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ABSTRACT: In the crystalline state, xanthine plays a significant role in
several biological systems. For example, pathological crystallization of xanthine
causes renal stones in humans and bladder stones in cats and dogs, while
xanthine crystals can also serve as functional optical materials, including their
role as reflective mirrors in the eye-like organs of certain insects. To
understand the role of crystalline xanthine in such biological processes and
functions, knowledge of the crystal structure is essential. However, crystal
structure determination has so far proved elusive, as xanthine is recalcitrant to
the formation of crystals suitable for single-crystal XRD, and severe preferred orientation in powder samples of xanthine has
prevented structure determination from powder XRD data. Here we report the crystal structure of xanthine based on the analysis of
3D electron diffraction (3D-ED) data recorded for microcrystals in a powder sample, in conjunction with periodic DFT-D
calculations and the analysis of powder XRD data. In common with certain other purines, the crystal structure of xanthine is a
layered structure containing planar hydrogen-bonded sheets in which all hydrogen-bond donor and acceptor groups are engaged in
intermolecular hydrogen bonds. Considering the tautomeric form of xanthine in the crystal structure, analysis of the 3D-ED data
supports the presence of the N7H tautomer (the tautomer of lowest energy for an isolated xanthine molecule). However, the
corresponding crystal structure containing the N9H tautomer is essentially isostructural, as it differs from the structure containing
the N7H tautomer only in the position of the H atom within each intermolecular N−H···N hydrogen bond in the structure.
Interestingly, the difference in energy (per molecule of xanthine) between the crystal structures containing the N7H and N9H
tautomers is significantly lower than the difference in energy of an isolated xanthine molecule in the N7H and N9H tautomers.

The purine base xanthine (Figure 1) is an important
metabolite in a wide variety of living systems and is

produced by the purine degradation pathway from guanine or
hypoxanthine. In the crystalline state, xanthine is implicated in
important biological phenomena. In healthy individuals, the
enzyme xanthine oxidase degrades xanthine to uric acid.
However, a genetic disorder called xanthine urolithiasis1,2

causes a deficiency of xanthine oxidase, resulting in increased
levels of xanthine in the blood that can lead to accumulation of
xanthine crystals in human kidneys (renal stones) or xanthine
bladder stones in cats3,4 and dogs.5 Xanthine urolithiasis
commonly leads to urinary tract infections and, more rarely, to
acute renal failure,6 joint disease, and other serious conditions.7

A completely different biological role of crystalline xanthine
arises in some species of insects that use xanthine as a
functional optical material. Highly reflective, plate-like crystals
of xanthine form a mirror that is used to enhance photon
capture in eye-like organs (ocelli) in jumping bristletails8−10

and has stimulated interest in the potential to use xanthine
crystals as the basis for bioinspired optical materials.11,12

Recently, it has also been recognized13 that xanthine (and
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Figure 1.Molecular structure of xanthine in the two tautomeric forms
of lowest energy, which differ in the position of one H atom.
Tautomers A and B are often designated as the N7H and N9H
tautomers, respectively.
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other purines such as hypoxanthine) can exist as a dopant in
biogenic crystals of guanine and may play an important role in
controlling crystal morphology.14

Given the growing realization of the importance of
crystalline xanthine in biological systems, knowledge of the
crystal structure of xanthine is clearly important, for example to
facilitate the design of effective strategies to inhibit
pathological crystallization and to rationalize the role of
crystalline xanthine in biological optical systems. However,
crystal structure determination of xanthine has proven elusive,
and xanthine is one of the few purines for which a crystal
structure of the pure material has not yet been reported in the
CSD. Examples of structures in the CSD that contain xanthine
include the dihydrate of a perchlorate salt,15 the tetrahydrate of
a sodium salt,16 and various structures containing xanthine as a
ligand in metal complexes.
Crystal structure determination of xanthine is challenging for

several reasons, including (i) the fact that xanthine has very
low solubility in common solvents,17−19 which limits the
prospects to prepare crystals of suitable size and quality for
single-crystal XRD by standard crystallization methods, and
(ii) the fact that powder samples of xanthine exhibit severe
preferred orientation, which causes significant challenges in
structure determination from powder XRD data. As exper-
imental powder XRD data for xanthine are typically dominated
by a single peak, with relatively few other peaks of significant
intensity, even the task of determining a reliable unit cell from
powder XRD data is challenging.20

