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ABSTRACT: Crystalline riboflavin (vitamin B2) performs an
important biological role as an optically functional material in the
tapetum lucidum of certain animals, notably lemurs and cats. The
tapetum lucidum is a reflecting layer behind the retina, which serves
to enhance photon capture and vision in low-light settings.
Motivated by the aim of rationalizing its biological role, and given
that the structure of biogenic solid-state riboflavin remains
unknown, we have used a range of experimental and computational
techniques to determine the solid-state structure of synthetic
riboflavin. Our multitechnique approach included microcrystal XRD, powder XRD, three-dimensional electron diffraction (3D-ED),
high-resolution solid-state 13C NMR spectroscopy, and dispersion-augmented density functional theory (DFT-D) calculations.
Although an independent report of the crystal structure of riboflavin was published recently, our structural investigations reported
herein provide a different interpretation of the intermolecular hydrogen-bonding arrangement in this material, supported by all the
experimental and computational approaches utilized in our study. We also discuss, more generally, potential pitfalls that may arise in
applying DFT-D geometry optimization as a bridging step between structure solution and Rietveld refinement in the structure
determination of hydrogen-bonded materials from powder XRD data. Finally, we report experimental and computational values for
the refractive index of riboflavin, with implications for its optical function.

1. INTRODUCTION
Molecular crystals based on small organic molecules serve as
functional materials in many optical systems, across a variety of
organisms (see refs1−3 for recent overviews). Guanine
assemblies in particular have been widely investigated and
identified in many phyla.1 Optically functional crystals of
guanine facilitate the production of structural colors in various
organisms. Crystalline guanine is also utilized to construct
mirrors in animal eyes, for image formation and enhancement
of photon capture. Recently, reflective structures in the eyes of
decapod crustaceans were found to be made of isoxanthopterin
crystals.4 This molecule belongs to the pteridine family,
members of which were previously known only as pigments.
Riboflavin (7,8-dimethyl-10-ribityl-isoalloxazine), also

widely known as vitamin B2, is a mildly soluble essential
vitamin that plays a crucial role in a wide range of metabolic
pathways as a precursor to the essential cofactors flavin
mononucleotide (FMN) and flavin adenine dinucleotide
(FAD), which are utilized in numerous enzymatic reactions
involving electron transfer.5 It is perhaps not as widely known
that riboflavin, in crystalline form, has another important

physiological role as an optically functional material identified
in the tapetum lucidum of lemurs and cats.6,7 The tapetum
lucidum is a reflecting layer that is positioned behind the retina
in the eyes of vertebrates. Its purpose is to provide the
photoreceptor cells with a second opportunity to absorb light
that was not captured during its first passage, thereby
enhancing photon capture and vision ability in low-light
settings.8 The riboflavin structures do not only reflect light to
the retina but also absorb short wavelengths and emit in the
visible range of the spectrum, which is highly biologically
relevant for the light-sensitive rhodopsin receptor.9 This dual
functionality can also enhance photon capture in the tapetum
lucidum. In the lemur, plate-like crystals of riboflavin have been
extracted from the tapetum lucidum,6 whereas in the cat,
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fluorescent molecules identified as riboflavin have been
extracted in the form of rod-like crystals.7,9,10 In each case,
the crystal structure of the biogenic material has not yet been
determined. Although studies of different solid forms of
riboflavin (probably representing polymorphs and/or hydrate
phases) were reported some time ago, these studies focused on
optical measurements rather than characterization of structural
properties.11,12

Both biogenic guanine13 and biogenic isoxanthopterin4

crystals are layered structures based on planar sheets of
hydrogen-bonded molecules. Optical functionality is then
primarily facilitated by the high refractive indices along specific
crystallographic directions, which are generally attributed to
the large polarizability of planar, conjugated molecules.2

Riboflavin, however, is structurally quite distinct from the
planar guanine and isoxanthopterin molecules. In particular,
the heterocyclic isoalloxazine ring in riboflavin is functionalized
with a relatively long ribityl side chain, suggesting that
riboflavin would not be able to form a planar hydrogen-
bonded sheet structure of the type found in the biogenic
structures of guanine and isoxanthopterin. Nevertheless, it has
been observed recently that a new polymorph of isoxanthop-
terin (prepared synthetically) has high refractive indices in
spite of the fact that the crystal structure is a nonplanar three-
dimensional hydrogen-bonded network.14 Furthermore, it has
been shown recently that crystals of 7,8-dihydroxanthopterin in
the eyes of zander fish (Sander lucioperca) have a three-
dimensional hydrogen-bonded network.15

The role of riboflavin as an optically functional material in
biogenic systems and the absence of a published crystal
structure of this material inspired us to attempt the
crystallization of riboflavin, to determine the crystal structure,
and then to further examine and analyze its optical properties.
The procedures used to crystallize riboflavin in the present
work yielded microcrystalline powder samples, which did not
contain crystals of suitable size for structural characterization
using conventional single-crystal X-ray diffraction (XRD).
Instead, we have carried out an in-depth structural analysis
based on a range of experimental and computational
techniques, namely microcrystal XRD, powder XRD, three-
dimensional electron diffraction (3D-ED), and high-resolution
solid-state 13C nuclear magnetic resonance (NMR) spectros-
copy, together with first-principles calculations based on
dispersion-augmented density functional theory (DFT-D).
While our investigation was in progress, an article was
published independently by Guerain et al.,16 reporting a
crystal structure determination of riboflavin from synchrotron
powder XRD data (in conjunction with classical force-field
calculations and periodic DFT-D calculations). The material
prepared and studied in our work represents the same
polymorphic form as that reported by Guerain et al., as the
powder XRD pattern reported in their work matches the
powder XRD pattern recorded for our material. However,
while the crystal structure that we have determined (reported
herein) is in broad agreement with that reported by Guerain et
al., our structure differs in the intermolecular hydrogen-
bonding arrangement, particularly concerning the hydrogen
bonding involving the OH group at the end of the ribityl side
chain. As discussed below, a range of experimental and
computational techniques used in our investigation all support
our structure as correctly describing the intermolecular
hydrogen-bonding arrangement. Based on this revised crystal
structure of riboflavin, we reflect on the role of riboflavin in

optically functional crystals within a biological context,
including experimental and computational studies of the
refractive index of this material.

2. RESULTS AND DISCUSSION
2.1. X-ray Diffraction and Electron Diffraction. The

molecular structure of riboflavin is shown in Figure 1,

indicating the specific enantiomer found in biological systems
and used in our studies, namely {S, S, R} for the chiral centers
C20, C22, and C24, respectively. Throughout this paper, we
refer to the atom-numbering scheme defined in Figure 1, both
in our discussion of the structure reported in the present paper
and in our discussion of the structure reported by Guerain et
al.16

We first discuss results from our microcrystal XRD study of
riboflavin, as this represents the most definitive approach for
structure determination among the diffraction techniques used
in our work. In our microcrystal XRD study, the crystal
structure was determined at 293 K [P212121; a = 5.35270(10)
Å, b = 15.1770(4) Å, and c = 20.1565(5) Å] and at 100 K
[P212121; a = 5.3096(2) Å, b = 15.1057(5) Å, and c =
20.0284(7) Å], and these structures are deposited in the CSD.
For all subsequent discussion and analysis in this paper, we
consider these structures following transformation to the
setting with a > b > c, as this setting facilitates comparison with
the structure reported by Guerain et al.16 The transformation is
defined by the following relationships between the unit cell
vectors {ao, bo, co} in our original setting and the unit cell
vectors {at, bt, ct} in the transformed setting: at = −co; bt = bo;
ct = ao (together with an appropriate origin shift). Cif files of
the crystal structure of riboflavin determined from our
microcrystal XRD data at 293 K and at 100 K in the
transformed setting with a > b > c are available in Supporting
Information (293 K, 100 K).
First, we note that the crystal structures determined at 293

and 100 K in our microcrystal XRD study are identical (except
for the effects of lattice contraction on cooling), indicating that
no solid-state phase transition occurs between these temper-
atures. Our subsequent discussion is focused on the structure
determined from microcrystal XRD analysis at 293 K (Figure
2), as this temperature matches those used in our powder XRD
and solid-state NMR studies and in the powder XRD study
reported by Guerain et al.16 Throughout the present paper, the
structure determined in our work from microcrystal XRD at
293 K is denoted as structure A, and the structure reported in
ref 16 is denoted as structure B.

