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ABSTRACT: Living organisms display a spectrum of wondrous Biogenic Calculated New
colors, which can be produced by pigmentation, structural Anhydrous Guanine B Polymorph
coloration, or a combination of the two. A relatively well-studied '
system, which produces colors via an array of alternating
anhydrous guanine crystals and cytoplasm, is responsible for
the metallic luster of many fish. The structure of biogenic
anhydrous guanine was so far believed to be the same as that of
the synthetic one, a monoclinic polymorph (denoted as «). Here
we re-examine the structure of biogenic guanine, using detailed experimental X-ray and electron diffraction data, exposing
troublesome inconsistencies, namely, a “guanigma”. To address this, we sought alternative candidate polymorphs using symmetry
and packing considerations and then utilized first-principles calculations to determine whether the selected candidates could be
energetically stable. We identified theoretically a different monoclinic polymorph (denoted as f3), were able to synthesize it, and
confirmed using X-ray diffraction that it is this polymorph that occurs in biogenic samples. However, the electron diffraction data
were still not consistent with this polymorph but rather with a theoretically generated orthorhombic polymorph (denoted as ).
This apparent inconsistency was resolved by showing how the electron diffraction pattern could be affected by crystal structural
faults composed of offset molecular layers.

B INTRODUCTION

Some of the most brilliant colors in nature are produced by the
interaction of light with structured materials, which results in
causing specific patterns of light scattering or reflection. Use of
such structures, alone or through interaction with pigmentation,
is widespread in the animal kingdom and can be found, for
example, in birds,' fish,>™* reptiles,s_7 and arthropods.g’9 The
colors are used for a variety of functions, including
communication, mate recognition, camouflage, and vision
enhancement.'” The material of choice in many of these

these natural optical systems clearly depend on features of the
crystal structure of guanine, and therefore it is imperative to
have a comprehensive understanding of the guanine crystal
structure.

The biogenic crystal structure of fish and spider guanine was
found to be anhydrous.”’ ™ The structure of the synthetic
crystal of anhydrous guanine, at a temperature of 120 K, was
found to be of monoclinic symmetry.”* Previous studies by
some of us suggested that the crystal structure of biogenic
anhydrous guanine, extracted from fish* and spiders,’ is

systems is guanine.

The metallic luster in fish scales results from constructive
interference of visible light from multilayer arrays of guanine
crystals separated by cytoplasm.”® In certain spiders the
guanine-based crystals produce a matte-white effect via
scattering from small cuboidal crystals, while in others, stacks
of guanine crystals in the form of thin plates generate a highly
reflective silver color.”'" The widespread use of guanine
crystals is probably due to its exceptionally high refractive
index, n = 1.83 (in one direction), and to the fact that guanine
is readily available in the cells as a nitrogenous metabolite.*"

Recently there has been an increasing interest in rationalizing
the optical properties of a variety of natural guanine-based
optical systems””'*~'® and in trying to mimic such systems for
novel artificial devices.'”~>° The characteristic properties of
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identical to that of the published structure. However, already
at that time some inconsistencies were noted that could not be
easily explained. In the following we re-examine the
experimental X-ray and electron diffraction patterns of the
biogenic crystals from fish scales, spider integument, and
synthetic crystals obtained from a dimethyl sulfoxide (DMSO)
solution. The re-examination suggests that it is impossible to
conclude unambiguously that the biogenic crystals possess the
published monoclinic structure.

First, the information from the measured X-ray powder
diffraction (XRPD) pattern of biogenic guanine platelet crystals
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was limited by preferred orientation. As a result, only strong
reflections, corresponding to diffraction from the crystal plates,
appeared in the diffraction pattern. However, the crystals were
ideal for transmission electron microscopy (TEM) measure-
ments, being only ~30 nm™® thick (Figure 1A). We could not,
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Figure 1. (A) TEM image of a fish plate-shaped crystal of anhydrous
guanine. (B) Schematic representation of the guanine platelet in the
TEM setup, in which the electron beam is perpendicular to the plate
face and parallel to the proposed crystal zone axis. Thus, the proposed
zone axis must be parallel to the crystal reciprocal axis normal to the
crystal face. (C) Observed ED pattern of fish guanine. The reflection
spots display mm Laue symmetry.

however, reconcile the measured electron diffraction (ED)
pattern of the fish scale guanine with the published crystal
structure of synthetic guanine. The dense array of distinct
electron reflections (Figure 1C) displays mm Laue symmetry
and is consistent with a crystal zone axis parallel to the electron
beam, which is perpendicular to the plate face of the crystal.
Thus, the proposed zone axis must be parallel to the crystal
reciprocal axis normal to the crystal face (Figure 1B).*® This
evidence suggests prima facie that the fish guanine crystals
appear in an orthorhombic arrangement. We, however, could
not conclude whether the side faces delineated by the crystals
(Figure 1A) form a zone axis perpendicular to the crystal plate,
which would be a signature of an orthorhombic lattice. What,
then, is the structure of the biogenic forms of fish and spider
guanine?