Given these challenges, an alternative approach is to tackle
structure determination from 3D electron diffraction (3D-ED)
data recorded for microcrystals in a powder sample. Progress in
the development of 3D-ED techniques21−32 has created
significant new opportunities to determine the structures of
microcrystalline materials, such as xanthine, that have eluded
structure determination from single-crystal XRD or powder
XRD, as demonstrated widely in recent years.33−38

In this paper, we report the crystal structure of xanthine
determined from 3D-ED data, with the structure determi-
nation process augmented by periodic DFT-D calculations and
the analysis of powder XRD data.

■ RESULTS AND DISCUSSION
Crystallization of Xanthine. All studies reported here

were carried out on a synthetic sample of xanthine obtained
commercially, which was shown by powder XRD (Figure 2a,b)
to be a crystalline phase. Solubility tests in some common
solvents showed that xanthine is slightly soluble in ethanol and
essentially insoluble in water and methanol. Crystallization of
xanthine by slow evaporation of solvent from a saturated
solution of xanthine in ethanol (see Section S1; Supporting
Information) produced a very fine powder that was shown by
powder XRD (Figure 2c) to be the same crystalline phase as
the commercial sample of xanthine. However, given the low
solubility in ethanol, saturated solutions contain only a small
amount of solute and therefore only small amounts of
crystallized product can be obtained in crystallization experi-
ments. For this reason, most of the studies reported here were
carried out using the commercial crystalline sample rather than
materials prepared by crystallization from ethanol, recalling
that both of these materials represent the same phase of
xanthine.
Crystal Structure Determination. As shown in Figure 2,

experimental powder XRD data for xanthine are dominated by

a strong peak at 2θ ≈ 28° (Cu Kα1 radiation), and all other
peaks have significantly lower intensities. Extensive attempts to
apply standard indexing methods to determine a reliable unit
cell from powder XRD data proved unsuccessful, and our
structure determination strategy focused instead on the
analysis of 3D-ED data. The 3D-ED data were recorded for
microcrystals of xanthine (typical microcrystals, with maximum
dimension ca. 0.6 μm, are shown in Figure S1) at ambient
temperature (293 K) on an ELDICO ED-1 electron
diffractometer (acceleration voltage = 160 kV; λ = 0.02851
Å) under continuous rotation with a tilt range from −60° to
+60°. No significant beam damage was detected during the
measurements. In total, 15 data sets were recorded from 15
individual microcrystals with a diffraction resolution of ca. 1.0
Å.
The 3D-ED data were indexed and integrated using APEX4

software,39 giving the following unit cell with monoclinic
metric symmetry: a = 6.82(15) Å, b = 17.8(4) Å, c = 9.9(2) Å,
β = 108.16(4)° (V = 1142 Å3). Attempts to merge the 3D-ED
data from different microcrystals did not prove satisfactory (see
Section S2.2 for more details). Instead, the best data set (with
a completeness of 84%) out of the 15 data sets collected was

