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Refractive materials found in the natural world often exhibit unique structures that result in intriguing
physical properties and offer a valuable resource for designing tailored bio-inspired materials. Here, we
investigate from first principles the factors that govern the refractive index of metal-amino-acid crystals. We
specifically focus on the influence of crystal structure, metal ion inclusion, and spin configuration in
phenylalanine- and cysteine-based materials. We find that the inclusion of copper and zinc metal ions in the
crystal lattice has an important structural role that directly influences the refractive properties. In addition,
the metal ions may contribute significantly to the dielectric response and therefore to the refractive index
even within a given structure. Furthermore, in the synthetically available case of phenylalanine—copper we
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verify the results experimentally. Our results demonstrate the role of the inclusion of metal atoms in biogenic
assemblies, emphasizing the potential use of this concept in bio-inspired molecular crystals that offer a
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1. Introduction

Bio-inspired materials generally attempt to exploit evolutiona-
rily optimized structure-function relations found in nature, by
incorporating natural components or motifs in order to achieve
ease of fabrication and desired functionality. These materials
often exhibit unique mechanical, electrical, optical, or mag-
netic properties, leading to novel applications."™®

A particularly important function of biogenic materials, uti-
lized by different classes of organisms, involves the use of optical
refraction to facilitate vision, coloration, or camouflage.”"° These
functionalities are usually enabled by molecular crystals, often
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flexible platform for the design of novel materials with desired optical features.

packed in complex superstructures that reflect, refract, or scatter
light."* Typically, such crystals incorporate organic molecules. The
best-known example is guanine,">™® but other molecules, includ-
ing isoxanthopterin, 7,8-dihydroxanthopterin, xanthine, ribofla-
vin, and more, have also been identified.”'®* This has spurred
interest in high refractive index bio-inspired materials.>*>*

Some optically relevant biogenic materials are known to incor-
porate metal moieties. For example, several melanin-based sys-
tems contain calcium, copper, or zinc ions.**?* Metallic moieties
can also be involved in chemical reactions that produce pigments
or in biomineralization processes that form reflectors.”®*” Such
reflectors are often characterized by layered structures, bound
together by inter-molecular forces, including hydrogen bonds
and aromatic stacking interactions. This anisotropic structure
may result in crystal orientation dependent optical activity, a
phenomenon known as birefringence. Non-layered optically active
biogenic materials are also naturally available.>** A notable
example is riboflavin, whose crystals are found in the reflective
tapetum lucidum layer in the eyes of cats and lemurs.>**"

The natural diversity of metal-organic crystals has inspired
several studies, examining the optical properties of novel metal-
organic and semi-organic systems. Zinc-based metal-organic
crystals, for example, were found to display photoactuation beha-
vior of jumping, rolling, and swelling upon UV irradiation.*®
Other studies have explored the non-linear optical properties of
bioinspired phenylalanine- and cysteine-based metal-organic
crystals,**”* and of metal-organic frameworks.**?°

In this context, Cu and Zn are ubiquitous in both bio-
logical and synthetic metal-organic systems. More specifically,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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copper-metalloproteins play a crucial role in many biochemical
reactions, e.g., electron transfer in cellular respiration processes,””
whereas zinc is known to structurally stabilize various metallopro-
teins and to participate in biochemical catalysis.*® This makes
them interesting candidates for investigation in bio-inspired sys-
tems. In this respect, the stable Cu®* ion, with its 3d° electronic
configuration, has one unpaired electron that can form open-shell
singlet or triplet spin configurations, depending on the surround-
ing chemical environment. Conversely, the stable Zn>* ion has a
3d" electronic configuration that can facilitate the formation of
stable closed shell complexes. These properties can be harnessed to
design bioinspired metal-organic crystals with enhanced electronic
and optical properties.