The standard starting point in crystal structure determination
is the solution of an unknown single crystal X-ray diffraction
(XRD) pattern. This practice is difficult here, because the
biogenic crystals available are too small to be used for single
crystal XRD data collection even with intense synchrotron
radiation. We therefore tackled this structure determination
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challenge by an unusual, comprehensive approach: First, we
generated in silico a variety of polymorphic arrangements”’ "
of anhydrous guanine in monoclinic and orthorhombic
structures, employing principles of symmetry and molecular
packing considerations to guide us. We then utilized first-
principles calculations to determine which of the generated
polymorphs would be energetically stable. Specifically, we used
state-of-the-art density functional theory (DFT) calculations
with pairwise dispersive corrections”” to address the structure
and energetics of the guanine molecular crystals. We then
computed the XRPD and ED patterns of the most favorable
generated structures for a comparison with the experimental
results. The lattice parameters obtained theoretically were then
additionally refined against new high-resolution experimental
XRPD data using the Rietveld method.”* This allowed us to
derive the polymorphic structures of biogenic fish and spider
guanine and to glean information on possible fault structures in
these crystals. We present, then, a multidisciplinary study
involving various experimental and computational approaches
to resolve the enigma of the structure of biogenic guanine; the
“guanigma’”.

B GENERATION OF POLYMORPHIC STRUCTURES

The published monoclinic crystal structure of anhydrous
guanine™® is composed of H-bonded layers, stacked along a
3.55 A translational axis (Figure 2). As a starting point for the
generation of guanine polymorphs, we transformed the (a’, ',
¢') unit cell of the published structure into a new (a, b, ¢) unit
cell, such that the H-bonded layer lies parallel to the bc plane
(Figure 2B). The transformation yields unit cell parameters of a
=355A b=2969 A c=1846 A, and B = 118.3°. For
convenience we shall refer to this structure as the @-polymorph.
All the N—H---O, N—H---N, and even the C—H---N bonds are
satisfied in the layer structure (Figure 2A). Thus, we can
assume that reasonable polymorphic structures of anhydrous
guanine will incorporate this layer motif. We note that based on
pole-figure measurements made by Levy-Lior et al,,” the platelet
face of the biogenic fish guanine crystals is parallel to the H-
bonding layer.

The H-bonded system in the a-form is achieved in space
group P12,/cl via a center of inversion (1) and a 2-fold-screw
axis (2,) along the b-direction, where the combination of these
two symmetry elements generates a glide plane perpendicular
to b with a translation component along the c-axis (Figure 34,).
Because the H-bonded layer motif is almost planar, it would
remain the same on interchanging the 2-fold screw (along b)
and the glide symmetry (along c) elements, to yield the H-
bonded layer in space group P112,/b (Figure 3B;). In this
hypothetical crystal structure, which we label the S-polymorph,
alternate H-bonded layers are related by translation along the a-
axis, as in the a-polymorph, but the offset between neighboring
layers is along the b-axis instead of along the c-axis (Figure 3A,,
B,). It is noteworthy that the crystal structure of guanine
monohydrate® reveals a stacking offset similar to the proposed
p-form.