Figure 1. Riboflavin molecule with chirality {S, S, R} for the chiral
centers C20, C22, and C24, respectively. The atom-numbering
scheme shown is used throughout this article.
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Structure A and structure B have the same space group
(P212121) and essentially the same unit cell (a ≈ 20.16 Å, b ≈
15.18 Å, and c ≈ 5.35 Å). Furthermore, most of the atomic
positions in the two structures are essentially identical (see
Figure 2a,b), particularly concerning the aromatic ring system
and the parts of the side chain closest to the aromatic ring.
However, a significant difference between the two structures,
highlighted in Figure 2c−f, concerns the hydrogen bonding of
the terminal OH group of the side chain (containing O27). In
structure A, the terminal OH group (O27) is the OH donor in
an intermolecular O−H···O hydrogen bond with the OH
group (O25) in the second-last position of the side chain of a
neighboring molecule as the O acceptor. However, in structure
B, the terminal OH group (O27) is the OH donor in an
intermolecular O−H···O hydrogen bond with one of the
C�O groups (O8) of the aromatic ring system of a different
neighboring molecule as the O acceptor. The differences in the
hydrogen-bonding arrangement are such that O27 is closer to
the O25 neighbor than to the O8 neighbor in structure A,
whereas O27 is closer to the O8 neighbor than to the O25
neighbor in structure B. As a consequence, small differences
arise in the conformation at the end of the side chain in the
two structures, as shown in Figure 2b. These structural
differences are quantified in Table 1, which gives values of the
torsion angles that define the conformation of the side chain

and values of intermolecular O···O distances involving the
terminal OH group (O27) of the side chain in the two
structures. We note that, in both structure A and structure B,
the terminal OH group (O27) is also involved as the O
acceptor in an intermolecular O−H···O hydrogen bond with
the OH group (O23) in the third-last position of the side chain
of a neighboring molecule as the OH donor.

Figure 2. Comparison of the solid-state structures of riboflavin determined at 293 K in the present work from microcrystal XRD (structure A) and
in ref16 from powder XRD (structure B). (a) Overlay of structure A (cyan) and structure B (magenta). (b) Overlay of the side chain of the
riboflavin molecule (also including the C2−N1−C18 portion of the aromatic ring system) in structure A (cyan) and structure B (magenta),
highlighting the conformational differences, particularly regarding the orientation of the terminal OH bond (right side of figure). (c, d) The
intermolecular hydrogen-bonding arrangement between a given molecule (the central molecule shown) and two neighboring molecules in (c)
structure A and (d) structure B, highlighting the different intermolecular hydrogen-bonding of the terminal CH2OH group (containing O27). (e, f)
Expanded view of the hydrogen-bonding involving the terminal CH2OH group of the side chain of the riboflavin molecule in (e) structure A and
(f) structure B. Hydrogen bonds are represented by green dashed lines.

Table 1. Torsion Angles for the Ribityl Side Chain of the
Riboflavin Molecule and the Intermolecular O···O Distances
between the Terminal OH Group (Containing O27) and
the O Atoms of Neighboring Molecules in Structure A and
Structure B

structure A (this work) structure B (ref16)

Torsion Angle
C2−N1−C19−C20 80.7° 89.4°
N1−C19−C20−C22 171.4° 171.1°
C19−C20−C22−C24 69.4° 60.0°
C20−C22−C24−C26 175.3° 175.8°
C22−C24−C26−O27 175.4° 161.7°
C24−C26−O27−H 79.7° 267.6°
O···O Distance
O27···O25 2.97 Å 3.15 Å
O27···O8 3.11 Å 2.88 Å
O27···O23 2.94 Å 2.95 Å
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While the hydrogen-bonding arrangement in structure A is
assigned in the above discussion based on the intermolecular
O···O distances, we now consider the capability to determine
the positions of the H atoms of the OH groups involved in
O−H···O hydrogen bonding directly from our microcrystal
XRD data. In our analysis of the microcrystal XRD data, the
positions of the H atoms of the OH groups were readily
identified from peaks in the difference Fourier maps (see
Figure S1), with peak magnitudes ranging from 0.31 e/Å3 to
0.36 e/Å3 at 293 K and from 0.38 e/Å3 to 0.42 e/Å3 at 100 K.
In the final structure refinement calculations (from which the
cif files deposited in the CSD were generated), the H atom of
each OH group was refined using a riding model based on an
idealized tetrahedral OH as a rotating group (AFIX 147
instruction in SHELXL). The final refined positions of these H
atoms were close to the peaks observed in the difference
Fourier map (see Figure S1); for example, for the H atom in
the terminal OH group (containing O27), the distance
between the final refined position and the corresponding
peak in the difference Fourier map was 0.136 Å at 293 K and
0.069 Å at 100 K. Furthermore, structure refinement was also
carried out involving unbounded refinement of the H-atom
positions, with the refined H atoms of the OH groups
remaining in positions close to those obtained using the riding
model (AFIX 147), and with no significant changes to the
intermolecular hydrogen-bonding arrangement. From this
analysis, it is clear that the positions of the H atoms of the
OH groups determined by structure refinement from our
microcrystal XRD data, at both 293 and 100 K, are fully
consistent with the assignment of the hydrogen-bonding
arrangement characteristic of structure A discussed above
based on consideration of O···O distances (Figure 2; Table 1).
To assess the extent to which the differences between

structures A and B are reflected in powder XRD data, we have
carried out independent Rietveld refinement calculations using
structure A and structure B as the starting structural model and
in each case using the same powder XRD data set recorded at
ambient temperature. The protocol for handling the Rietveld
refinement calculations was kept identical in each case, and the
hydrogen-bonding arrangement characteristic of structure A or
structure B was preserved using appropriate restraints on the
hydrogen-bond geometries. The final fits obtained in our
Rietveld refinements for structure A and structure B are shown
in Figure 3, and the final refined unit cell parameters for
structure A [a = 20.0888(4) Å, b = 15.1271(4) Å, and c =
5.33472(10) Å] and structure B [a = 20.0886(4) Å, b =
15.1275(4) Å, and c = 5.33451(10) Å] are essentially the same
as those reported by Guerain et al.16 for structure B [a =
20.01308(15) Å, b = 15.07337(12) Å, and c = 5.31565(4) Å].
Although our final Rietveld refinements for both structure A
(Figure 3a) and structure B (Figure 3b) give a good quality of
fit to the experimental powder XRD data, reflecting the fact
that the two structures differ significantly only in a small region
of the structure, the quality of fit is slightly better for structure
A (Rp = 0.49%; Rwp = 0.66%) than for structure B (Rp = 0.52%;
Rwp = 0.71%). On this basis, the Rietveld refinements from the
powder XRD data support structure A as the more correct
structural description.
We have also determined the crystal structure of riboflavin

from electron diffraction data recorded at 100 K on single
microcrystals using the 3D-ED/FAST-ADT technique, with
representative data shown in Figure 4. The collected data set
comprised 5315 reflections (910 independent), corresponding

to a completeness of 86% at a resolution of 0.7 Å. The unit cell
(a = 20.25 Å, b = 15.25 Å, and c = 5.35 Å) and space group
(P212121) determined from the 3D-ED data are fully consistent
with the information established from our microcrystal XRD
and powder XRD studies discussed above. Structure solution
was carried out by direct methods using the program
SIR201417 and provided all non-H atoms and two H atoms
(in methyl groups) at a final residual value of 25.7%.
Kinematical refinement using SHELXL18,19 converged to R =
28%, Rw2 = 61%, and GOF = 2.063. The H atoms in C−H
bonds were added based on geometric considerations and
refined using a riding model (AFIX); the H atoms in OH
groups were found as residuals in the difference Fourier map
and were fixed using the DFIX instruction in SHELXL (O−H
distance, 0.96 Å).
Structure solution from the 3D-ED data was also carried out