Figure 2. Powder XRD data recorded for samples of xanthine: (a)
commercial sample (laboratory powder XRD data; Cu Kα1), (b)
commercial sample (synchrotron powder XRD data adjusted to a
wavelength corresponding to Cu Kα1), and (c) sample crystallized
from ethanol (single-crystal XRD instrument; Cu Kα). Experimental
details of these powder XRD measurements are given in Section S2.1.
In (a) and (b), the peak with dominant intensity at 2θ ≈ 28° has been
truncated. Differences in the relative peak intensities between (a), (b),
and (c) are a consequence of preferred orientation.
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used for the structure solution and refinement calculations
described below. The most likely space groups were assigned
as P21/n, P21/a, or P21/c, and structure solution was carried
out independently in each case, as discussed below. The
number (Z) of molecules of xanthine in the unit cell was
established based on the reasonable assumption that xanthine
should have a similar crystal density to a chemically similar
molecule such as guanine (1.73 g cm−3 for the β polymorph of
guanine38). On this basis, the number of molecules of xanthine
in the unit cell may be deduced, from the known unit cell
volume, to be Z = 8 (calculated crystal density, 1.74 g cm−3).
As the space groups under consideration have multiplicity 4,
the number of crystallographically independent molecules of
xanthine is Z′ = 2 in each case. This information is required in
setting up the structural models for the direct-space structure
solution calculations. Independent evidence that the material
studied is not a hydrate phase or solvate phase of xanthine was
obtained from thermal analysis (see Section S2.3); in
particular, TGA data show no mass loss on heating from
ambient temperature to the temperature (ca. 350 °C) at which
decomposition begins to occur.
Structure solution from the 3D-ED data was carried out

using the direct-space genetic algorithm (GA) technique in the
program EAGER, which was developed originally for structure
solution from powder XRD data40−46 and has now been
extended for structure solution from 3D-ED data.38,47−49 In
setting up the direct-space structure solution calculations, the
molecular model was obtained by carrying out DFT geometry
optimization calculations (Section S4.1) for isolated molecules
in the two tautomeric forms of xanthine shown in Figure 1.
These tautomers (denoted here as A and B, but often named as
N7H and N9H, respectively) have been assigned from
previous computational studies50−52 as the two tautomers of
lowest energy. From DFT calculations using the Gaussian 09
program53 (with basis set 6-311+G(2d,p) and the following
three functionals: B3LYP, PBE and PBE0), the geometry
optimized molecular structure of tautomer A is lower in energy
than tautomer B by ca. 39 kJ mol−1 (the energy difference
calculated using the three different functionals is in the range
38.9−39.7 kJ mol−1; see Section S4.1). This result is in
agreement with previous studies by Šponer et al.50 and
Raczynśka et al.,52 which reported that tautomer A is lower in
energy by 38.1 and 36.0 kJ mol−1, respectively; another study51

also concluded that tautomer A is lower in energy but by a
smaller amount (17.5 kJ mol−1).
In our direct-space GA structure-solution calculations from

the 3D-ED data, the molecular model was taken as the
geometry-optimized tautomer A from our DFT calculations,
with two crystallographically independent molecules in the
asymmetric unit. Each trial crystal structure was defined by 12
variables (three positional variables and three orientational
variables for each molecule). For each space group (P21/c,
P21/n, P21/a), 40 independent GA structure-solution calcu-
lations were carried out, in each case starting from a randomly
generated initial population of 100 trial structures. In each GA
calculation, the population was allowed to evolve for 200
generations, with 10 mating operations and 50 mutation
operations per generation.
For space group P21/a, the best structure solution (with

lowest RF) from the GA calculations gave a significantly better
fit to the 3D-ED data (RF = 30.93%) than the best structure
solutions for P21/n (RF = 40.58%) and P21/c (RF = 42.95%).
Moreover, the structure giving the best fit to the 3D-ED data

was obtained in 18 of the 40 independent GA calculations for
P21/a. The best structure solution was considered to be
structurally and chemically sensible (for example, all hydrogen-
bond donor and acceptor groups in the xanthine molecules are
engaged in geometrically reasonable hydrogen bonding) and
was used as the initial model for structure refinement, which
was carried out (as a kinematical refinement) from the 3D-ED
data using SHELX.54,55

