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Abstract

Until recently it was thought that the only optical function of pteridines in biology was to act
as light-absorbing pigments, but a recent report by some of us revealed that crystalline
isoxanthopterin is a reflector in the eyes of decapod crustaceans. Here, we report the formation of
crystalline isoxanthopterin synthetically from the polar dimethyl sulfoxide (DMSO) solvent, with
X-ray diffraction analysis revealing a crystal structure different from that of biogenic
isoxanthopterin. The structure of the new polymorph was determined in two independent ways. In
one approach, it was generated and optimized using first principles calculations, followed by
comparison of simulation and experiment for high-resolution powder X-ray diffraction (PXRD)
and electron diffraction. In the other approach, the structure was obtained definitively from
PXRD data using a direct-space genetic algorithm for structure solution followed by Rietveld
refinement. The synthetic structure is different from its biogenic counterpart, especially in having
a non-planar criss-cross H-bonded arrangement. We also rationalized the morphology of the
crystals and the effect of the DMSO thereon, via a comparison between observed and theoretical
growth morphologies. In addition, we calculated the optical properties of the synthetic structure
and found its two dominant refractive indices to be somewhat lower than those of its biogenic
counterpart, but still as high as those of reflecting guanine crystals. Synthetic isoxanthopterin

therefore emerges as a promising candidate for incorporation in artificial optical systems.



I. Introduction
Isoxanthopterin belongs to the pteridine family of molecules, which are heterocyclic
compounds composed of fused pyrimidine and pyrazine rings (Scheme 1a). Historically,

it was thought that the exclusive optical function of pteridines1 in nature was as light-

absorbing pigments, associated with yellow/red xanthophore pigment cells.? However, a
recent report by some of us revealed that crystalline isoxanthopterin is the reflective
material in the mirrored eyes of decapod crustaceans such as lobsters, shrimp, crayfish,

and prawns.3 This study provided conclusive evidence to substantiate the suggestion that

pteridines also function as reflective materials in nature.* 8 By comparison, the most

widely known crystalline light reflective material in biological systems is guanine,7

which is a heterocyclic purine composed of fused imidazole and pyrimidine rings
(Scheme 1b). Crystalline guanine has been found in many different organisms, in which
the reflecting crystals have different sizes and shapes and fulfill different functions both

in structural coloration and vision.s_12

fﬁk )

1a Isoxanthopterm 1b Guanine

The aforementioned study3 characterized the hierarchical superstructure and optical

properties of the “superposition compound eye” of decapod crustaceans.*® Identification

and structural elucidation of the biogenic crystalline isoxanthopterin in crustacean eyes
was extremely challenging owing to the crystal’s nanoscopic size, location within the
tissue, and stability. Only a combination of in-situ diffraction and spectroscopic
techniques, combined with crystal structure generation and optimization via first
principles computations, allowed a full characterization of the crystal structure and
properties. Computational analysis predicts an extremely high refractive index of
biogenic isoxanthopterin crystals (n = 1.96), revealing that isoxanthopterin is an excellent

choice for reflective optics, even outshining biogenic guanine crystals (n = 1.83).14
The discovery of the extraordinary optical properties of biogenic isoxanthopterin

crystals stimulated us to try to obtain isoxanthopterin crystals by synthetic methods.



Indeed, the high refractive index of isoxanthopterin, together with the fact that it is a
nonhazardous material, make it a promising candidate for incorporation into artificial
optical systems. In fact, biogenic guanine is already used as a reflective material in a
variety of commercial products, such as cosmetics, paints, and jewelery.15'16 Recently,
guanine was also incorporated into sophisticated systems with dynamic control over
crystal orientation, providing magnetically tunable reflectivity.17_19

Importantly, the crystal structure and morphology of synthetic isoxanthopterin could

be different from that of the biogenic crystal, as polymorphism is a common phenomenon

20-24 25-28

in biomineralization in both inorganic and organic systems. Indeed, synthetic -

guanine29 has the same layer structure as the biogenic -1‘0rm,25 but has a different

interlayer arrangement and is marginally more stable. 3" Nonetheless, all biogenic

guanine samples examined to date were found in the -form.
Here, we present a new synthetic form of isoxanthopterin and report its crystal

structure, which is different from that of its biogenic counterpart. We describe the crystal
structure of the new synthetic form in terms of molecular arrangement, intermolecular
interactions, crystal symmetry, crystal morphology, and optical properties. Furthermore,
we compare and contrast these properties with those of the biogenic form of

isoxanthopterin.