using the direct-space structure solution strategy implemented
using a genetic algorithm (GA) in the program EAGER, which
was originally developed for structure solution from powder
XRD data20−25 and has recently been adapted for 3D-ED
data.26−28 As shown in Figure S2, the structure solution giving
the best fit to the 3D-ED data is in good agreement with
structure A. In particular, recalling that O atoms are located
much more reliably than H atoms in structure solution from
3D-ED data, we focus on analysis of the O···O distances in the
region around the terminal OH group (O27) of the side chain.
Specifically, the O···O distances between O27 and the three O
atoms (O8, O23, and O25) in neighboring molecules that may
potentially form O−H···O hydrogen bonds with O27 are:
O27···O8, 3.25 Å; O27···O23, 2.94 Å; and O27···O25, 2.87 Å.
These distances are much closer (see Table 1) to those
characteristics of structure A than structure B, and thus, the
structure solution obtained from the 3D-ED data provides
further support to our assignment that the description of the
hydrogen-bonding arrangement in structure A is correct.
2.2. DFT Calculations and Solid-State NMR Spectros-

copy. In order to gain computational insights into the

Figure 3. Final Rietveld refinements of the powder XRD data
(background subtracted) for riboflavin using (a) structure A and (b)
structure B as the structural model (red plus marks, experimental
powder XRD data; green line, calculated powder XRD data; magenta
line, difference between experimental and calculated powder XRD
data; black tick marks, peak positions).
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energetic properties of structure A and structure B, we have
carried out geometry optimization of both structures using
periodic dispersion-augmented DFT calculations (see Section
4 for details). Using Tkatchenko−Scheffler (TS) pairwise
dispersion corrections,29 the optimized lattice parameters are a
= 20.00 Å, b = 15.11 Å, and c = 5.34 Å for structure A (relative
error compared to experimental values from microcrystal XRD
at 100 K of 0.14%, 0.03%, and 0.57%, respectively) and a =
20.16 Å, b = 14.98 Å, and c = 5.43 Å for structure B (relative
error compared to the same experimental values of 0.65%,
0.83%, and 2.27%, respectively). Clearly, the overall agreement
between the experimental and DFT-D optimized lattice
parameters is better for structure A, although the agreement
is also reasonable for structure B. More importantly, however,
the optimized structure A is more stable than the optimized
structure B by ∼14.1 kcal/mol per unit cell (equivalent to ∼3.5
kcal/mol per molecule or ∼14.6 kJ/mol per molecule).
Because pairwise corrections may, in some cases, be

insufficiently accurate for energy ordering of competing
polymorphs,30 we have carried out additional optimization
using many-body dispersion (MBD).31,32 From these calcu-
lations, the optimized lattice parameters were found to be a =
19.99 Å, b = 15.08 Å, and c = 5.33 Å for structure A (relative
error compared to experimental values of 0.19%, 0.17%, and
0.38%, respectively) and a = 20.16 Å, b = 14.99 Å, and c = 5.43
Å for structure B (relative error compared to experimental
values of 0.66%, 0.76%, and 2.27%, respectively). All trends
seen with the TS calculations are conserved, and the optimized
structure A is again in overall better agreement with
experimental values. Significantly, the results from these
calculations indicate that the optimized structure A is even
more stable relative to the optimized structure B by ∼14.7
kcal/mol per unit cell (equivalent to ∼3.7 kcal/mol per
molecule or ∼15.5 kJ/mol per molecule).
We note that, within the context of relative energies of

experimentally observed polymorphs of organic materials,
differences in energy are typically found to be lower than ca.
2.5 kcal/mol per molecule,33 suggesting that structure B may
be unlikely to represent an experimentally accessible
polymorphic form of riboflavin. Furthermore, based on the
substantial difference in energy between structure A and
structure B, no significant population of the hydrogen-bonding
arrangement characteristic of structure B would be predicted to
exist in the experimental system, for example, in a disordered
crystal structure containing populations of both hydrogen-

bonding arrangements. Indeed, inspection of difference Fourier
maps in the analysis of our refinement of structure A from
microcrystal XRD data provides no evidence for disorder in the
hydrogen-bonding arrangement, such as the existence of a
fractional population of the hydrogen-bonding arrangement
characteristic of structure B.
To obtain independent experimental evidence for the

preferred hydrogen-bonding arrangement, we have recorded
high-resolution solid-state 13C NMR data (Figure 5) for the
same sample of riboflavin used in our microcrystal XRD and
powder XRD studies. In addition, solid-state 13C NMR data
have been calculated for structure A and structure B using
DFT-GIPAW methodology34−37 in the program CASTEP.38

The calculated and experimental solid-state 13C NMR data are
shown in Figure 5. In general, the calculated values of the
isotropic 13C NMR chemical shifts are similar for structure A
and structure B, but the overall match between the calculated
and experimental values of the isotropic 13C NMR chemical
shifts is better for structure A (RMSD = 1.96 ppm) than for
structure B (RMSD = 2.54 ppm). However, as the main
structural difference between structures A and B concerns the
molecular conformation and intermolecular hydrogen-bonding
arrangement involving the terminal CH2OH group (containing
C26 and O27) of the side chain, we focus on the region of the
solid-state 13C NMR spectrum corresponding to this CH2OH
group, for which the experimental value of the isotropic 13C
NMR chemical shift is δexp = 65.20 ppm. Significantly, there is
substantially better agreement between the experimental (δexp)
and calculated (δcalc) values of the isotropic 13C NMR
chemical shift for the terminal 13CH2OH group in the case
of structure A (δcalc = 66.14 ppm; δcalc − δexp = 0.94 ppm) than
structure B (δcalc = 68.82 ppm; δcalc − δexp = 3.62 ppm),
lending further support to our conclusion that structure A
represents the correct hydrogen-bonding arrangement.
2.3. Insights into the Determination of Hydrogen-

Bonding Arrangements by Structure Solution from
Powder XRD Data Combined with DFT-D Geometry
Optimization. As all the experimental and computational
evidence presented above supports structure A as the correct
description of the solid-state structure of riboflavin, it is
informative to consider how structure determination by
analysis of powder XRD data coupled with DFT-D geometry
optimization might lead to an incorrect description of the
hydrogen-bonding arrangement corresponding to structure B.
To assess this issue, we have carried out structure solution

Figure 4. (a) Bright field TEM overview of the needle-like riboflavin crystals. (b) μ-STEM image of a single crystal selected for FAST-ADT
acquisition (the red circle indicates the position of the electron beam in the diffraction experiment). (c) The (h0l) reciprocal lattice plane in the
3D-ED data with extinctions due to 21 screw axes indicated by yellow circles. Projections of the 3D reconstruction are shown in Figure S3.
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calculations using the same powder XRD data set used in our
Rietveld refinement calculations discussed in Section 2.1. In
this regard, we recall that structure solution is the stage of the
process of structure determination from powder XRD data that
comes after unit cell determination and before Rietveld
refinement. Thus, the structure solution calculation starts
with knowledge of the unit cell parameters (and space group)
but with no knowledge of the arrangement of molecules within
the unit cell, and the objective of structure solution is to
generate a sufficiently good approximation to the correct
structure to be suitable as a starting point for subsequent
Rietveld refinement calculations.