The incorporation of copper and zinc ions within phenyla-
lanine crystals transforms the native three-dimensional mole-
cular framework into anisotropic layered structures (marked as
Phe-Cu and Phe-Zn, respectively; see Table 1). Learning from
the biological function of such layered molecular crystals, we
postulate that they have the potential to exhibit reflective
optical properties.***° In contrast, replacing phenylalanine
with cysteine, the cysteine-zinc (Cys-Zn) crystal forms a non-
layered structure, like its native form.*' This provides an
opportunity to investigate the effect of metal ion incorporation
on the structure of amino acid crystals, and its correlation with
the resulting electronic, magnetic, and optical properties.

Inspired by these findings, in the present work we apply first-
principles computational methods to study material properties of
Phe-Cu/Zn and Cys-Cu/Zn crystals. In one experimentally acces-
sible case, we also verify the computational predictions via refrac-
tive index measurements. We find that the incorporation of metal
ions plays a significant role in crystal structure and morphology
determination, which in turn affects the refractive properties of the
studied crystals, with higher birefringence and anisotropy found
for layered structures. Apart from this indirect effect, in some cases
the metal ions are found to contribute directly to the dielectric
response and therefore to the refractive index within a given crystal
structure. These findings advance our understanding of structure—
function relationships in bio-inspired metal-organic systems,
aiming towards the rational design of optical materials with
tunable properties for various applications in photonics.

2. Materials and methods
2.1. Crystal structures and morphological characterization

As input to first-principles calculations, we used known X-ray
diffraction (XRD) crystal structures taken from the Cambridge
Crystallographic Data Centre (CCDC). Extensive structural and

Table 1 Crystal structures studied in this work

Crystal CCDC number
1-Phenylalanine (Phe)*>*? 1012982
1-Phenylalanine-Cu (Phe-Cu)*® 1871975

1-Phenylalanine-Zn (Phe-Zn)*° 1850564
1-Cysteine (Cys)"* 1204446
1-Cysteine-Zn (Cys-Zn)*! 708400

© 2025 The Author(s). Published by the Royal Society of Chemistry
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morphological analyses can be found in the references appear-
ing in Table 1, where XRD structure determination is available
for all crystals considered and scanning electron microscopy and
optical microscopy data are available for Phe-Cu and Phe-Zn.

Metal-free structures were obtained by removing the metallic
moieties from the optimized Phe-Cu and Cys-Zn crystal coordi-
nates. In order to compare different metal types in the crystals
and their effect on the refractive index, Cys-Cu was also examined
by replacing the Zn with Cu in the crystal coordinates.

2.2. Density functional theory calculations

First-principles density functional theory (DFT) calculations
were performed using the Vienna ab initio Simulation Package
(VASP), version 6.2.1, which uses planewaves to address valence
electrons and the projected augmented wave (PAW) method
to address the ionic cores.*>™*” Geometry optimization of all
crystal structures was carried out using the Perdew-Burke-
Ernzerhof (PBE) generalized gradient exchange-correlation
density functional approximation,*® augmented by Tkatch-
enko-Scheffler van der Waals (TS-vdW) long-range dispersion
interactions.*® The Brillouin zones of all examined crystals were
sampled using a Monkhorst-Pack®® k-point grid of 5 x 5 x 5,
with a plane wave energy cutoff of 700 eV. Convergence tests
against both parameters are presented in Fig. S1 and S2 of the
ESLt Forces were converged to 5 x 10™* eV A™™,

For the metal-containing crystals, optimization was per-
formed separately for each spin state (open-shell singlet or
triplet for copper and closed- or open-shell singlet for zinc).
Following optimization, the electronic structure was calculated
using both PBE and the screened-exchange hybrid density func-
tional of Heyd, Scuseria, and Ernzerhof (HSE06, henceforth referred
to as HSE).>"*** This approach was found to produce reliable results
in molecular crystals, with respect to electronic structure and
geometry optimization.> The refractive index (RI) was determined
from the static ion-clamped dielectric matrix, calculated as a

response to an external electric field of 0.001 ev A~*.>*

2.3. Phenylalanine-copper crystals preparation and refractive
index measurement

Phenylalanine-copper (Phe-Cu) crystals were grown according
to the method described in ref. 39. Large crystals (0.5-1 mm in
length) were chosen for performing the measurements.

