction algorithm. The SSNMR data 
helped determine the correct tautomer and number of 
molecules in the asymmetric unit for mebendzole. The 
structures of phases A, B, and C were predicted correctly, 
and the structure of phase B was determined using 
powder data76. 
 

The structure of a new anhydrous Form III of bilastine and 
a chloroform/water mixed solvate were solved using 
synchrotron powder data77. Both this 1:1 solvate and a 
3:1 chloroform:water solvate are transient phases, as 
they become unstable on removal from the mother liquor. 
Such unstable solvates can easily be overlooked in 
crystallization screenings. 
 

Solution of the structures of multiple polymorphs of 
dantrolene and its hydrates, combined with single crystal 
studies of others, permitted rationalization of the reasons 
for polymorph formation78. The thermodynamic 
relationships among the polymorphs were established 
both experimentally and computationally. 
 

The crystal structure of anhydrous mequitazine glycolate 
was determined using in situ laboratory powder data79. 
DFT-D calculations showed that hydrogen bonding by a 
bridging water molecule stabilized the hydrophilic layer 
of the hydrate more than that of the anhydrate. The 
structures of several cocrystals and hydrates of 
mequitazine were also solved using laboratory powder 
data80. 
 

At room temperature the anticancer drug carmustine was 
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amorphous, but at 153 and 278K the sample was 
crystalline, and the structure was determined using in situ 
laboratory powder data81. The molecules form a one-
dimensional hydrogen bond pattern. 
 

No additional polymorphs of lacosamide are obtained 
on heating from room temperature, but two additional 
low-temperature polymorphs were discovered82. The 
structure of one of these was solved using laboratory 
powder data. The structures are distinct, but similar, and 
the phase transformations are completely reversible.  
 

Synchrotron powder data was used to solve the structure 
of a new intermediate anhydrous form of ciprofloxacin 
hydrochloride, prepared by heating the commercial 
hydrate83. Both structures contain 1D chains and 2D 
sheets. The structure of a ciprofloxacin:thymol cocrystal 
was solved using laboratory powder data84. 
 

The structures of several polymorphs of sofosbuvir, 
prepared by liquid-assisted grinding, were solved using 
laboratory powder data85. Transformation to the most 
stable form can occur through different intermediate 
forms.  
 

Future Outlook 
Recent advances in structure prediction86-87 may lessen  

the need to solve structures ab initio from powder data. 
The results of a structure prediction generally consist of a 
library of potential low-energy structures. Comparing the 
calculated powder patterns of such structures to 
experimental data should enable choice of the correct 
structure. It may even be possible to establish the 
structures of the components of mixtures. 
 
Although small numbers (10-20/year) of drug structures 
have been solved using electron diffraction techniques88, 
recent advances in 3DED/Micro-ED instruments and 
techniques38 may also lessen the need for ab initio 
structure solution using powder data. Essentially single 
crystal data sets are collected on the individual 
crystallites in a powder sample. It may be easier to solve 
a structure using such single crystal data, but a better 
structure refinement may be obtained by the Rietveld 
method using X-ray powder data. Certainly, the powder 
refinement will yield more-precise lattice parameters, 
and thus more-precise geometrical parameters. It remains 
to be seen how prevalent damage to the pharmaceutical 
sample in the electron beam will be. Powder diffraction 
will always have a role in in situ studies and in 
characterization of formulated products. 
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