Our structure solution calculation was carried out using the
direct-space genetic algorithm (GA) strategy implemented in
the program EAGER20−25 (see Section 4 for details). As shown
in Figure S4, the structure solution from our powder XRD data
is very close to structure A but also relatively close to structure
B, except for discrepancies in the region close to the end of the
side chain. At the structure solution stage of the structure
determination process, establishing the hydrogen-bonding
arrangement based on the positions of H atoms is not reliable,
given the intrinsic inaccuracy associated with locating H atoms
in the analysis of powder XRD data. Thus, a more reliable
approach is to assess the O···O distances. In our structure
solution from powder XRD data, the distances between the O
atom of the terminal OH group (O27) and the three O atoms
(O8, O25, and O23) in neighboring molecules that may
potentially form O−H···O hydrogen bonds with O27 are:
O27···O8, 3.17 Å; O27···O23, 2.99 Å; and O27···O25, 2.90 Å.
From these O···O distances (see Figure 6a), it is reasonable to
deduce that O27 is involved in O−H···O hydrogen bonds with
O25 and O23 in neighboring molecules, which matches
structure A rather than structure B.
As DFT-D geometry optimization is commonly carried out

at various stages of structure determination from powder XRD
data as a basis for improving and validating the quality of the
structural model, we carried out DFT-D geometry optimiza-
tion (using the CASTEP program38 with fixed unit cell and
using the PBE-TS method) on the structure solution obtained
from our direct-space GA calculation and without any
adjustment of the positions of the H atoms of the OH groups
in order to construct a reasonable intermolecular hydrogen-
bonding arrangement before carrying out the DFT-D geometry
optimization. Following the DFT-D geometry optimization, we
found that the terminal OH group (O27) had actually moved
much closer to O8 than to O25 (O27···O8, 2.63 Å; O27···
O25, 3.64 Å) and the O27−H bond was oriented toward O8
corresponding to the formation of an O27−H···O8 hydrogen
bond (see Figure 6b). Thus, following DFT-D geometry
optimization of the structure solution, the local structure
around the terminal OH group actually corresponded to
structure B.
We believe the reason that the DFT-D geometry

optimization calculation nestled the structure into the
hydrogen-bonding arrangement characteristic of structure B
was because the terminal O27−H bond in the structure
solution from powder XRD data was directed more toward the
O8 neighbor than toward the O25 neighbor (see Figure 6a),
even though the O27···O25 distance was significantly shorter
than the O27···O8 distance, such that the DFT-D geometry

Figure 5. (a) The experimental high-resolution solid-state 13C NMR
spectrum for riboflavin recorded at 293 K and (b, c) values of the
isotropic 13C NMR chemical shifts calculated using DFT-GIPAW
methodology for (b) structure A and (c) structure B. The red arrow
in each spectrum indicates the isotropic peak for the 13C environment
(C26) in the terminal CH2OH group of the side chain.

Figure 6. Local environment of the terminal OH group (containing O27) of the side chain of the riboflavin molecule in (a) the structure solution
obtained directly from powder XRD data, (b) the structure obtained after applying DFT-D geometry optimization to the structure shown in (a),
and (c) the correct hydrogen-bonding arrangement in structure A, determined from microcrystal XRD data. The O27···O25 and O27···O8
distances in each structure are indicated, and hydrogen bonds are represented by green dashed lines.
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optimization effectively pulled the O27−H group closer to O8
to form the O27−H···O8 hydrogen bond (see Figure 6b)
corresponding to structure B, rather than rotating the O27−H
bond around the C26−O27 bond to form the O27−H···O25
hydrogen bond characteristic of structure A (see Figure 6c).
The above analysis highlights a potential pitfall in the

application of DFT-D geometry optimization as a bridging step
after structure solution from powder XRD data and before
Rietveld refinement. As H-atom positions in structure solution
from powder XRD data are intrinsically unreliable, H atoms
may be located in arbitrary positions that do not significantly
affect the fit to the powder XRD data. However, the specific
details of these positions can affect structural rearrangements
(e.g., hydrogen-bond formation) that take place upon
subsequent DFT-D geometry optimization. Therefore, when
using DFT-D geometry optimization as a bridging step
between structure solution and Rietveld refinement, it may
be critical to adjust the positions of the H atoms to correspond
to the most chemically and structurally reasonable hydrogen-
bonding arrangement (based, for example, on considering the
O···O distances in the structure solution) before carrying out
the DFT-D geometry optimization. In the present case, when
we adjusted the H-atom positions in this manner prior to
DFT-D geometry optimization, the optimized structure
corresponded to structure A.
While the discussion in this section highlights a scenario in

which the use of periodic DFT-D geometry optimization
calculations in conjunction with structure determination from
powder XRD data may lead to an incorrect description of a
hydrogen-bonding arrangement, we make no attempt to
speculate upon the reasons why the procedure for structure
determination of riboflavin reported by Guerain et al.16 (which
was based on structure determination from powder XRD data
together with DFT-D calculations) led to structure B rather
than structure A.
2.4. Refractive Index of Riboflavin. Finally, recalling that

riboflavin is used biologically as an optically functional
material, we have calculated the refractive indices for structures
A and B, yielding values of 1.65, 1.76, and 1.70 along the
principal axes of structure A and 1.65, 1.69, and 1.77 along the
principal axes of structure B. Thus, it is clear that the structural
differences between structure A and structure B do not give
rise to large changes in the optical properties. The computed
results for structure A imply a scalar refractive index of ∼1.7, in
excellent agreement with our experimentally determined values
of 1.70 and 1.72 for two crystalline samples (see Methods and
Figure S5). Importantly, while the refractive index of ∼1.7 for
riboflavin is not as high as those of guanine (∼1.8)13 and
isoxanthopterin (nearly 2.0),14 it is still sufficiently high to
justify why cats and lemurs take advantage of a readily available
biogenic molecule to perform a useful optical function.
Moreover, biogenic guanine and biogenic isoxanthopterin are
highly birefringent as a consequence of their layered structures
based on planar hydrogen-bonded sheets, with a much lower
out of plane refractive index (∼1.4). In contrast, the nonplanar
three-dimensional hydrogen-bonded structure of synthetic
riboflavin reported here gives rise to much more isotropic
refractive behavior. Clearly, an important aim of future work is
to determine the crystal structure and refractive indices of
biogenic riboflavin and to establish their biological implica-
tions.

3. CONCLUDING REMARKS
Through the application of a multitechnique experimental and
computational approach, we have established the correct
description of the solid-state structural properties of riboflavin,
particularly regarding the hydrogen-bonding arrangement, in
comparison to the reported crystal structure published recently
by Guerain et al.16 The crystal structure reported in ref16

(structure B) and the crystal structure reported in the present
paper (structure A) represent the same polymorph of
riboflavin and are in broad agreement with each other, but
differ in the details of the intermolecular hydrogen bonding
involving the OH group at the end of the side chain. In
addition to evidence from various diffraction techniques
(microcrystal XRD, powder XRD, and 3D-ED), the assign-
ment of structure A as the correct description of the hydrogen-
bonding arrangement is also supported by results from high-
resolution solid-state 13C NMR spectroscopy and DFT-D
calculations. Our DFT-D results indicate that structure A is
more stable than structure B by ca. 3.7 kcal/mol per molecule.
Based on this substantial difference in energy, no significant
population of the hydrogen-bonding arrangement character-
istic of structure B would be predicted to exist in the
experimental system, in agreement with conclusions from our
microcrystal XRD study, which show no evidence for disorder
in the crystal structure.
As all our experimental and computational evidence

supports structure A as the correct description, we have
assessed in more general terms how it may be possible for
structure solution from powder XRD data coupled with DFT-
D geometry optimization (a strategy that is now commonly
applied in structure determination from powder XRD data) to
lead to an incorrect description of the hydrogen-bonding
arrangement. Our analysis suggests that, while the positions of
H atoms obtained in structure solution from powder XRD data
are typically unreliable and often incorrect, the specific details
of the H-atom positions can nevertheless have a critical
influence on the structural rearrangements (e.g., hydrogen-
bond formation) that may take place upon subsequent DFT-D
geometry optimization. Thus, in structure determination of
hydrogen-bonded materials from powder XRD data, when
DFT-D geometry optimization is used as a bridging step
between structure solution and Rietveld refinement, it may be
critically important to adjust the positions of the H atoms to
correspond to the most chemically and structurally reasonable
hydrogen-bonding arrangement before carrying out the DFT-
D geometry optimization.
Finally, we recall that the reported crystal structure of

riboflavin was determined for a sample crystallized in vitro and
does not necessarily correspond to the polymorphic form(s) of
crystalline riboflavin present in biological systems. Clearly, an
important target for future research is to focus on structure
determination of the specific biogenic form(s) of crystalline
riboflavin found in the tapetum lucidum of lemurs and cats.
Indeed, given the contrasting morphological properties that
have been reported for crystals of riboflavin extracted from the
eyes of lemurs and cats, it is conceivable that they may actually
represent different polymorphic forms.