Il. Materials and Methods
1. Materials

Synthetic crystals of anhydrous isoxanthopterin (hereafter denoted the a-polymorph)
were prepared by crystallization from anhydrous dimethyl sulfoxide (DMSO) using the

following method, adapted from a previous report by Levy-Lior et al 3t Isoxanthopterin (in

powder form, purchased from Sigma Aldrich) was dissolved in hot DMSO at 90 °C (typical
concentration, 0.4 mg/ml) with vigorous stirring. Once dissolution was complete, the hot
solution was filtered and gradually cooled to room temperature. The solution was then left at
room temperature in a conical flask with puncture holes in the lid, allowing slow evaporation
of the DMSO. After several weeks, crystals of isoxanthopterin were observed. The crystal
suspension was then centrifuged for 1 hr at 14,000 rpm, producing a crystal-pellet at the base

of the Eppendorf tube. The supernatant was removed and replaced with



absolute ethanol or double-distilled water (DDW). The pellet was re-dispersed and
centrifuged using the same conditions twice. The crystals were stored in either ethanol or

DDW until required for further analysis.

2. Synchrotron high resolution powder X-ray diffraction (HR-PXRD)

Synchrotron HR-PXRD was used in order to collect high quality PXRD data, recorded
on the 1D22 high-resolution powder diffraction beamline of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France), with A= 0.41066 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 0.004° 2032
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).

3. Transmission Electron Microscopy (TEM) imaging and diffraction

From a suspension of synthetically-produced crystals of the o polymorph of
isoxanthopterin (in DDW), a drop was removed and applied to a glow-discharged
homemade carbon-coated, copper TEM grid. The suspension was allowed to settle for 45
s and blotted. Samples were observed with an FEI Tecnai T12 transmission electron
microscope operated at 120 kV. Images and diffraction patterns were recorded on a Gatan

OneView camera using imaging and diffraction modes respectively.

4. Structure determination directly from PXRD data

PXRD data for the synthetic polymorph of isoxanthopterin were recorded at ambient
temperature on a Bruker D8 instrument (CuK 1 radiation; primary-beam Ge

monochromator) operating in transmission mode, with the sample contained in a glass
capillary (2 range, 3.35° — 70.00°; step size, 0.017°; data collection time, 62 hr).
Structure determination was carried out directly from the PXRD data using methodology

described in ref. 33, The PXRD pattern was indexed using the TREOR code®* in the

CRYSFIRE program suite,35 giving the following unit cell with orthorhombic metric



symmetry: a = 449 A, b = 9.89 A, ¢ = 15.38 A, V = 682.5 A3, Density considerations

suggest that the unit cell contains four molecules of isoxanthopterin. Initially, profile
fitting and unit cell refinement were based on orthorhombic metric symmetry, using the

Le Bail method®® in the GSAS program37 over the range 4° < 2 < 70°, producing a good

fit between the experimental and calculated PXRD data (Rwp = 1.95%, Rp = 1.41%)).
Structure solution was carried out from the PXRD data using the direct-space genetic

algorithm (GA) technique in the program EAGER.343 nitial GA structure solution

calculations were carried out for several different orthorhombic and monoclinic space

groups, but structurally sensible results were obtained only for space group P21/n. In the

GA structure solution calculations for P21/n, the asymmetric unit comprised one
molecule of isoxanthopterin, constructed using standard bond lengths and bond angles,
with each trial structure defined by six structural variables (three positional variables and
three orientational variables). In total, 16 independent GA calculations were carried out
for space group P21/n (each calculation involved the evolution of 100 generations for a
population of 100 structures, with 10 mating operations and 50 mutation operations per
generation). The 16 independent GA calculations resulted in the same structure with
lowest powder-profile R-factor Rwp (representing the best agreement between
experimental and calculated PXRD data).

On recognizing that the structure is monoclinic, profile fitting and unit cell refinement
were repeated using the Le Bail procedure in space group P21/n, giving a better quality of
fit (Rwp = 1.85%, Rp = 1.36%) than that obtained for orthorhombic metric symmetry.

The best trial structure obtained in the GA structure solution calculations was subjected to
geometry optimization using periodic dispersion-augmented density functional theory (DFT)
calculations with fixed unit cell (carried out by the PBE+TS-vdW approach described in the

next sub-section, using CASTEP* version 8.0 with ultrasoft pseudopotentials). The
geometry-optimized structure was used as the starting structural model for Rietveld
refinement, carried out in space group P21/n using the GSAS program. Restraints (based on

the molecular geometry of the DFT-optimized structure) were applied to bond lengths and
bond angles, and planar restraints were applied to the whole molecule. A common isotropic
displacement parameter was refined for the non-hydrogen atoms. The isotropic displacement

parameter for hydrogen atoms was set as 1.2 times the refined



isotropic displacement parameter for the non-hydrogen atoms. The final Rietveld
refinement gave excellent fit to the experimental PXRD data (Rwp = 1.88%, Rp = 1.38%),
comparable to the quality of fit obtained in the profile-fitting procedure, with final refined
parameters: a = 4.4848(6) A, b = 9.8986(13) A, ¢ = 15.3735(20) A, p = 90.061(11)°, V =
682.48(19) A3 (26 range, 4° — 70°; 3866 profile points; 72 refined variables). The final

refined crystal structure, following transformation to the specific P21/c setting used in the

structure prediction component of the present work (see Section Il1), is deposited as a cif
file in Supporting Information.