The possible formation of an orthorhombic y-polymorph of
fish guanine was proposed based on the preliminary analysis
(vide supra) of the published (0kl) ED pattern, reported by
Levy-Lior et al.” The lengths of the b* and c¢* reciprocal axes
(0.1064, 0.0565 A™") in this pattern correspond to d(010) and
d(001) spacings of 9.4 and 17.7 A, respectively. These values
are sufficiently similar in length to those of the unit cell axes of
the H-bonded layer of the a-form of guanine (9.69 and 18.46
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Figure 2. Crystal structure of the a-polymorph of anhydrous guanine: (A) The H-bonding (thin gray lines) motif in the crystal structure, viewed
perpendicular to the molecular layer. The purple contour indicates a cyclic H-bonded dimer. (B) An edge-on view, along the b-axis, of the stacked
layer of H-bonded molecules, together with the transformation matrix that relates the original (dashed lines) and transformed (solid lines) unit cell.
After the transformation the molecules lie in the bc plane.
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Figure 3. Three polymorphic (e, f, and ) structures. (A) The monoclinic a-form. In panel A, the symmetry elements in the bc molecular layer are
depicted, including the 2-fold screw axis (2,) along the b-direction, the glide along the c-axis, and the center of inversion (T). The translational offset
of the H-bonded guanine layers along the c-axis is shown in (A,). An edge-on view, along the b-axis, of the stacked molecular layers is shown in (A;),
exhibiting the “staircase” motif. (B) The same three different views of the monoclinic f-polymorph. Note that the direction of the 2,-axis and the
glide are interchanged with respect to the a-form (B;). Moreover, the molecular layers are offset along the b-axis rather than the c-axis, as is evident
in panels B, and B;. (C) The same three views of the orthorhombic y-polymorph. As for the symmetry elements depicted in (C,), the molecules lie
on a mirror (m) plane, and are related by n- and b-glide symmetry. The “translational” offset between neighboring molecular layers is along the b-axis
as seen in panel C,. An edge-on view along the c-axis, shown in C;, displays the stacking arrangement of H-bonded molecules in the “zigzag” motif.

A), to suggest the viability of the orthorhombic model.*® We form (of 16.27 A = 18.46 - sinf) is inconsistent with the

note, as an aside, that the d(010) spacing of the monoclinic a- measured d(001) spacing = 17.7 A in the observed ED pattern,
polymorph,™* 9.69 A, is close to that of the ED pattern of fish which would be required for the orthorhombic polymorph
guanine (9.8 A), but the d(001) spacing in the monoclinic a- where f = 90°.
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We make use of the (0k!) ED pattern of fish guanine (Figure
1C) to guide us toward a hypothetical orthorhombic crystal
structure. The only systematic absences in the ED pattern of
fish guanine are for the 0kO and 00! reflections. The
implications of this constraint are that the hypothetical
orthorhombic structure would not incorporate a glide plane
perpendicular to the g-axis, where the glide direction would be
along the b-axis, c-axis, or the bc-diagonal. Such a constraint
eliminates several of the commonly observed space groups,
leaving P2,2,2, and P2,/m2,/n2,/b (Pmnb in international
short symbol, an alternative reoriented setting of the conven-
tional Pnma) as the most likely orthorhombic candidates. The
neighboring H-bonded bc layers in the hypothetical guanine
structure of orthorhombic symmetry would be related by a 2,-
axis perpendicular to the layer. Given that the guanine
molecules in the H-bonded layer form cyclic H-bonded dimers
(Figure 2A) exhibiting pseudo 2/m symmetry, the neighboring
layers would be related by pseudotranslation symmetry. With
this structural information, we generated an ensemble of 45
structures, distinguished by successive 1 A stepwise shifts along
the b and c-directions, forming a two-dimensional grid of shifts
across the 2, generated layer, which yielded all possible
orthorhombic symmetries.

Of this ensemble of generated structures, only those with
simulated Okl electron diffraction patterns similar to that of the
observed pattern were selected for further optimization based
on DFT calculations. To our surprise, the structure found to
have minimal energy (denoted above as the y-form), which
appeared in space group P2,/m2,/n2,/b, exhibited an ED
pattern very similar to the observed one, an issue elaborated
below. Moreover, the pseudotranslational offset between
neighboring molecular layers is very similar to that in the
monoclinic f-polymorph. Thus, the crystal structures of the
monoclinic #- and the orthorhombic y-forms are very similar
(Figure 3B,,C,). The main difference is that in the y-form the
layers are offset in a “zigzag” mode, while in the f-form the
offset is of the “staircase” mode (Figure 3B;,C;), also exhibited
by the a-form along a different axis (Figure 3A;).