4. METHODS
4.1. Sample Preparation. The sample of riboflavin used in our

microcrystal XRD, powder XRD, and solid-state NMR studies was
(−)-riboflavin (≥98%) produced from Eremothecium ashbyii
filamentous fungus and purchased from Sigma-Aldrich. An amount
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(0.0315 g) of this sample was added to preheated deionized water (50
mL; 80 °C) and allowed to dissolve for 20 min. The mixture was then
hot-filtered to remove any excess solids. The solution was then placed
in an incubator at 80 °C, and the temperature was decreased at a rate
of 0.02 °C min−1. After reaching ambient temperature, the solution
was transferred to a vacuum desiccator (containing dry silica as a
desiccant) and left for several weeks. Each day during this period, the
desiccant was dehydrated and the desiccator was evacuated. After 28
days, a sufficient amount of solid had precipitated as a microcrystalline
powder sample, and the sample was collected and kept sealed under
dry conditions to prevent hydration.
The sample of riboflavin for 3D-ED measurements was provided by

BASF. The sample was suspended in distilled water at a ratio of 1:100
and then homogenized and deagglomerated using a vortexer. The
sample was then diluted again 10-fold with distilled water, and an
amount (3 μL) of the suspension was applied to a previously
hydrophilized carbon-coated copper grid (300 mesh). A plasma
cleaner was used to hydrophilize the TEM grid. The results from
analysis of the 3D-ED data confirmed that this sample was the same
polymorph of riboflavin as that used in the other studies reported
here.
The sample of riboflavin for refractive index measurements was

purchased from Sigma-Aldrich (purity >98%), and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) 99% was purchased from Tzamal D-
Chem. Riboflavin crystals were prepared using the solvent-switch
method. A stock solution of riboflavin was prepared by dissolving
riboflavin in HFIP to a final concentration of 12.5 mg/mL. Next,
riboflavin was diluted in 99% methanol solution. Typically, 8−10 μL
of riboflavin stock solution was dissolved in methanol to a final
volume of 200 μL and left to crystallize overnight. Powder XRD
confirmed that the material obtained by this crystallization method
was in full agreement with the materials used in the other studies
reported here.
4.2. DFT Calculations. DFT calculations were carried out using

the Vienna Ab initio Simulation Package (VASP),39 based on the
Perdew−Burke−Ernzerhof (PBE)40 functional and Tkatchenko−
Scheffler (TS)29 pairwise dispersion corrections. Some additional
calculations used the PBE functional with many-body dispersion
(MBD).31,32 All structures were fully optimized, starting from
experimentally determined coordinates and lattice parameters. An
energy cutoff of 1000 eV was used along with a 3 × 3 × 3 k-point
mesh. Gaussian smearing with a spread value of 0.05 eV was applied,
and the system was relaxed to energy changes smaller than 10−4 eV.
Refractive indices were determined by computing and then
diagonalizing the dielectric tensor.
4.3. Microcrystal XRD. Microcrystal XRD data were recorded for

crystals of riboflavin at 100 K (for a crystal with maximum and
minimum dimensions of 100 and 15 μm, respectively) and at 293 K
(for a crystal with maximum and minimum dimensions of 150 and 10
μm, respectively) on a Rigaku XtaLAB Synergy Custom FR-X
diffractometer using a Rigaku HyPix-6000HE area detector and an
Oxford Cryosystems cooling apparatus. This instrument was equipped
with a microfocus rotating anode X-ray generator for CuKα radiation
(λ = 1.54184 Å), with a multilayer confocal optics monochromator.
Data collection and data processing were controlled using CrysAlisPro
[Rigaku Oxford Diffraction, 2019]. Structure solution and structure
refinement were carried out using SHELXT41 and SHELXL,18

respectively. Ideal geometry and riding coordinates were used for H
atoms, with Uiso for the H atoms set to either 1.2 or 1.5 times the
value for the atom to which they are bonded. Free rotation of methyl
and OH groups were allowed during refinement. Specific details of the
method for refinement of the H atoms of the OH groups are
discussed in Section 2.1.
4.4. Powder XRD. The sample of riboflavin was ground and

loaded into a glass capillary, which was then flame-sealed. High-
quality powder XRD data suitable for structure determination were
recorded at ambient temperature (21 °C) on a Bruker D8
diffractometer operating in transmission mode (Ge-monochromated
CuKα1 radiation; Van̊tec detector covering 3° in 2θ; 2θ range, 4° to
70°; step size, 0.016°; data collection time, 86 h).

Le Bail fitting of the powder XRD data was carried out using the
program GSAS42 (starting from the known unit cell parameters from
our structure determined from microcrystal XRD data at 293 K),
resulting in a good fit to the experimental powder XRD data (Rwp =
0.59%). The unit cell parameters and line shape parameters obtained
in the Le Bail fitting process were used in subsequent Rietveld
refinement. Independent Rietveld refinement calculations were
carried out for a structural model corresponding to structure A and
for a structural model corresponding to structure B. After initial
refinement, both structures were subjected to DFT-D geometry
optimization (using CASTEP38) with fixed unit cell parameters.
Further Rietveld refinement was then carried out on the geometry
optimized structures, with restraints applied to all hydrogen bonds
based on the geometric properties of the DFT-D-optimized
structures. No corrections for preferred orientation were required.
In the final refinements, a good-quality fit to the powder XRD data
was obtained for both structure A (Figure 3a) and structure B (Figure
3b), with a slightly higher quality of fit for structure A (Rp = 0.49%;
Rwp = 0.66%) than for structure B (Rp = 0.52%; Rwp = 0.71%).
In connection with the investigations in Section 2.3, structure

solution calculations using the same powder XRD data set were
carried out using the direct-space strategy implemented using a
genetic algorithm (GA) in the program EAGER.20−25 The contents of
the asymmetric unit comprised one molecule of riboflavin,
constructed using standard bond lengths and bond angles. Trial
crystal structures were defined by a total of 15 structural variables,
comprising three positional, three orientational, and nine torsion-
angle variables. The torsion-angle variables were required to vary the
conformation of the side chain, including variation of the positions of
the H atoms of the OH groups by rotation around the C−OH bonds.
A total of 40 independent GA structure solution calculations were
carried out from a different random initial population in each case.
Each GA calculation involved the evolution of a population of 100
trial structures for 100 generations, with 10 mating operations and 50
mutation operations carried out per generation. The quality of each
trial structure was assessed from the figure-of-merit Rwp (which
quantifies the level of agreement between the calculated powder XRD
data for the trial structure and the experimental powder XRD data)
and was used in the definition of the fitness function in the GA
calculation. All 40 independent GA calculations generated essentially
the same structure, and the trial structure giving the lowest value of
Rwp was taken as the best structure solution.
4.5. 3D-Electron Diffraction. The 3D-ED measurements were

carried out on a FEI TECNAI F30 STWIN transmission electron
microscope at an operating voltage of 300 kV equipped with a field
emission gun. A condenser aperture (C2) of 10 μm, a gun lens 8, and
a size 8 spot were selected to generate a semiparallel electron beam
with a diameter of 200 nm for diffraction in nanobeam electron
diffraction mode (NBED). Measurements were performed under
cooling with liquid N2 in a Fischione tomography cryo sample holder
in a tilt range of ±60°. STEM images of the crystals were taken with
microprobe settings using an HAADF (High-Angular Annular Dark
Field) detector from Fischione with the Digiscan unit from Gatan
through Gatan Digital Micrograph software GMS3. Needle-like
crystals with typical length of a few μm (see Figure 4a) were selected
for diffraction experiments in NBED mode, with the data acquired
using a CCD camera (16-bit 4096 × 4096 pixel Gatan ULTRA-
SCAN4000). The use of μ-STEM for imaging and NBED mode for
diffraction allowed a reduced electron dose to be applied to the
sample, with diffraction data collected throughout the full-tilt range.
In order to collect three-dimensional electron diffraction (3D-ED)
data, a series of diffraction patterns were acquired by the automated
electron diffraction tomography plugin (FAST-ADT) for Digital
micrograph GMS3.43 To improve the integration quality of the
diffraction intensities, the diffraction experiment was carried out with
an electron beam precession (PED) movement controlled by a
Digistar unit from NanoMEGAS SPRL.
For data processing in the eADT software,44 the diffraction data

sets were converted to MRC format.45 Reconstruction of the 3D
volume and determination of the unit cell parameters and space group
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were carried out using eADT. For extraction of intensities, both
eADT and PETS2.0 were used.46 In PETS2.0, unit cell refinement is
carried out automatically, while in eADT, the unit cell is adjusted
manually. Structure solution by direct methods used the SIR2014
software,17 assuming the kinematic approximation I ≈ |Fhkl|2. SIR2014
was also used to calculate difference Fourier maps. Scattering factors
for electrons were taken from Doyle and Turner.47 Kinematical
refinement of the crystal structure was carried out using SHELXL
software.18,19