5. Computational Details

Electronic structures, total energies, and geometries were calculated by solving the
Kohn-Sham equations of DFT within the generalized gradient approximation (GGA),

using the Perdew, Burke and Ernzerhof (PBE) exchange-correlation functional.*® The
total energy was augmented by Tkatchenko-Scheffler van der Waals (TS-vdW) pair-wise

dispersive terms.*® All calculations were carried out using the Vienna Ab Initio
Simulation Package (VASP)47 plane wave basis code, in which TS-vdW dispersive
corrections were implemented.48’49 The ionic cores were described by the projected

augmented wave (PAW) method.*"°0

The planewave energy cutoff used for the calculations was 900 eV. For the monoclinic
symmetry polymorphs, a 6 2 1 k-point grid sampling of the Brillouin zone was used and
for the orthorhombic symmetry polymorph a 3 2 1 grid was used. The k-point grids result
in similar mesh density because in the orthorhombic polymorph the length of the a axis is
approximately twice that of the d(100) spacing of the monoclinic polymorph. Atomic

forces in the system were relaxed to 10 * eV/A and stress was relaxed to 10 2 kB. We
note that in the geometry optimization process of the synthetic isoxanthopterin structure,
a less-stringent force convergence criterion of 1072 eVIA produced a layered structure
that remained almost planar. However, once the convergence criterion for the forces was
tightened such that all forces in the system were driven below 107 eV/A, changes in

planarity occurred until the final structure was obtained.
For the calculation of the refractive index, the static ion-clamped dielectric matrix was

calculated using density functional perturbation theory including local-field effects at the



Hartree level.°%2 For this calculation, finer k-point grids were used, corresponding to 9
3 2 for monoclinic symmetry and 7 4 2 for orthorhombic symmetry.

Molecular structures were visualized using the Mercury CSD program, the Materials
Studio visualizer, and the VESTA® program. The same atomic color code is used
throughout (oxygen, red; nitrogen, blue; carbon, gray; hydrogen, white; sulfur, yellow).
Hydrogen bonds are marked by dashed lines.

PRXD patterns of the computationally generated polymorphs were simulated using
Materials Studio Reflex module 6.1. Broadening of the PXRD profile was done following
the Pseudo-Voigt model. The simulated ED patterns were obtained using the
CrystalMaker (2.7.7) - SingleCrystal program (2.2.9). The sizes of reciprocal lattice
reflections were scaled in proportion to the corresponding observed intensity.

The theoretical morphologies of the synthetic and biogenic crystal structures were

obtained using the Materials Studio Morphology module 6.1. The crystal shape was

simulated by use of the “growth morphology” or the “equilibrium 1’norphology”.5‘1'_56

Growth morphology assumes that the growth rate of the crystal face is proportional to its
attachment energy, which is defined as the energy released on attachment of a growth

slice to a growing crystal surface.®’ Thus, the faces with lowest attachment energy are

the slowest growing and, therefore, have the greatest morphological importance. The
equilibrium morphology is determined by the minimum of the surface free energy. If the
surface free energies are known for all relevant crystal faces, the morphology of a crystal

in equilibrium with its surroundings can be visualized using a Wulff construction.

Attachment energies and surface energies58

d59

were calculated using the Dreiding

forcefiel which is considered to be sufficient for organic, biological and main-group

inorganic materials. It is important to note that the morphology simulation method does
not take into account factors such as the presence or absence of solvents or excipients and
possible surface reconstructions, which can have a profound influence on experimentally
observed morphologies, as observed in the present study (see below).

To model the experimentally observed morphologies (Figure 6B,C,D,E(iii)) for each

crystal shape, the relevant growth faces were chosen from a list of all possible growth faces

d.55

obtained by the Bravais-Friedel-Donnay-Harker (BFDH) metho The specific crystal

shape was generated by manipulating the relevant lattice distance dhki of the growth faces



{hkl} in order to modify its morphological importance, until an observed similarity was
reached. The similarity between the modeled and observed shape allows an easy labeling

and identification of the various experimentally exhibited faces.