B DFT OPTIMIZATION OF THE POLYMORPHIC
STRUCTURES

Before calculating the optimized geometry of the newly
proposed polymorphs, it is appropriate to validate the
computational approach against the published a-form structure
of the synthetic anhydrous guanine crystal.”* The molecular
layer motif, governed mainly by H-bonding, is reasonably well
described by standard approximate exchange-correlation func-
tionals for solid-state calculations, such as the generalized
gradient approximation form due to Perdew, Burke, and
Ernzerhof (PBE).”” However, the stacking interactions are
dominated by dispersion forces, for which the PBE functional is
qualitatively inadequate and hardly predicts any binding.*>***°
This suggests that dispersive interactions must be included.
Previous work on structural, electronic, and vibrational
properties of monohydrate* and anhydrous*' guanine also
recognized the difficulty of treating dispersive interactions
within standard exchange-correlation functionals. The problem
was successfully circumvented by using the local density
approximation (LDA), which mimics dispersive interactions
through general overbinding. However, LDA performs poorly
for hydrogen bonds.”” Therefore, we chose instead to use the
PBE functional, augmented by the pairwise dispersive
corrections”***? of Tkatchenko and Scheffler (TS-vdW).>>
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This approach yields quantitative accuracy for many different
equilibrium and response properties of molecular solids with a
variety of bonding scenarios.”

The agreement between the calculated and the experimental
lattice parameters for the a-form, Figure 4, clearly demonstrates

AA in Lattice parameters

MaEmbpmc
0.60
0.15
0.03 0.01
.
20.04 -0.01
PBE PBE+TS-vdW

Figure 4. A plot of the differences (A) between the lattice parameters
of the computed and experimental** structures of the a-form. The
calculated difference refers to structures computed using the PBE
functional without and with dispersive corrections (TS-vdW).
Absolute values of the lattice parameters are found in the Supporting
Information (SI).

the success of the dispersion-corrected approach adopted here.
Without corrections, the PBE-predicted a lattice parameter
(along which dispersive interactions are most pronounced)
overestimates experiment by 0.6 A. Using the corrections,
theory and experiment agreed within 0.01 A along the same
direction. A more modest but nonetheless meaningful improve-
ment (from 0.15 to 0.01 A) is obtained for the ¢ lattice
parameter, which is characterized by weaker H-bonds that have
a significant dispersive content. At the same time, this did not
come at the cost of accuracy in the b lattice parameter (from an
overestimate of 0.03 A to an underestimate of 0.04 A), which is
dominated by stronger H-bonds.

Following this validation, we proceeded to compute the
optimized lattice parameters of the other two polymorphic
structures, using the same dispersion corrected approach, and
found them to be closely related to that of the original a-form
(Table 1). The relative computed lattice energies of the a-, f-,
and y-polymorphs are 0, 0.4, and 1.0 kcal/mol (per molecule),
respectively. This is at the limit of the expected accuracy of our
computational approach.’>** Therefore, the a- and the f-forms
could be considered as having similar lattice energies, with the
y-polymorph possibly also accessible.

B POWDER LAB AND SYNCHROTRON X-RAY
DIFFRACTION MEASUREMENTS

To experimentally establish which of the above-discussed
polymorphs may correspond to the crystal structure of biogenic
guanine, we performed X-ray powder diffraction using both
synchrotron radiation and in-house measurements on various
samples of synthetic and biogenic anhydrous guanine (Figure
S). As expected, the measured powder pattern of synthetic
anhydrous guanine, obtained from DMSO solution, matches
the published”® simulated X-ray powder pattern of the a-
polymorph (Figure SA). In contradistinction, we obtained a
synthetic f-polymorph following a procedure that involved
crystallization of guanine from aqueous solution at pH 11
(Figure SB). The interpretation of both diffractograms was
validated by Rietveld refinement. The main difference between
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Table 1. Comparison of the Above-Defined @-, -, and y-Polymorphs of Anhydrous Guanine in Terms of Space Group
Symmetry, Lattice Parameters (A, deg, and A*), and Lattice Energy Differences (in kcal/mol, per molecule) Expressed Relative

to That of the @-Polymorph”

transformed a exptl24 caled a-form calcd f-form calcd y-form
space group P12,/cl P12,/cl P112,/b P2,/m2,/n2,/b
symmetry monoclinic monoclinic monoclinic orthorhombic
a 3.55 3.56 3.59 6.38
b 9.69 9.65 9.72 9.73
c 18.46 18.45 18.34 18.39
angle 1183 (B) 1185 () 1195 (7) 90
volume 560.1 557.9 557.6 1140.3
AE - 0 (ref) 0.39 0.96