As unit cell parameters determined from powder XRD data
are more reliable than those from 3D-ED data, the unit cell
parameters for xanthine were also determined from powder
XRD data. However, given the small number of peaks of
significant intensity in the powder XRD data (Figure 2), the
use of standard software for indexing powder XRD data proved
unsuccessful. Instead, a “first-principles” approach (see Section
S3.1) was applied for unit cell determination, based on
assigning the Miller indices (hkl) of five peaks in a synchrotron
powder XRD data set from knowledge of the indexing of the
3D-ED data, which allowed the following “initial unit cell” to
be determined from the powder XRD data: a = 6.888(12) Å, b
= 17.910(14) Å, c = 9.878(18) Å, β = 108.37(26)° (V =
1156.49(351) Å3). After completing structure refinement from
the 3D-ED data using this initial unit cell, a further
determination of the unit cell was carried out by profile fitting
of the powder XRD data (see Figure S4 and Section S3.1)
using the Le Bail method; the initial unit cell from the first-
principles approach was used as the starting point for the Le
Bail fitting process, which gave the following “final unit cell″: a
= 6.8970(9) Å, b = 17.9258(27) Å, c = 9.8896(13) Å, β =
108.192(8)° (V = 1161.58(31) Å3). We note that the esds in
these unit cell parameters are significantly lower than those for
the initial unit cell determined by the first-principles approach,
and this final unit cell was used in our final structure
refinement from the 3D-ED data, producing the crystal
structure of xanthine (Figure 3) discussed below. As discussed
in Section S3.2, a difference Fourier map calculated for the
plane of the hydrogen-bonded sheet is consistent with the
assignment of tautomer A as the major tautomer of xanthine
present in the crystal structure.
Subjecting the final refined structure to periodic DFT-D

geometry optimization (using the CASTEP program;56,57 see
Section S4.2) with fixed unit cell results in only minor atomic
displacements (Figure 4), with a root-mean-squared deviation
(RMSD) in atomic positions of 0.031 Å for non-H atoms and
0.044 Å for all atoms, confirming that the final structure
determined from the 3D-ED data represents a minimum on
the energy landscape.
Description of the Crystal Structure of Xanthine. In

common with certain other purines (guanine,38,58,59 hypo-
xanthine,60,61 and adenine62,63), xanthine forms a layered
crystal structure containing planar hydrogen-bonded sheets
(Figure 3a). The sheets are parallel to the crystallographic
(101) plane (which contains the unit cell vectors b and a+c).
The mean deviation of the atom positions relative to the mean
plane of the sheet in the refined structure is 0.076 Å (which
decreases slightly to 0.066 Å following DFT-D geometry
optimization). A given sheet contains the two crystallo-
graphically independent molecules (labeled 1 and 2 in Figure
3a), and the other molecules in the sheet are generated by the
21-screw operation. Adjacent sheets are related by the a-glide
operation, with a perpendicular distance of 3.19 Å between
adjacent sheets. The structural relationship between adjacent
sheets (viewed perpendicular to the plane of the sheets in
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Figure 3b) suggests that there are no significant π···π
interactions between adjacent layers, although more detailed
computational studies would be required to provide a more
rigorous assessment of the nature of the intersheet interactions.
Within the hydrogen-bonded sheet, all hydrogen-bond

donor and acceptor groups in the xanthine molecule are
engaged in intermolecular hydrogen bonds, which may be
categorized as (a) a cyclic hydrogen-bonded motif (R22(8) in
graph set notation) comprising two N−H···O�C interactions
between a molecule of type 1 and a molecule of type 2 (note
that the center of the R22(8) ring is not a crystallographic
inversion center), and (b) an N−H···N interaction between a

molecule of type 1 and a molecule of type 2. Each molecule is
involved in two interaction motifs of type (a), and zigzag
chains of molecules linked by these interactions run along the
[101] direction (parallel to a+c). Each molecule is involved in
two interactions of type (b) with different neighboring
molecules (a given molecule acts as the N−H donor in one
case and as the N acceptor in the other), and chains of
molecules linked by these interactions also propagate along the
[101] direction. From Figure 3a, it is clear that the set of local
hydrogen-bonding interactions for the two crystallographically
independent molecules (labeled 1 and 2) are very similar.
The crystal structure of xanthine bears some resemblance to