I11. Results
Crystal structure determination of synthetic isoxanthopterin

Pteridines are typically characterized by low solubility in aqueous media and
common organic solvents and are difficult to crystallize.60 Given the structural similarity
between the guanine and isoxanthopterin molecules, we utilized the approach applied
previously for precipitation of synthetic guanine, in which crystals were obtained from
aqueous solutions at different pH values®® or from polar dimethyl sulfoxide (Dl\/ISO).31

The latter method proved successful in producing anhydrous crystalline isoxanthopterin,
as a microscopic powder. PXRD data of the obtained synthetic crystals are shown in
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Figure 1, where they are compared to previously collected XRD data for the biogenic
polymorph. Clearly, the synthetic form is different from that of the biogenic analogue.
We label the structure of the synthetic crystals as the a-polymorph, and that of the

biogenic crystals as the -polymorph.
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Figure 1 Lab PXRD (A) and Synchrotron PXRD (B) data for the synthetic (o)) isoxanthopterin
polymorph, compared to in situ XRD data for the biogenic (B) isoxanthopterin polymorph,

reproduced from Ref. 3.Inc, the intensity of the strongest reflection was truncated to make all
reflections more visible.

In our previous description of the determination of the crystal structure of biogenic

3

isoxanthopterin,” we generated several possible crystalline arrangements in silico, using an

approach similar to that reported previously for prediction of the crystal structure of biogenic
guanine.25 Both guanine and isoxanthopterin are planar conjugated molecules with numerous

H-bond donor and acceptor sites. Therefore, the generation of a crystal structure relied on the
assumption that the structure is dominated by intermolecular H-bonding and close-packing
interactions. In order to generate the H-bonding motif of isoxanthopterin, we noted that the
molecule embodies four NH donors, one CH donor, and six lone-pair electron lobes. We first
envisaged the formation of a cyclic centrosymmetric dimer, shown in Figure 2A, containing
four H-bonds (two NH--N and two NH--O), as the basic building block of a possible
molecular arrangement. This is the same building block for both the synthetic and biogenic
structures. We then took advantage of the H-bonding complementarity between the two

adjacent sides of the isoxanthopterin molecule to form a two-dimensional H-bonding array by
twofold screw (21) and glide (c) symmetries. This generated a unique layer of symmetry 21/c,

in which all H-bonds are satisfied (Figure 2A).
We next generated different interlayer packing motifs, via monoclinic and

orthorhombic symmetries. These crystal structures were then optimized using dispersion-



augmented DFT, and the corresponding PXRD patterns were calculated. The DFT
structural optimization of the orthorhombic structure maintained perfect planarity,
yielding the rarely observed high symmetry space group Cmce, which has Pbca
symmetry with an additional mirror (m) symmetry element. The computed PXRD pattern

for this structure agreed very well with experimental data for the biogenic B-polymorph.3

DFT optimization of the monoclinic arrangement with a translational offset between
layers along the c axis, as presented in this report, brought about a significant change to
the structure, most notably a loss of coplanarity. Detailed examination of the non-planar
arrangement (Figure 2B) reveals a new motif binding the H-bonded dimers, in which they
are interlinked by CH---O bonds via inversion (1) symmetry, forming criss-cross ribbons

along the diagonals a + b (see Figure 2C,D), with the isoxanthopterin molecules tilted by

~ +23° with respect to the bc plane. We note that a CH---O=C cyclic bonding motif? is

62,63

observed in other structures, particularly 1,4-benzoquinones and carboxylic acids.%2

The neighboring ribbons, stacked along the a-axis are juxtaposed along the c axis, and
interconnected by NH---O and NH---N bonds, (Figure 2B). The computed PXRD pattern
for this structure (Figure 3A), following refinement of lattice parameters, agrees very
well with the experimental peak positions of the synchrotron PXRD data obtained from
synthetic samples of a-isoxanthopterin (Figure 3B), with some remaining differences in
intensity, but disagrees completely with the computed PXRD pattern for the biogenic
polymorph (Figure 3C), in agreement with the experimental results.
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Figure 2 (A) H-bonded layer motif in the biogenic p-polymorph of isoxanthopterin. (B-D) H-
bonding motif in the synthetic a-polymorph of isoxanthopterin, with neighboring criss-cross
ribbons highlighted in purple and green. (B) An oblique view of the three-dimensional network of
the H-bonded arrangement. (C) View along the a axis, with the length of projection axis given by
c'=c-sinf. (D) Criss-cross arrangement of H-bonded ribbons viewed along the c axis, where the
length of the projection is a'=a-sinp.
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Figure 3 Measured synchrotron PXRD pattern of the synthetic isoxanthopterin polymorph (B),
compared to computed patterns of the (A) synthetic (o) and (C) biogenic (B) isoxanthopterin
polymorphs. In (A), the data are based on a lattice-parameter refinement analysis of the calculated
structure. In (C), the intensity of the (200) reflection is truncated for clarity.