Structure solution from the 3D-ED data using the direct-space
genetic algorithm (GA) strategy was carried out using the program
EAGER.26−28 The procedure for these structure solution calculations
was the same as that described above for structure solution from
powder XRD data, with the exception that the quality of each trial
structure was assessed using the figure-of-merit RF.
4.6. Solid-State 13C NMR Spectroscopy. High-resolution solid-

state 13C NMR data were recorded at 9.4 T (13C Larmor frequency,
100.64 MHz) on a Bruker AVANCE III spectrometer using ramped
1H→13C cross-polarization (CP), magic-angle spinning (MAS;
spinning frequency, 12 kHz), and 1H decoupling using SPINAL-
64.48 The 13C NMR spectrum was referenced against the α
polymorph of glycine,49 for which the carboxylate resonance was set
to 176.5 ppm, corresponding to tetramethylsilane (TMS) as the
primary reference.
Periodic dispersion-augmented DFT calculations to calculate the

solid-state NMR chemical shifts for each crystal structure were carried
out using the program CASTEP38 (academic release version 21.1.1),
based on the PBE-TS approach, using a fixed unit cell, preserved
space group symmetry, periodic boundary conditions, a basis set
cutoff energy of 700 eV, and a uniform k-point grid of minimum
sample spacing 0.05 × 2π Å−1. The isotropic 13C NMR chemical
shielding values were calculated using a gauge-including projector
augmented wave (GIPAW) approach,34−37 with a cutoff energy of
700 eV. From the isotropic 13C NMR shielding value (σcalc) calculated
for each 13C environment in the crystal structure, the corresponding
calculated isotropic 13C NMR chemical shift (δcalc) was determined
from the equation:36

= +calc exp calc calc

where ⟨δexp⟩ denotes the mean of the isotropic 13C NMR chemical
shifts determined from the experimental high-resolution solid-state
13C NMR spectrum and ⟨σcalc⟩ denotes the mean of the calculated
isotropic 13C NMR shielding values. The value of ⟨δexp⟩ was 107.078
ppm, with ⟨σcalc⟩ = 65.723 ppm for structure A and ⟨σcalc⟩ = 65.046
ppm for structure B.
4.7. Refractive Index Analysis. The scalar refractive index (RI)

was determined for two crystalline samples of riboflavin using
interferometric phase microscopy (IPM) with an illumination
wavelength of 532 nm. Off-axis holograms of the samples immersed
in a 99% methanol medium between two coverslips were acquired
using a shearing IPM system50 and a supercontinuum laser source
(NKT SuperK EXTREME) coupled to an acousto-optical filter (NKT
SuperK SELECT). Background holograms were also acquired for the
coverslips containing only methanol. Optical path delay (OPD) maps
of the crystal samples were reconstructed from their respective
holograms, with the background holograms used to remove field
curvature and other phase aberrations. For illumination wavelength λ,
the OPD at a given point (x, y) in the sample is defined by

= [ ]x y n x y n x y h x yOPD( , , ) ( , , ) ( , , ) ( , )s m

where ns is the RI of the sample, nm is the RI of the surrounding
medium (i.e., the medium of the background hologram), and h is the
sample height. The RI of the sample ns can be determined from this
equation as all other quantities are known. In this case, nm is the
known RI of methanol for the illumination wavelength λ.51 We note
that h is known only along the central length of the crystal, where we
assume that the local height is equal to the local diameter of the rod-
like crystal, measured based on the OPD image.

■ ASSOCIATED CONTENT
Data Availability Statement
Additional supporting experimental data for this article may be
accessed at http://doi.org/10.17035/d.2024.0325511442.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00480.

Additional figures showing results from difference
Fourier analysis in the structure determination of the
crystal structure of riboflavin from micro-crystal XRD
data, the structure solution of riboflavin obtained from
3D-ED data, three-dimensional reconstruction of the
reciprocal lattice from 3D-ED data, the structure
solution of riboflavin obtained from powder XRD data,
and OPD images for two crystals of riboflavin used in
the determination of refractive index (PDF)
Cif file of the crystal structure of riboflavin determined
from our micro-crystal XRD data at 293 K in space
group P212121 transformed to the setting with a > b > c,
as discussed in Section 2.1 (CIF)
Cif file of the crystal structure of riboflavin determined
from our micro-crystal XRD data at 100 K in space
group P212121 transformed to the setting with a > b > c,
as discussed in Section 2.1 (CIF)

Accession Codes
CCDC 2345667−2345668 contain supplementary crystallo-
graphic data for this paper, specifically the crystal structure of
riboflavin (structure A) determined from microcrystal XRD at
100 and 293 K, respectively. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif., or by
emailing data_request@ccdc.cam.ac.uk, or by contacting the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: + 44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors
Ute Kolb − Center for High Resolution Electron Microscopy

(EMC-M), Johannes Gutenberg University Mainz, Mainz
55128, Germany; Email: kolb@uni-mainz.de

Ehud Gazit − The Shmunis School of Biomedicine and Cancer
Research, George S. Wise Faculty of Life Sciences, Tel Aviv
University, Tel Aviv 6997801, Israel; orcid.org/0000-
0001-5764-1720; Email: ehud.gazit@gmail.com

Leeor Kronik − Department of Molecular Chemistry and
Materials Science, Weizmann Institute of Science, Rehovoth
76100, Israel; orcid.org/0000-0001-6791-8658;
Email: leeor.kronik@weizmann.ac.il

Kenneth D. M. Harris − School of Chemistry, Cardiff
University, Cardiff, Wales CF10 3AT, U.K.; orcid.org/
0000-0001-7855-8598; Email: HarrisKDM@cardiff.ac.uk

Authors
Christopher J. H. Smalley − School of Chemistry, Cardiff

University, Cardiff, Wales CF10 3AT, U.K.; orcid.org/
0000-0003-2088-6921

Colan E. Hughes − School of Chemistry, Cardiff University,
Cardiff, Wales CF10 3AT, U.K.; orcid.org/0000-0003-
2374-2763

Mariana Hildebrand − Department of Molecular Chemistry
and Materials Science, Weizmann Institute of Science,
Rehovoth 76100, Israel

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c00480
Cryst. Growth Des. 2024, 24, 6256−6266

6264

http://doi.org/10.17035/d.2024.0325511442
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00480?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00480/suppl_file/cg4c00480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00480/suppl_file/cg4c00480_si_002.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00480/suppl_file/cg4c00480_si_003.cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ute+Kolb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:kolb@uni-mainz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ehud+Gazit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5764-1720
https://orcid.org/0000-0001-5764-1720
mailto:ehud.gazit@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leeor+Kronik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6791-8658
mailto:leeor.kronik@weizmann.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+D.+M.+Harris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7855-8598
https://orcid.org/0000-0001-7855-8598
mailto:HarrisKDM@cardiff.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+J.+H.+Smalley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2088-6921
https://orcid.org/0000-0003-2088-6921
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colan+E.+Hughes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2374-2763
https://orcid.org/0000-0003-2374-2763
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariana+Hildebrand"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruth+Aizen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ruth Aizen − The Shmunis School of Biomedicine and Cancer
Research, George S. Wise Faculty of Life Sciences, Tel Aviv
University, Tel Aviv 6997801, Israel

Melanie Bauer − Center for High Resolution Electron
Microscopy (EMC-M), Johannes Gutenberg University
Mainz, Mainz 55128, Germany

Akihito Yamano − Rigaku Corporation, Akishima, Tokyo
196-8666, Japan

Davide Levy − Wolfson Applied Materials Research Center,
Tel Aviv University, Tel Aviv 6997801, Israel