The refractive index of the Phe-Cu crystal was measured by
immersion oil and ellipsometry. Immersion oils of refractive
indices ranging from 1.60 to 1.65 were cast onto Phe-Cu
crystals deposited on a quartz surface. The samples were then
imaged under optical microscopy and once the refractive index
of the oil matched that of the crystal, the boundaries between
them became indistinct and essentially invisible. For the ellip-
sometry measurements, single crystals of Phe-Cu were depos-
ited on a silicon wafer (with a native oxide layer of ~5 nm) and
measured using a commercial imaging ellipsometer (Accurion
EP4 equipped with a 10X objective) at 50 degrees. This allows
for measurement of both in-plane and out-of-plane compo-
nents of the refractive index. Rotating-compensator-based

Mater. Adv,, 2025, 6, 1144-1151 | 1145
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analysis of the spectral dependence of the ellipsometric quan-
tities A and ¥ was performed to yield the refractive indices.

3. Results and discussion

3.1. Geometry optimization

We first performed geometry optimization for the native amino-
acid and metal-amino-acid crystal structures using DFT (see
Section 2.2 above). The optimizations resulted in small changes
in the lattice parameters, of the order of several percent at most,
with respect to experimental coordinates obtained by X-ray crystal-
lography (see Fig. 1a-d and Tables S1 and S2 in the ESIf). In
addition, we performed optimizations of the above-mentioned
artificial Cys-Cu structure and the metal-free structures con-
structed from the Phe-Cu and Cys-Zn coordinates (see Fig. 1le
and f), in order to explore the structural and dielectric roles of the
metal ions.

Both Phe-Cu and Phe-Zn adopt a layered structure, with the
metallic ions ‘“sandwiched” between the organic Phenyl back-
bone molecules, which are in turn stabilized by aromatic
interactions and hydrogen bonds.*>*° These “sandwich” layers
then stack in the c-axis to form a macroscopic crystal. In
contrast, Cys-Zn adopts a more isotropic three-dimensional
crystal structure.”!

3.2. Exploration of the relative energetic stability of different
spin states

Aiming to identify the electronic ground state of each metal-
containing crystal, we explored several low-spin states, including

View Article Online

Paper

the closed shell, open-shell singlet, and triplet states, according to
metal type. To that end, we performed separate geometry optimi-
zations of each metal-containing crystal at the different spin states
and compared their total energies — see Tables S3 and S4 in the
ESL{ We focus on the results obtained from the HSE functional,
which is known to provide an improved description of the
electronic properties of metal-containing crystals, compared to
the PBE functional.>

For the Phe-Cu crystal, the open-shell singlet state (with
antiferromagnetic spin ordering between the metal centers)
exhibits lower total energy than the triplet state (with ferromag-
netic spin ordering) by ~5 meV per unit cell, equivalent to a
temperature of ~50 K. This small energy difference implies
weak magnetic coupling between the metal centers, with the
open-shell singlet state (antiferromagnetic ordering) dominat-
ing the magnetic regime at temperatures lower than ~ 50 K and
the triplet state (ferromagnetic ordering) expected to play a role
above that temperature, as discussed in ref. 39. In Phe-Zn
systems, the closed shell structure displays a total energy lower
by ~0.52 eV per unit cell compared to the open-shell singlet
structure, indicating a strong preference for the closed shell
structure. This is to be expected, as the zinc ions in the crystal
are in the +2 oxidation state and thus contain a full d-orbital
shell, leading to a preference towards the closed shell spin
configuration.

For the Cys—Cu crystal, the triplet spin state (with ferromag-
netic spin ordering between the copper atoms) was found to be
more stable than the open-shell singlet states (with antiferro-
magnetic spin ordering between the copper atoms) by ~0.15 eV
per unit cell, indicating that the triplet state is dominant.