Definitive evidence in support of the structure presented in Figure 2B-D was obtained
by a completely independent determination of the structure directly from PXRD data,
using the approach described in Section I1.4. The final lattice parameters obtained from

the Rietveld refinement of this structure are given (following transformation to the P21/c

setting) in Table 1, where they are additionally compared to those obtained from the
computational approach, as well as to the lattice parameters of the biogenic polymorph.
The results from the final Rietveld refinement, shown in Figure 4, clearly indicate

excellent agreement between experimental and calculated PXRD data (Rwp = 1.88%, Rp

= 1.38%), with a quality of fit comparable to that obtained in the profile-fitting
calculation using the Le Bail method (Rwp = 1.85%, Rp = 1.36%).
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Figure 4 Final Rietveld refinement for the synthetic polymorph of isoxanthopterin. Red "+"
marks, experimental data; green line, calculated data; black tick marks, predicted peak positions;
magenta line (at bottom), difference between experimental and calculated powder XRD patterns.

The above considerations fully establish the crystal structure of the synthetic a-
polymorph, with excellent agreement between in silico and PXRD-based structure
determination. This excellent agreement is further demonstrated in Figure 5, where the
computationally predicted and experimentally determined structures are overlaid. Having
achieved that, the three-dimensional H-bonded network in the crystal structure merits further
discussion, because it determines the space-group symmetry and unit cell dimensions, as
given in Table 1. In the computed structure, the computed repeat distance of the planar H-
bonded ribbon along the diagonals a + b is 11.0 A (Figure 2D). These ribbons cannot form an
extended coplanar H-bonded layer as in the biogenic form (Figure 2A). Rather, they are
stacked along the short a axis into extended arrays in the ab plane, which are juxtaposed
along the ¢ axis, separated by 10.1 A (equivalent to c/2), as generated by the c-glide. The
length of the resulting c-axis (20.2 A) is almost equal to the corresponding axis of the
computed biogenic p form (20.0 A). However, the 10.1 A length of the b axis of the synthetic
o form is 0.6 A shorter than the corresponding b axis of the p-polymorph (10.7 A). This

shorter length induces the juxtaposed arrays to form a three-dimensional network of NH---N
and NH---O bonds via 21 symmetry, relating nearest neighbor molecules of the criss-cross

ribbons (Figure 2D). The interplay between the



constraints imposed on the lengths and orientations of the b axis and the diagonal a £ b
axes by the H-bond network fixes the length of the a axis to be ~4.4 A. In
contradistinction, the monoclinic p angle between the a and c axes appears to be
determined by the requirement of forming close contacts between the ribbons packing

along the a-axis. This contact distance is indeed equal to the d(110) spacing of 3.2 A.

Figure 5 Overlay of the computationally predicted (blue) and experimentally determined
(pink) structures for the synthetic isoxanthopterin polymorph.

Table 1 Comparison of structural parameters for the calculated biogenic (B) form and the
calculated and Rietveld refined synthetic (o) form of isoxanthopterin. Lattice energy differences
(AE in kcal/mol, per molecule), calculated using dispersion-augmented DFT, are given relative to
that of the B polymorph.

Biogenic Synthetic Synthetic
] calc.? a calc. a refined
Symmetry Orthorhombic | Monoclinic | Monoclinic

Space group Cmce P121/cl P121/c1
alA 6.33 4.41 4.48
b/A 10.72 10.06 9.90
c/A 19.98 20.15 20.42
plo 90 130.5 131.2
v/A3 1355.4 679.5 682.5

AE 0 (ref.) +0.67




Crystal Morphologies

The theoretical growth and equilibrium morphologies of the synthetic a-polymorph of
isoxanthopterin were determined using inter-atomic potential energy calculations. The
growth analysis predicts a prismatic shape (Figure 6A(i)), elongated in the direction of the
short a-axis, expressing four dominant {011} faces and two minor {002} side faces. The
crystal is terminated at both ends by well-expressed {100} and {102} end faces.
Experimentally, the crystal morphology can be characterized by combining electron imaging
and diffraction. Representative results for crystals grown from DMSO (Figure 6B-