the crystal structures of three other purines: adenine,62,63

guanine,38,58,59 and hypoxanthine.60,61 For each of these other
purines, two polymorphs are known, all of which are based on
layered structures containing hydrogen-bonded sheets. As in
the crystal structure of xanthine, the hydrogen-bonded sheets
in the two polymorphs of guanine and in the triclinic
polymorph60 of hypoxanthine are essentially planar. In
contrast, the hydrogen-bonded sheets in the monoclinic
polymorph61 of hypoxanthine and in the two polymorphs of
adenine are significantly less planar and have a more
undulating topology. For guanine, the hydrogen-bonding
connectivity within the sheets is the same for the two
polymorphs, which differ in the stacking of adjacent sheets,
whereas for adenine, the hydrogen-bonding connectivity
within the sheets differs significantly between the two
polymorphs. For the two polymorphs of hypoxanthine, the
hydrogen-bonding connectivity within the sheets is the same,
even though the degree of planarity of the sheets differs for the
two polymorphs, as noted above. Interestingly, the hydrogen-
bonding connectivity in the two polymorphs of hypoxanthine
shares several features in common with the structure of
xanthine, albeit with fewer hydrogen bonds per molecule in the
hypoxanthine crystal structures on account of the fact that one
N−H group and one C�O group in the xanthine molecule are
“replaced” by an N group and a C−H group, respectively, in
hypoxanthine. Thus, the hydrogen-bonded sheets in the two
polymorphs of hypoxanthine contain chains of molecules
linked by N−H···N interactions of type (b), as in the structure
of xanthine (see Figure 3a), and each hypoxanthine molecule
forms a motif of type (a) with one neighboring molecule; in
contrast, each molecule in the structure of xanthine forms
motifs of type (a) with two neighboring molecules (see Figure
3a) as a result of the additional N−H and C�O groups per
molecule.
Assessment of Tautomerism in the Crystal Structure.

While our structure determination from the 3D-ED data was
carried out using tautomer A, we note that the corresponding
crystal structure containing tautomer B would be essentially
identical, with the only significant difference being the position
of one H atom per molecule (Figure 5). In particular, the
crystal structure containing tautomer B would differ from the
crystal structure of tautomer A only in terms of the H atom
position in each intermolecular N−H···N hydrogen bond (i.e.,
N−H···N versus N···H−N) in the structure. To explore this
issue further, we have assessed the relative energies of the
crystal structures containing tautomer A and tautomer B based
on periodic DFT-D geometry optimization calculations.
For tautomer A, the final refined crystal structure was used

as the starting point for DFT-D geometry optimization. For
tautomer B, the crystal structure was generated simply by
shifting the H atom along each N−H···N hydrogen bond in

Figure 3. Crystal structure of xanthine (containing tautomer A)
refined from 3D-ED data, showing (a) a single hydrogen-bonded
sheet (hydrogen bonds are indicated by green dashed lines; the two
crystallographically independent molecules are labeled 1 and 2), and
(b) the structural relationship between adjacent sheets (shown in blue
and red), which are related by the a-glide symmetry operation.

Figure 4. Overlay of the crystal structure of xanthine from the final
structure refinement (cyan) and after subjecting the refined structure
to periodic DFT-D geometry optimization with fixed unit cell
(magenta).
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the crystal structure of tautomer A (following geometry
optimization), which converts every molecule from tautomer A
to tautomer B. The crystal structure of tautomer B generated in
this way (which has the same unit cell and space group as the
crystal structure of tautomer A) was subjected to periodic
DFT-D geometry optimization with fixed unit cell. From these
calculations, the geometry optimized crystal structure of
tautomer A is lower in energy (by 5.60 kJ mol−1 per molecule)
than the geometry optimized crystal structure of tautomer B.
Interestingly, the optimized crystal structures for tautomers A
and B are essentially identical (except for the H atom that
differs in position for the two tautomers), with an RMSD in
atomic positions between the two structures of only 0.078 Å
for non-H atoms and 0.083 Å for all atoms (excluding the H
atom that differs in position for tautomers A and B).
While tautomer A is lower in energy than tautomer B both

for the isolated molecule (see above) and for the crystal
structure, the difference in energy (per molecule of xanthine)
between the two tautomeric crystal structures (5.60 kJ mol−1
per molecule) is significantly lower than the difference in
energy between the isolated molecules of tautomers A and B
(ca. 39 kJ mol−1 per molecule; see above), which suggests that
the intermolecular contributions to the total energy of the
crystal structure are more favorable for tautomer B than
tautomer A, possibly as a result of the formation of stronger
hydrogen-bonding in the crystal structure of tautomer B. A
similar case in which a less-stable tautomer for the isolated
molecule gives rise to a crystal structure with a more favorable
intermolecular contribution to the total energy has been
reported for alloxazine.64