“All calculated results were obtained using the PBE+TS-vdW approach.
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Figure S. X-ray powder diffraction profiles. (A) Published®* and
synthetic a-form. (B) Calculated, synthetic, and biogenic f-form. (C)
Calculated y-form. To make all the reflections more visible, the
intensity of the strongest reflection, such as (100), (200), and (012),
were truncated. HRXRPD = high resolution powder X-ray diffraction.

the unit cell dimensions of the DFT-calculated and the
Rietveld-refined experimental structures, for both polymorphs,
is that the lattice parameters of the latter are slightly larger, by
an average of ~0.6% (see SI for details). This difference is
expected and attributed to thermal expansion, because the
calculated structure was obtained at 0 K while the experimental
diffractograms were collected at room temperature.

Further support for the different molecular stacking
directions suggested in Figure 3 is obtained from a line profile
analysis* (see Experimental and Computational Details).
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Comparison of the (002) and (020) reflections of the a- and
P-forms revealed an opposite trend in the size of local d-spacing
fluctuations, known as microstrain fluctuations (6)* (Figure
6). The direction of increased fluctuations clearly correlates
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0.0E+00
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Figure 6. Microstrain fluctuation analysis for the synthetic a- and f-
forms. The analysis compares the (020) and (002) reflections.

with the translational offset direction of the H-bonded layers,
where variations are more likely. For the a-form, the
translational offset is along the c-axis and the microstrain
fluctuations are larger for the (002) reflection, whereas for the
P-form the translational offset is along the b-axis and the
microstrain fluctuations are larger for the (020) reflection.

The biggest surprise came upon re-examining the XRPD
diffractogram of anhydrous guanine extracted from the white
widow spider (Latrodectus Pallidus) reported by Levy-Lior et
al.® We discovered an X-ray pattern identical to that of the
calculated f-polymorph (Figure SB). The sharp and distinct
peaks displayed in the diffractogram reflect a crystallinity higher
than that of guanine extracted from fish, consistent with the
more isotropic cuboidal shape of the spider crystals. The
elevated background for the d* values lower than 0.15 A™" is
indicative of the presence of amorphous material in the sample
and concurs with the suggestion of amorphous material-filled
vesicles.®

The crystal structure of fish scale guanine also appears in the
p-polymorph (Figure SB). The fish scale guanine powder
pattern is generally of lower quality than that of spider guanine
(see ref 44). Nevertheless, there can be no question that the
crystal structure has monoclinic symmetry, with the molecules
arranged in the f-polymorph (Figure 3B).

Interestingly, the detailed Rietveld refinement analysis of X-
ray reflections of fish scale guanine (Figure 7) reveals the
presence of the a-form as a minor component. However, we
are of the opinion that it does not originate from the biogenic
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Figure 7. Rietveld refinement of HRXRPD diffractogram obtained
from fish guanine. The calculated curve is obtained from three crystal
structures: the - and a-forms and NaCl. Despite the low quality of the
diffractogram (see text for details), it is possible qualitatively to
evaluate the relative content of the structures as 71%-f-form, 22%-a-
form, and 7%-NaCl. The reflection positions of each structure are
indicated by bars at the bottom of the figure, additional arrows
indicating the position of the a-form, and the NaCl reflections. Full
details of the refined results can be found in the SI, and also the
Rietveld refinement of other samples: synthetic sample from DMSO, a
sample synthesized using a solution at pH 11, and a sample of biogenic
spider crystals.

crystallization process of fish guanine. Rather, as reported
previously,” an amorphous guanine phase exists in the vicinity
of the anhydrous guanine crystals that, once extracted from the
cell environment and dried, may transform into the a-structure.
The Rietveld refinement also revealed a minor contamination
of NaCl.

Given the very small calculated difference in stability between
the a- and S-forms, it would not be surprising to find that either
may appear in the biogenic crystals. We also note that extreme
nonphysiological conditions are used to obtain the a-form in
vitro (organic solvents,” high temperature cycles**), suggesting
that although possibly marginally more stable, the a-form may
be kinetically less accessible. Under physiological conditions, so
far only the B-form was observed, although this by no means
serves as definite proof that the f-form is more stable in living
organisms.