D) had both similarities and differences with the theoretical prediction. Specifically, the
observed crystals tend to be prisms, elongated along the short a-axis and forming
assignable Okl side faces. Some crystals exhibit {020} side faces, despite their absence in
the theoretical growth form (see Figure 6B), while other crystals expressed {011} side
faces (Figure 6C-D), in agreement with the theoretical growth form. The theoretical
growth morphology of the biogenic p-form, Figure 6E(i), is prismatic expressing {111}
and {002} faces. By comparison, the calculated equilibrium morphology, Figure 6E(ii), is
truncated, expressing {200} faces. Indeed, this morphology is closer to the biogenically
observed morphology, which has dominant {200} plate-like faces (presented

schematically in Figure 6E(iii)).3’64
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Figure 6 (A-D) Crystal morphology, electron imaging and diffraction of the synthetic a-polymorph
of isoxanthopterin. (A) (i): theoretical growth morphology, (ii): equilibrium morphology, and
corresponding molecular packing arrangement in the crystal, viewed perpendicular to the (011) plane.
(B) Observed hOl ED pattern and the corresponding crystal. Bottom right: the corresponding
molecular packing arrangement, viewed along the b-axis and a model of the observed morphology.
The crystal exhibits {100} end faces seen edge-on and must lie on the (020) face since the electron
beam is parallel to the b axis. (C) Measured ED pattern of an hkl reflection set and the corresponding
crystal shape. Bottom left: Simulated ED pattern - indexed assuming the crystal is mounted along the
[110] direction. Bottom right: the corresponding molecular packing arrangement and a model of the
crystal shape, which is elongated in the a-direction. We deduce from the observed crystal habit and
orientation that it exposes (011) and (01
1) side faces. (D) Measured hkl ED pattern and corresponding crystal shape. Bottom: Simulated
ED pattern, indexed assuming the crystal is mounted along the [331] direction. Bottom right: the
corresponding molecular packing arrangement and a model of the needle morphology. The
crystal lies almost on the (011) face, which is almost parallel to the [331] direction. (E) Simulated
morphologies of biogenic p-isoxanthopterin. (i): theoretical growth form, (ii): computed

equilibrium shape, (iii): representative experimental morphology of biogenic [3-isoxanthopterin,3
and corresponding molecular packing arrangement of the crystal.



Refractive index and optical properties

The static macroscopic dielectric tensors of the o- and - polymorphs of
isoxanthopterin and guanine were computed using density functional perturbation theory

and used to derive principal axial directions and corresponding refractive indices.®® The
resulting refractive indices for the a-polymorph of isoxanthopterin are ng*=1.43,

np=1.87, and nc=1.87. Isoxanthopterin crystals are biaxial, and thus have three different

refractive index values, although the refractive indices along the b and c directions are
similar, resulting in almost uniaxial optical properties.

Table 2 Comparison of calculated principal refractive indices (n) for the biogenic and synthetic
polymorphs of guanine and isoxanthopterin. For orthorhombic isoxanthopterin, the directions of
the principal polarization vectors are parallel to the lattice axes. For the monoclinic crystals, one
principal optical axis coincides with the unique axis (either b or c), with the other two principal
axes parallel to the ¢ or b axes, respectively, and the a* axis, which is perpendicular to the H-
bonded bc layer.

Isoxanthopterin Guanine
Synthetic Biogenic Synthetic Biogenic
a calc. B calc. a calc. B calc.
Symmetry Monoclinic Orthorhombic | Monoclinic Monoclinic

Space group P121/cl Cmce P121/cl P1121/b

Na* 1.43 1.40 1.42 1.43

Nh 1.87 2.02 1.85 1.86

Nc 1.87 1.90 1.89 1.87

IV. Discussion

We first consider the differences and similarities in the molecular packing between

the two polymorphs of isoxanthopterin, then correlate them to their physical properties,

including crystal morphology and optical reflectivity.

The basic building block for both structures is the H-bonded dimer, which incorporates

four H-bonds. In the biogenic B-polymorph, the dimers are interlinked by H-bonds forming
layers in the bc plane. These (100) layers, as nearest neighbors along the a direction, are

offset by half a translation along the b-axis such that the molecular overlap between



neighboring layers is very limited (Figure 7). Nonetheless, this offset brings about an

antiparallel arrangement of both the carbonyl bonds along the a axis (a motif that has

66-68

been observed in a carboxylic acid crystal structure), and an NH/z binding motif of

69-73

the NH2 group with the pyrazine ring.

antiparallel carbonyl bonds

Figure 7 (A) Molecular packing of two neighboring H-bonded layers of biogenic B
isoxanthopterin, viewed perpendicular to the layer plane, displaying molecular overlap. (B) A
magnified view of A, emphasizing the antiparallel arrangement of C=0 carbonyl bonds and the
NH/n interaction. (C-D) Molecular packing of two neighboring ribbons of synthetic o-
isoxanthopterin related by translation along the short a axis; in panel (C) the ribbons are also
juxtaposed along the ¢ axis to form the unit cell. In (A) and (C) each dimer is highlighted by a
colored ellipse; upper dimers in blue, and the lower dimers in orange. (D) The stacking offset
between neighboring dimers of synthetic o isoxanthopterin, viewed perpendicular to the dimer
plane (110), i.e., perpendicular to the a + b diagonal.