Simcha K. Mirsky − Department of Biomedical Engineering,
Faculty of Engineering, Tel Aviv University, Tel Aviv
6997801, Israel; orcid.org/0000-0003-3244-8742

Natan T. Shaked − Department of Biomedical Engineering,
Faculty of Engineering, Tel Aviv University, Tel Aviv
6997801, Israel

Mark T. Young − School of Biosciences, Cardiff University,
Cardiff, Wales CF10 3AX, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.4c00480

Author Contributions
◆C.J.H.S. and R.A. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
C.J.H.S., C.E.H., M.T.Y., and K.D.M.H. are grateful to Cardiff
University and EPSRC (PhD studentship to C.J.H.S.) for
funding, to ARCCA at Cardiff University and Supercomputing
Wales for computational resources, and to Dr Benson Kariuki
for helpful discussions. L.K. thanks the Aryeh and Mintzi
Katzman Professorial Chair and the Helen and Martin Kimmel
Award for Innovative Investigation for their support. E.G.
thanks the support of the Air Force Office of Scientific
Research under award number FA8655-21-1-7004; any
opinions, findings, and conclusions or recommendations
expressed in this material are those of the authors and do
not necessarily reflect the views of the United States Air Force.
M.B. and U.K. thank Dr Martin Viertelhaus and Thorsten
Wieczorek from BASF, Ludwigshafen, for providing the sample
of riboflavin used for the 3D-ED measurements, for scientific
input in discussions, and for technical support in sample
preparation and TEM work in general.

■ DEDICATION
This paper is dedicated in honor of Professor Michael D. Ward
(New York University) in recognition of his significant and
wide-ranging contributions to materials chemistry and
crystallization sciences.

■ REFERENCES
(1) Gur, D.; Palmer, B. A.; Weiner, S.; Addadi, L. Light
Manipulation by Guanine Crystals in Organisms: Biogenic Scatterers,
Mirrors, Multilayer Reflectors and Photonic Crystals. Adv. Mater.
2017, 27, 1603514.
(2) Palmer, B. A.; Gur, D.; Weiner, S.; Addadi, L.; Oron, D. The
Organic Crystalline Materials of Vision: Structure-Function Consid-
erations from the Nanometer to the Millimeter Scale. Adv. Mater.
2018, 30, 1800006.
(3) Wagner, A.; Wen, Q.; Pinsk, N.; Palmer, B. A. Functional
Molecular Crystals in Biology. Isr. J. Chem. 2021, 61, 668−678.

(4) Palmer, B. A.; Hirsch, A.; Brumfeld, V.; Aflalo, E. D.; Pinkas, I.;
Sagi, A.; Rosenne, S.; Oron, D.; Leiserowitz, L.; Kronik, L.; Weiner,
S.; Addadi, L. Optically Functional Isoxanthopterin Crystals in the
Mirrored Eyes of Decapod Crustaceans. Proc. Natl. Acad. Sci. U. S. A.
2018, 115, 2299−2304.
(5) Aizen, R.; Tao, K.; Rencus-Lazar, S.; Gazit, E. Functional
metabolite assemblies�a review. J. Nanoparticle Res. 2018, 20, 125.
(6) Pirie, A. Crystals of Riboflavin Making up the Tapetum Lucidum
in the Eye of a Lemur. Nature 1959, 183, 985−986.
(7) Elliott, J. H.; Futterman, S. Fluorescence in the Tapetum of the
Cat’s Eye. Arch. Ophthalmol. 1963, 70, 531−534.
(8) Ollivier, F. J.; Samuelson, D. A.; Brooks, D. E.; Lewis, P. A.;
Kallberg, M. E.; Komáromy, A. M. Comparative Morphology of the
Tapetum Lucidum (Among Selected Species). Vet. Ophthalmol. 2004,
7, 11−22.
(9) Braekevelt, C. R. Fine Structure of the Feline Tapetum Lucidum.

Acta Anat. 2004, 146, 244−250.
(10) Pedler, C. The Fine Structure of the Tapetum Cellulosum. Exp.

Eye Res. 1963, 2, 189−195.
(11) Means, J. A.; Grenfell, T. C.; Hedger, F. H. Polymorphism of
Riboflavin. J. Am. Pharm. Assoc. 1943, 32, 51−53.
(12) Sakate, H. The Crystallographic Study of Riboflavin. J. Med. Sci.
1955, 18, 203−214.
(13) Hirsch, A.; Gur, D.; Polishchuk, I.; Levy, D.; Pokroy, B.; Cruz-
Cabeza, A. J.; Addadi, L.; Kronik, L.; Leiserowitz, L. “Guanigma”: The
Revised Structure of Biogenic Anhydrous Guanine. Chem. Mater.
2015, 27, 8289−8297.
(14) Hirsch, A.; Palmer, B. A.; Ramasubramaniam, A.; Williams, P.
A.; Harris, K. D. M.; Pokroy, B.; Weiner, S.; Addadi, L.; Leiserowitz,
L.; Kronik, L. Structure and Morphology of Light-Reflecting Synthetic
and Biogenic Polymorphs of Isoxanthopterin: A Comparison. Chem.
Mater. 2019, 31, 4479−4489.
(15) Zhang, G.; Hirsch, A.; Shmul, G.; Avram, L.; Elad, N.;
Brumfeld, V.; Pinkas, I.; Feldman, Y.; Asher, R. B.; Palmer, B. A.; et al.
Guanine and 7,8-Dihydroxanthopterin Reflecting Crystals in the
Zander Fish Eye: Crystal Locations, Compositions, and Structures. J.
Am. Chem. Soc. 2019, 141, 19736−19745.
(16) Guerain, M.; Affouard, F.; Henaff, C.; Dejoie, C.; Danede, F.;
Siepmann, J.; Siepmann, F.; Willart, J. F. Structure Determination of
Riboflavin by Synchrotron High-Resolution Powder X-Ray Diffrac-
tion. Acta Crystallogr., Sect. C: Struct. Chem. 2021, 77, 800−806.
(17) Burla, M. C.; Caliandro, R.; Carrozzini, B.; Cascarano, G. L.;
Cuocci, C.; Giacovazzo, C.; Mallamo, M.; Mazzone, A.; Polidori, G.
Crystal Structure Determination and Refinement via SIR2014. J. Appl.
Crystallogr. 2015, 48, 306−309.
(18) Sheldrick, G. M. Crystal Structure Refinement with SHELXL.

Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3−8.
(19) Sheldrick, G. M. A Short History of SHELX. Acta Crystallogr.,

Sect. A: Found. Crystallogr. 2008, 64, 112−122.
(20) 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.
(21) 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.
(22) 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.
(23) 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.
(24) Guo, F.; Harris, K. D. M. Structural Understanding of a
Molecular Material that is Accessed only by a Solid-State Desolvation

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c00480
Cryst. Growth Des. 2024, 24, 6256−6266