B ELECTRON DIFFRACTION PATTERN OF FISH
GUANINE

The measured high resolution XRPD (HRXRPD) patterns of
biogenic guanine (Figure SB and Figure 7) betray no hint of
the presence of the proposed y-polymorph, as evident from the
absence of the (011) and (012) reflections of the y-polymorph
(Figure SC) in the powder pattern. However, an excellent fit is
found between the measured and the calculated (0kl) ED
patterns of fish guanine, assuming its crystal structure adopts
the y-motif (Figure 8A). We are therefore faced with a
conundrum: how can these two results be reconciled?

A clue to the answer is obtained by considering that the two
diffraction methods complement each other; while the
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Figure 8. (A) The excellent agreement between the 0kl ED pattern
obtained from fish guanine (left) and calculated for the y-polymorph
(right). (B) A highly similar ED pattern (see SI) is also obtained from
the calculated structure shown in the figure, which comprises only two

layers offset as in the f- or the y-polymorph.

HRXRPD pattern is obtained from a large number of crystals
in various orientations, the ED pattern is obtained from a single
crystal of guanine. The method of electron diffraction allows
the investigation of extremely small volumes because the
amount of scattering is greater than for X-rays by a factor of 10°
—10* However, the electron beam is attenuated much more
rapidly, requiring very thin samples.** The guanine enigma may
thus be resolved by assuming that the measured ED pattern
arises from structural faults, which may be obtained in different
ways, e.g., via a stacking fault composed of two H-bonded layers
offset along the b-axis as in the f-motif, shown in Figure 8B; a
fault composed of three such H-bonding layers yields an ED
pattern which is already too dissimilar from that measured (see
SI). Another possibility is a minor variant of the y-motif (Figure
3C;), composed of several layers, or a “twinning” mechanism in
which the direction of the interlayer translational offset of a -
motif stack becomes reversed, yielding a structural fault. For all
these different cases, the overriding mass of the crystal is
arranged in the S-form, which should only contribute to the
(001) reflections in the ED pattern. To help rationalize the
presence of the proposed structural faults, we note that the
coherence length along the stacking a*-direction is about 35 +
4 nm, which is by and large equal to the crystalline plate
thickness (~30 + 7 nm”’) and therefore consistent with the
presence of few structural faults, dispersed along the a*-
direction in the f-form.

Finally, we note that the thin photonic plates of sapphirinidae
copepods’ are also made of anhydrous guanine, but the crystals
are perfectly regular hexagons. In future work we will show, by
use of electron diffraction, that the structure of copepod
guanine is also of monoclinic f-symmetry and that the
pseudohexagon morphology can be explained in terms of
multiple crystal twinning,

B CONCLUDING REMARKS

We have determined the structure of anhydrous guanine
crystals obtained from fish and spider and have shown that it
crystallizes in a monoclinic S-polymorph, which to the best of
our knowledge has not been previously suggested. This S-form
was generated by interchanging the 2-fold screw and glide
symmetry elements of the a-form, resulting in a different offset
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between molecular layers. The lattice energies of these two
polymorphs were found to be very similar, based on dispersion-
corrected DFT calculations.

The p-polymorph yielded an excellent fit to the XRPD
patterns of fish and spider guanine. However, the ED pattern of
fish guanine, obtained with the plate-like crystal perpendicular
to the electron beam, suggested an orthorhombic lattice. A
generated orthorhombic y-form with a structure akin to that of
the monoclinic f-polymorph, but where the neighboring
molecular layers are offset in a zigzag mode along the g-axis,
yielded an ED pattern that matched the observed pattern
almost perfectly. This created an enigma, resolved by assuming
that the ED pattern arises from crystal structural faults
composed of molecular layers offset as in the f- or y-form.
We suggest that this can be assessed further by using
orientation-dependent ED measurements.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Materials. Biogenic crystals were extracted from the skin of the
Japanese koi fish (Cyprinus carpio) using a method previously reported
by Levy-Lior et al.” Synthetic crystals were recrystallized from
anhydrous guanine, purchased from Sigma-Aldrich (lot SLBD6782
V). The a-form was recrystallized following a method previously
reported by Levy-Lior et al.” The -form was prepared by dissolving
0.1 g of guanine powder (Sigma—Aldrich) in 10 mL of 1 N NaOH
(pH 14) inside a glass flask. HCI (1 N) was then titrated into the flask
until the solution reached pH 11 and became cloudy due to the
formation of small guanine crystals. The suspension was then filtered
using a PVDEF filter (0.22 mm) and dried overnight in a desiccator.