By contrast, the dimers in the synthetic a-polymorph are interlinked via a three-
dimensional H-bonded network. This motif is achieved by criss-cross ribbons of the H-
bonded dimers, where the ribbons make an angle of 23° with the bc plane, and thus a

dihedral angle of 46° between juxtaposed ribbons along the c axis. As a consequence, the



criss-cross ribbons form out-of-plane NH---O and NH:--N bonds. Neighboring parallel
ribbons are stacked along the short a axis with pronounced overlap.

Interestingly, DFT calculations suggest that the biogenic polymorph of
isoxanthopterin is more stable than the synthetic polymorph by 0.7 kcal/mol (see Table
1). However, this difference is still within the overall expected accuracy of the
calculation. Therefore, we refrain from commenting on whether the preference for the p-
polymorph in the biogenic environment, or the a-polymorph in crystallization from
DMSO, is driven by kinetic or thermodynamic factors.

Transparent materials with a high refractive index are of general interest for a wide
variety of advanced optical applications.m_76 As mentioned in the introduction, biogenic
isoxanthopterin is predicted to possess an exceptionally high refractive index. It is
therefore of interest to compare and contrast the refractive indices of the synthetic and
biogenic polymorphs of isoxanthopterin with those of guanine, which is perhaps the
prototypical high-refractive index transparent biological material.

The high refractive indices of the isoxanthopterin and guanine crystals in the bc plane are
determined by the polarizability of the molecule and by the molecular packing in the H-
bonded planes. Both the isoxanthopterin polymorphs are formally biaxial, and therefore have
three different values of refractive index, but two of which are similar (along the b and c
directions), resulting in almost uniaxial optical properties (Table 2). For the planar -
polymorph, the two principal indices within the layer (along the b and ¢ axes) are similar in
magnitude, with an average value n=1.96. For the non-planar a-polymorph, the average value
is a slightly lower n=1.87. For both polymorphs, the refractive index along the perpendicular
direction is ~1.4. For guanine, the optical properties of the two anhydrous polymorphs are
quite similar, which is reasonable in light of the similarity of their structures, with an out-of-
plane refractive index of ~1.4 and an average in-plane refractive index of ~1.88 (Table 2).
The large anisotropy and the high refractive index along specific directions reported here are

consistent with prior work on molecular solids with stacked structures of small organic

molecules containing aromatic rings and polar groups.77

Previous studies have suggested that the introduction of hetero-aromatic rings

containing -C=N-C- bonds, additional polarizable atoms, or electron donating groups on

78-81

the aromatic rings is expected to increase the refractive index, with additional



contributions from hydrogen bonds and sensitivity to the overall packing.ss Compared to
guanine, isoxanthopterin has one additional carbonyl oxygen and has two more H-bonds
per molecule (10 for isoxanthopterin; 8 for guanine), which, in all likelihood, contribute
to its higher refractive index. The loss of planarity and modification of hydrogen bonding
in the synthetic polymorph of isoxanthopterin may explain its somewhat lower refractive
index in terms of reduced polarizability. Given the small difference in the refractive
indices between the biogenic and synthetic polymorphs, however, it seems unlikely that
there will be a significant difference in their optical properties. Consequently, it also
seems unlikely that the difference in optical properties between the two polymorphs has
determined the preferential evolution of the § polymorph in the biological environment.
This evolution is therefore more likely to be due to chemical and physical parameters of

the crystallization environment, which are already known to be important in dictating

polymorph preference in biomineral systems.23

The similarly high values of refractive indices, together with the almost uniaxial
properties, make both polymorphs attractive for technological applications such as
inexpensive, stable, and biocompatible thin coating layers in optical devices. Optical
applications of anisotropic crystals, however, also require control of crystal morphology
in order to expose the crystallographic face parallel to the high refractive index plane. For
planar isoxanthopterin, the face parallel to the H-bonded layer (i.e., the (100) face) should
be exposed. However, the (100) face is expected to be a relatively fast growing direction,
and calculation of the theoretical growth morphology yields bulky prisms with small
(100) faces.