6265

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melanie+Bauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akihito+Yamano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Levy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simcha+K.+Mirsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3244-8742
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natan+T.+Shaked"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+T.+Young"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00480?ref=pdf
https://doi.org/10.1002/adfm.201603514
https://doi.org/10.1002/adfm.201603514
https://doi.org/10.1002/adfm.201603514
https://doi.org/10.1002/adma.201800006
https://doi.org/10.1002/adma.201800006
https://doi.org/10.1002/adma.201800006
https://doi.org/10.1002/ijch.202100069
https://doi.org/10.1002/ijch.202100069
https://doi.org/10.1073/pnas.1722531115
https://doi.org/10.1073/pnas.1722531115
https://doi.org/10.1007/s11051-018-4217-3
https://doi.org/10.1007/s11051-018-4217-3
https://doi.org/10.1038/183985a0
https://doi.org/10.1038/183985a0
https://doi.org/10.1001/archopht.1963.00960050533017
https://doi.org/10.1001/archopht.1963.00960050533017
https://doi.org/10.1111/j.1463-5224.2004.00318.x
https://doi.org/10.1111/j.1463-5224.2004.00318.x
https://doi.org/10.1159/000147463
https://doi.org/10.1016/S0014-4835(63)80012-3
https://doi.org/10.1002/jps.3030320205
https://doi.org/10.1002/jps.3030320205
https://doi.org/10.1021/acs.chemmater.5b03549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b03549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2053229621012171
https://doi.org/10.1107/S2053229621012171
https://doi.org/10.1107/S2053229621012171
https://doi.org/10.1107/S1600576715001132
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1016/S0009-2614(97)01156-1
https://doi.org/10.1016/S0009-2614(97)01156-1
https://doi.org/10.1039/a904702f
https://doi.org/10.1039/a904702f
https://doi.org/10.1002/1521-3773(20020201)41:3<494:AID-ANIE494>3.0.CO;2-S
https://doi.org/10.1002/1521-3773(20020201)41:3<494:AID-ANIE494>3.0.CO;2-S
https://doi.org/10.1002/1521-3773(20020201)41:3<494:AID-ANIE494>3.0.CO;2-S
https://doi.org/10.1002/jcc.10326
https://doi.org/10.1002/jcc.10326
https://doi.org/10.1002/jcc.10326
https://doi.org/10.1021/ja050733p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja050733p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Process: The Scope of Modern Powder X-Ray Diffraction
Techniques. J. Am. Chem. Soc. 2005, 127, 7314−7315.
(25) 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.
(26) 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.
(27) 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.
(28) 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.
(29) Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der
Waals Interactions from Ground-State Electron Density and Free-
Atom Reference Data. Phys. Rev. Lett. 2009, 102, 073005.
(30) Tkatchenko, A.; Kronik, L. Understanding Molecular Crystals
with Dispersion-Inclusive Density Functional Theory: Pairwise
Corrections and Beyond. Acc. Chem. Res. 2014, 47, 3208−3216.
(31) Tkatchenko, A.; DiStasio, R. A., Jr; Car, R.; Scheffler, M.
Accurate and Efficient Method for Many-Body van der Waals
Interactions. Phys. Rev. Lett. 2012, 108, 236402.
(32) Ambrosetti, A.; Reilly, A. M.; DiStasio, R. A., Jr.; Tkatchenko,
A. Long-range Correlation Energy Calculated from Coupled Atomic
Response Functions. J. Chem. Phys. 2014, 140, 18A508.
(33) Nyman, M.; Day, G. M. Static and Lattice Vibrational Energy
Differences Between Polymorphs. CrystEngcomm 2015, 17, 5154−
5156.
(34) Pickard, C. J.; Mauri, F. All-electron Magnetic Response with
Pseudopotentials: NMR Chemical Shifts. Phys. Rev. B 2001, 63,
245101.
(35) Yates, J. R.; Pickard, C. J.; Mauri, F. Calculation of NMR
Chemical Shifts for Extended Systems using Ultrasoft Pseudopoten-
tials. Phys. Rev. B 2007, 76, 024401.
(36) Harris, R. K.; Hodgkinson, P.; Pickard, C. J.; Yates, J. R.; Zorin,
V. Chemical Shift Computations on a Crystallographic Basis: Some
Reflections and Comments. Magn. Reson. Chem. 2007, 45, S174−
S186.
(37) Dudenko, D. V.; Williams, P. A.; Hughes, C. E.; Antzutkin, O.
N.; Velaga, S. P.; Brown, S. P.; Harris, K. D. M. Exploiting the Synergy
of Powder X-Ray Diffraction and Solid-state NMR Spectroscopy in
Structure Determination of Organic Molecular Solids. J. Phys. Chem.
C 2013, 117, 12258−12265.
(38) Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert,
M. J.; Refson, K.; Payne, M. C. First Principles Methods Using
CASTEP. Z. Kristallogr. 2005, 220, 567−570.
(39) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes For Ab
Initio Total-Energy Calculations using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169.
(40) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(41) Sheldrick, G. M. SHELXT − Integrated Space-Group and
Crystal-Structure Determination. Acta Crystallogr., Sect. A 2015, 71,
3−8.
(42) Larson, A. C.; Von Dreele, R. B. General Structure Analysis
System (GSAS), Report LAUR 86-748, Los Alamos National
Laboratory, 2000.
(43) Plana-Ruiz, S.; Krysiak, Y.; Portillo, J.; Alig, E.; Estradé, S.;
Peiró, F.; Kolb, U. Fast-ADT: A Fast and Automated Electron
Diffraction Tomography Setup for Structure Determination and
Refinement. Ultramicroscopy 2020, 211, 112951.

(44) Kolb, U.; Krysiak, Y.; Plana-Ruiz, S. Automated Electron
Diffraction Tomography − Development and Applications. Acta
Crystallogr., Sect. B 2019, 75, 463−474.
(45) MRC: Basic file format of the Medical Research Council,
extended with additional headers for up to 1024 images.
(46) Palatinus, L.; Brazda, P.; Jelinek, M.; Hrda, J.; Steciuk, G.;
Klementova, M. Specifics of the Data Processing of Precession
Electron Diffraction Tomography Data and their Implementation in
the Program PETS2.0. Acta Crystallogr., Sect. B 2019, 75, 512−522.
(47) Doyle, P. A.; Turner, P. S. Relativistic Hartree-Fock X-ray and
Electron Scattering Factors. Acta Crystallogr., Sect. A 1968, 24, 390−
397.
(48) Fung, B. M.; Khitrin, A. K.; Ermolaev, K. An Improved
Broadband Decoupling Sequence for Liquid Crystals and Solids. J.
Magn. Reson. 2000, 142, 97−101.
(49) Taylor, R. E. 13C CP/MAS: Application to Glycine. Concepts

Magn. Reson. A 2004, 22A, 79−89.
(50) Guo, R.; Barnea, I.; Shaked, N. T. Low-Coherence Shearing
Interferometry with Constant Off-Axis Angle. Front. Phys. 2021, 8,
611679.
(51) Moutzouris, K.; Papamichael, M.; Betsis, S. C.; Stavrakas, I.;
Hloupis, G.; Triantis, D. Refractive, Dispersive and Thermo-Optic
Properties of Twelve Organic Solvents in the Visible and Near-
Infrared. Appl. Phys. B: Lasers Opt. 2014, 116, 617−622.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c00480
Cryst. Growth Des. 2024, 24, 6256−6266

6266

https://doi.org/10.1021/ja050733p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja050733p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201411520
https://doi.org/10.1002/anie.201411520
https://doi.org/10.1002/anie.201411520
https://doi.org/10.1002/anie.202009922
https://doi.org/10.1002/anie.202009922
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1021/acs.cgd.3c01290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c01290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c01290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1021/ar500144s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500144s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500144s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.108.236402
https://doi.org/10.1103/PhysRevLett.108.236402
https://doi.org/10.1063/1.4865104
https://doi.org/10.1063/1.4865104
https://doi.org/10.1039/C5CE00045A
https://doi.org/10.1039/C5CE00045A
https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1103/PhysRevB.76.024401
https://doi.org/10.1103/PhysRevB.76.024401
https://doi.org/10.1103/PhysRevB.76.024401
https://doi.org/10.1002/mrc.2132
https://doi.org/10.1002/mrc.2132
https://doi.org/10.1021/jp4041106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4041106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4041106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1016/j.ultramic.2020.112951
https://doi.org/10.1016/j.ultramic.2020.112951
https://doi.org/10.1016/j.ultramic.2020.112951
https://doi.org/10.1107/S2052520619006711
https://doi.org/10.1107/S2052520619006711
https://doi.org/10.1107/S2052520619007534
https://doi.org/10.1107/S2052520619007534
https://doi.org/10.1107/S2052520619007534
https://doi.org/10.1107/S0567739468000756
https://doi.org/10.1107/S0567739468000756
https://doi.org/10.1006/jmre.1999.1896
https://doi.org/10.1006/jmre.1999.1896
https://doi.org/10.1002/cmr.a.20015
https://doi.org/10.3389/fphy.2020.611679
https://doi.org/10.3389/fphy.2020.611679
https://doi.org/10.1007/s00340-013-5744-3
https://doi.org/10.1007/s00340-013-5744-3
https://doi.org/10.1007/s00340-013-5744-3
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