As the crystal structures containing tautomers A and B of
xanthine are isostructural (see Figures 3a and 5 and Figure S7)
and as there is only a relatively small energy difference between
them, it is plausible that the crystal structure of xanthine at
ambient temperature may actually contain a population of
tautomer B within the structure comprising predominantly
tautomer A. Based on a simple Boltzmann calculation (see
Section S5 for more details), the percentage of tautomer B that
may be expected to exist in the structure at T = 298 K is
estimated, from the equation PB(T) = 100/[1 + exp(ΔE/RT)]

with ΔE = 5.60 kJ mol−1, to be ca. 9.4%. While it may be
challenging to establish the presence of a proportion of
tautomer B at the level of around 10% or less in the structure
refinement from 3D-ED data, various spectroscopic techniques
(including solid-state NMR) may represent a more sensitive
approach for investigating this issue.

■ CONCLUDING REMARKS
The solid-state structural properties of xanthine reported here
serve to demonstrate the significant potential to exploit 3D-ED
for structure determination of microcrystalline materials,
especially in cases for which structure determination from
single-crystal XRD and/or powder XRD is challenging. The
present work also highlights the advantages of adopting a
multitechnique approach for structure determination in such
cases, with the process of structure determination from 3D-ED
data enhanced by complementary information from periodic
DFT-D calculations and powder XRD data.
To the best of our knowledge, polymorphism has not yet

been reported for xanthine, although it would seem plausible
for polymorphic structures to exist, for example based on
different stacking arrangements of the type of hydrogen-
bonded sheet observed in the crystal structure reported here.
We note that, from our DSC study (see Section S2.3), there is
no evidence that any phase transition (e.g., to form another
polymorph) occurs on heating the sample of xanthine from
ambient temperature to the temperature (ca. 350 °C) at which
decomposition begins to occur.
As highlighted above, knowledge of the crystal structure is

clearly essential in order to advance a deeper understanding of
the role of crystalline xanthine in biological systems and
processes. However, it is important to recall that the crystal
structure reported here was determined for a synthetic sample
of xanthine, and the structural properties of biogenic crystals of
xanthine have not yet been reported.
Finally, another aspect of the solid-state structural properties

of xanthine that merits future investigation is the possibility,
suggested by the results of our DFT-D studies, that the crystal
structure may contain a small population of tautomer B within
a crystal structure comprising predominantly tautomer A. The
application of a range of other techniques, including a variety
of spectroscopic methods, may be expected to yield greater
insights into this aspect in due course.
At a late stage of preparing this paper, we have become