The crystals of synthetic isoxanthopterin, grown from DMSO, exhibit a common
prismatic elongated morphology, with variable side faces developed. The differences
between the bulky prismatic growth morphology and the observed needle-like experimental
morphology may be rationalized by solvent-crystal surface interactions. The theoretical
morphology is based on the crystal structure and symmetry, with the assumption that the

relative growth rates of different faces are proportional to their relative attachment

55,57

energies. However, the calculated morphologies do not account for interactions between

the growing crystal faces and the solvent (DMSO) environment.8? A plausible binding motif

between the DMSO solvent and the isoxanthopterin molecule would involve



the formation of heterocyclic H-bonded dimers, as shown in Figure 8, akin to that observed
in the crystal structure of the p-hematin-DMSO solvate.238° These interactions may occur at

the surface of the (Okl) faces, thus rationalizing the morphology of the elongated crystals of
isoxanthopterin in terms of an interplay between the internal crystal structure and solvent-
surface interactions. In contrast to the synthetic a-polymorph, the biogenic crystals of
isoxanthopterin develop as thin {100} plates, although the theoretical growth morphology

h.3’64

(Figure 6E(i)) is bulky and prismatic, as is the synthetic polymorp The theoretical

equilibrium morphology of -isoxanthopterin (Figure 6E(ii)), by comparison, is a truncated
prism expressing a pair of {100} faces, which is somewhat closer to the plate-like
morphology of the biogenic form (Figure 6E(iii)). How the organism achieves this level of
control over crystal morphology is difficult to explain, but it is clear that methods have

evolved to achieve the morphology required for the optical function.

Figure 8 Plausible heterocyclic binding motif of DMSO solvent to the isoxanthopterin molecule
at the Okl faces, formed by a C—H---O=S bond and two C—H---O=C bonds as shown. An
alternative binding motif is a N—H---O=S bond and two C—H---O=C bonds (not shown).

Analogous to the situation for isoxanthopterin, in the case of guanine-based
multilayer reflectors the crystals are found to be very thin and to expose a dominant face
parallel to the H-bonded Iayer.25'31'86 In contrast, the theoretically-predicted growth
morphology is a bulky prism, which is indeed the morphology observed in the white-light
scattering crystals found in the white widow spider.7 Interestingly, crystals grown from
water also have a bulky prismatic shape, although the crystal can be induced to form
plates using appropriate additives.8’

Finally, we note that while crystalline guanine is found widely in the reflective systems

88,89

of animals7, a pteridine (isoxanthopterin),3 other purines, and even riboflavin®® have

been identified.'? Especially intriguing is the case of riboflavin (also known as vitamin B2).



This is because the riboflavin molecule has a different structure than the above-discussed
planar molecules: it is T-shaped, incorporating three fused heterocyclic rings (an
isoalloxazine ring) and a tetrahydroxypentanal side chain. This structure suggests that the
molecule cannot form a tightly-packed H-bonded planar layer motif like guanine or
biogenic isoxanthopterin. To the best of our knowledge, the structure of crystalline
riboflavin has not been reported. However, the fact that the synthetic -polymorph of
isoxanthopterin, which embodies a non-planar three-dimensional H-bonded motif, still
has a high index of refraction, reinforces the feasibility that biogenic reflecting materials
may have a non-planar molecular arrangement.

It follows from the analysis above that an ideal reflective crystal could be designed
from a highly polarizable molecule, arranged in a structure that has planar or close-to
planar motifs, which endow the material with a high refractive index in the direction
parallel to the planar arrangement. If the crystal morphology is such that this plane
corresponds to a large plate face, incident light normal to that plane would experience the
high refractive index. Synthetic isoxanthopterin appears to pertain to this group of
molecules, and can be a convenient candidate for technological applications. If the
growth morphology is not suited to the optical requirements, appropriate inhibitors

should be designed that will control the crystal morphology in the desired directions.

IV. Conclusions

In conclusion, we have crystallized a synthetic form of isoxanthopterin from DMSO and
obtained its crystal structure in two different ways: computationally, entirely from first
principles based on a hand-generated packing motif, and independently from powder x-ray
diffraction data, using a direct-space genetic algorithm for structure solution followed by
Rietveld refinement. The crystal structure is a three-dimensional H-bonded arrangement,
different from the planar H-bonded motif of biogenic isoxanthopterin. We have characterized
the crystal morphology of the synthetic polymorph both experimentally and theoretically,
including consideration of the effect of solvent (DMSO) on the observed morphology via
solvent surface interactions. In addition, we have computed the refractive indices and found
that the dominant refractive indices are slightly lower for the synthetic polymorph of

isoxanthopterin than for the biogenic polymorph, but still as high as those of



guanine crystals. Therefore, synthetic isoxanthopterin may be considered as a very

promising candidate for incorporation in artificial optical systems.

Supporting Information

Cif file of the structure of the synthetic polymorph, determined directly from PXRD data.
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