High-Resolution X-ray Powder Diffraction (HRXRPD). To
study the crystal structure of guanine crystals experimentally,
synchrotron HRXRPD was used to collect high quality diffractograms.
Measurements were performed on ID22, the high-resolution powder
diffraction beamline of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France), with 1 = 0.39970(8) A at ambient
temperature. Instrument calibration was performed by using NIST
silicon standards; final instrumental contribution to the full width at
half-maximum (fwhm) did not exceed 20 = 0.004.*” The diffracto-
grams were collected in the Debye—Scherrer geometry. The samples
were inserted in a spinning 1 mm diameter borosilicate capillary, and
the diffracted beam was monochromatized and collected by means of a
multianalyzer stage equipped with a nine-point detector (for further
information, http://www.esrf.eu/id22/technical-description). Nine
diffractograms, obtained from each detector, were binned in a 26/
intensity diffractogram. The measurements were performed on the
synthetic a-form (obtained from DMSO), the synthetic S-form
(obtained from NaOH:HCl at pH 11), and biogenic guanine obtained
from koi fish.

Rietveld and Line Profile Analysis. To perform the Rietveld
Analysis on the collected diffractogram, the GSAS-II software has been
used.” Due to the well-known limit of powder diffraction in structural
refinement of organic molecules, together with the limited crystal
quality of the studied phases, a full refinement of the guanine
intramolecular structure was not possible. A rigid-body refinement was
performed instead. Using the GSAS-II RigidBody feature, the atoms of
the guanine molecule were bonded together and the position and
rotation angle and vector of the defined molecule were refined. Using
this method, it was possible to reduce the refined parameters from 33
to 6 without losing the good description of the structure. Note that
hydrogen atoms were not taken into consideration for the refinement
because they are practically invisible to the X-ray diffraction. The
transformed published structure™ was used as an initial structure for
the refinement of the a-form. For the f-form the calculated structure
was used as an initial one. Peak intensities were determined by using
Whole Profile Fitting.*’

Negligible contribution of the diffractometer to the shapes of the
diffraction lines allowed for the effective line profile analysis. Single
diffraction peaks corresponding to a specific crystallographic plane
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were fitted to a Voigt function, which enabled independent evaluation
of the contributions of the Lorentzian and Gaussian types
corresponding to the coherence length (crystallite size) and
microstrain fluctuations, respectively. Empirical formulas of high
accuracy’® are used to derive the average crystallite size and
microstrain fluctuations. Profile fitting was performed using the
Gnuplot 4.7 interface®® over the most intense peaks of the
diffractograms.

Electron Diffraction. Electron diffraction patterns were collected
using a T-12 (Technical FEI) transmission electron microscope
operated at 120 kV, using reported procedures.”

Density Functional Theory. The electronic structure, total
energy, and geometry of the material structures were calculated by
solving the Kohn—Sham equations of DFT within the generalized
gradient ag?roximation (GGA), using the PBE exchange-correlation
functional.”” The total energy was corrected by using Tkatchenko—
Scheffler van der Waals (TS-vdW) pairwise dispersive corrections.*”
All calculations were carried out using the Vienna Ab Initio Simulation
Package (VASP),*” plane wave basis code, in which TS-vdW dispersive
corrections were implemented.”*** The ionic cores were described by
the projected augmented wave (PAW) method.**** The planewave
energy cutoff used for the calculations was 700 eV. For the monoclinic
symmetry polymorphs (¢ and f8), a 6 X 2 X 1 k-point grid sampling of
the Brillouin zone was used, and for the orthorhombic symmetry
polymorph (7), a 3 X 2 X 1 grid was used. The k-points grids result in
similar mesh density because in the orthorhombic polymorph the a-
axis length is twice that of the monoclinic ones. The geometrical
equilibrium structure, ie., atomic positions and unit cell parameters,
was obtained by using GADGET (see SI for details).’® All forces in the
system were relaxed to 107* eV/A, and stress was relaxed to 1072 kB.

Simulated Diffraction Patterns. The XRD diffractogram of the
calculated polymorphs (@, f, and y) were simulated using Materials
Studio Reflex 6.1. The broadening of the XRD profile was performed
following the Pseudo-Voigt model. The simulated ED patterns were
obtained using the CrystalMaker-Single Crystal. The ED patterns
shown in the article are “weighted reciprocal lattice” patterns, which
combine intensity information (as calculated for electron diffaction)
with the reciprocal lattice. The sizes of reciprocal lattice points are
scaled in proportion to the corresponding intensity.
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