aware of a conference proceeding65 and a preprint66 discussing
the crystal structure determination of xanthine. From the
information given in these documents, the material studied is
the same phase of xanthine reported in the present paper.
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Bücker, R.; Naumov, P. The Elusive Structure of Levocetirizine
Dihydrochloride Determined by Electron Diffraction. Angew. Chem.,
Int. Ed. 2023, 62, No. e202303761.
(36) Leung, H. W.; Copley, R. C. B.; Lampronti, G. I.; Day, S. J.;
Saunders, L. K.; Johnstone, D. N.; Midgley, P. A. From formulation to
structure: 3D electron diffraction for the structure solution of a new
indomethacin polymorph from an amorphous solid dispersion. IUCrJ.
2024, 11, 744−748.
(37) Vinod, K.; Mathew, R.; Jandl, C.; Thomas, B.; Hariharan, M.
Electron diffraction and solid-state NMR reveal the structure and
exciton coupling in a eumelanin precursor. Chem. Sci. 2024, 15,
16015−16024.
(38) Wagner, A.; Merkelbach, J.; Samperisi, L.; Pinsk, N.; Kariuki, B.
M.; Hughes, C. E.; Harris, K. D. M.; Palmer, B. A. Structure
determination of biogenic crystals directly from 3D electron
diffraction data. Cryst. Growth Des. 2024, 24, 899−905.
(39) Apex Suite of Crystallographic Software, APEX4; Bruker AXS
Inc.: 2022.
(40) Kariuki, B. M.; Serrano-González, H.; Johnston, R. L.; Harris,
K. D. M. The Application of a Genetic Algorithm for Solving Crystal
Structures from Powder Diffraction Data. Chem. Phys. Lett. 1997, 280,
189−195.
(41) Kariuki, B. M.; Psallidas, K.; Harris, K. D. M.; Johnston, R. L.;
Lancaster, R. W.; Staniforth, S. E.; Cooper, S. M. Structure
determination of a steroid directly from powder diffraction data.
Chem. Commun. 1999, 1677−1678.
(42) Cheung, E. Y.; McCabe, E. E.; Harris, K. D. M.; Johnston, R. L.;
Tedesco, E.; Raja, K. M. P.; Balaram, P. C-H···O Hydrogen bond
mediated chain reversal in a peptide containing a γ-amino acid

residue, determined directly from powder X-ray diffraction data.
Angew. Chem., Int. Ed. 2002, 41, 494−496.
(43) Habershon, S.; Harris, K. D. M.; Johnston, R. L. Development
of a multipopulation parallel genetic algorithm for structure solution
from powder diffraction data. J. Comput. Chem. 2003, 24, 1766−1774.
(44) Guo, F.; Harris, K. D. M. Structural Understanding of a
Molecular Material that is Accessed only by a Solid-state Desolvation
Process: The scope of modern powder X-ray diffraction techniques. J.
Am. Chem. Soc. 2005, 127, 7314−7315.
(45) Ma, X.; Lim, G. K.; Harris, K. D. M.; Apperley, D. C.; Horton,
P. N.; Hursthouse, M. B.; James, S. L. Efficient, scalable, and solvent-
free mechanochemical synthesis of the OLED material Alq3 (q = 8-
hydroxyquinolinate). Cryst. Growth Des. 2012, 12, 5869−5872.
(46) Williams, P. A.; Hughes, C. E.; Harris, K. D. M. L-Lysine:
Exploiting Powder X-ray Diffraction to Complete the Set of Crystal
Structures of the 20 Directly Encoded Proteinogenic Amino Acids.
Angew. Chem., Int. Ed. 2015, 54, 3973−3977.
(47) Sun, T.; Hughes, C. E.; Guo, L.; Wei, L.; Harris, K. D. M.;
Zhang, Y.; Ma, Y. Direct-space structure determination of covalent
organic frameworks from 3D electron diffraction data. Angew. Chem.,
Int. Ed. 2020, 59, 22638−22644.
(48) Smalley, C. J. H.; Hoskyns, H. E.; Hughes, C. E.; Johnstone, D.
N.; Willhammar, T.; Young, M. T.; Pickard, C. J.; Logsdail, A. J.;
Midgley, P. A.; Harris, K. D. M. A structure determination protocol
based on combined analysis of 3D-ED data, powder XRD data, solid-
state NMR data and DFT-D calculations reveals the structure of a
new polymorph of L-tyrosine. Chem. Sci. 2022, 13, 5277−5288.
(49) Smalley, C. J. H.; Hughes, C. E.; Hildebrand, M.; Aizen, R.;
Bauer, M.; Yamano, A.; Levy, D.; Mirsky, S. K.; Shaked, N. T.; Young,
M. T.; Kolb, U.; Gazit, E.; Kronik, L.; Harris, K. D. M. Understanding
the Solid-State Structure of Riboflavin through a Multitechnique
Approach. Cryst. Growth Des. 2024, 24, 6256−6266.
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