© optimized metal-containing crystal
© optimized metal-free crystal

Fig. 1 Optimized structures of (a) Phe—Cu, (b) Phe in its native (monoclinic) structure, (c) Cys—Zn, (d) Cys in its native (monoclinic) structure. Hydrogen
atoms are omitted for clarity. Atomic color coding appears near the bottom of panels (c) and (d). (e) and (f) A comparison between metal-containing
Phe—Cu and Cys—Zn, and their metal-free analogues arising from the same parent structure (grey and blue, respectively).
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For the Cys-Zn crystal, the initially open-shell singlet calcula-
tion converges to the closed shell result, indicating a much
more stable closed shell structure, as expected for Zn>* ions.

3.3. Exploration of the effect of metallic ions on the crystal
structure

Next, we evaluate the effect of the metal ions on the crystal
structure. As explained in Section 3.1, we removed the metal
ions from the metal-containing structures and reoptimized the
obtained metal-free structures. We emphasize that the latter
are of different structure than that of the corresponding native
crystal comprised of the same molecular building blocks. Metal
ion removal from the crystal leads to significant lattice distor-
tion (see Fig. 1le and f). Specifically, the a-axis length of the
metal-free phenylalanine (“Phe metal-free”) crystal decreases
by 1%, whereas the b- and c-axis lengths increase by 7% and
3%, respectively, resulting in a unit cell volume increase of 6%.
For the metal-free cysteine (‘“‘Cys metal-free”’) crystal, the a- and
b-axis lattice parameters were found to decrease by 12% and
2%, respectively, whereas the c-axis length increased by 12%,
resulting in a reduction of 3% in the overall unit cell volume.

To evaluate the role that metal ions play in determining
structural stability, we calculate the Gibbs free energy of
formation (AG),”>*” while accounting for chemical composition.
We use AG = Eyox — Jilti, Where Ey is the total energy of a given
structure, y; is the molar fraction of constituent atom i in this
structure, and y; is its chemical potential, obtained for the bulk
material at the same level of theory (see Table S5 in the ESIf). This
approach considers the relative contribution of the constituent
atoms to the total energy of the system and allows for a relatively
straightforward qualitative comparison of systems containing
different types of atoms. The results are summarized in Fig. 2.
We find that for both Phe- and Cys-based systems, the metal-
containing structures are considerably more stable than the non-
metal-containing counterparts - in either the artificial metal-free
structure or the naturally occurring monoclinic one.

Based on the above, we conclude that the metal ions play a
critical role in stabilizing the non-native structure and, furthermore,
significantly influence its detailed lattice parameters and atom
arrangement.

3.4. Refractive index analysis - effects of crystal structure and
metallic moieties

We now turn to examining the role that metal atoms play in the
refractive properties of the crystals. Computed RI values for the
three crystal axes (using HSE, with PBE values given in the
ESIY), as well as their average, are given in Fig. 3 for the lowest-
energy spin configuration of all materials under study. For the
phenylalanine-based systems, the effect of the metallic atom
appears to be minor. The average RI calculated for Phe-Cu and
Phe-Zn is 1.63 and 1.65, respectively, and it remains 1.65 for
the metal-free Phe-based crystal, in either the artificial or the
native monoclinic structure. For the latter, this value is in good
agreement with the experimental value of 1.68, measured in an
aqueous solution.®® For the Cys-based crystals, the picture is
different. The average RI values of Cys-Cu and Cys-Zn are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Gibbs free energy of formation, AG, for the (a) Phe-based and (b)
Cys-based crystals under study, calculated using the HSE functional.

found to be 1.73 and 1.72, respectively, compared to 1.65 for the
artificial metal-free structure and 1.58 for the native monoclinic
structure. In other words, about half of the increase due to the metal
atom arises from the different crystal structure, whereas the other
half is a direct result of the polarizability contribution of the metal
atoms. We further note that RI values for other spin configurations
of all materials are given in Table S6 of the ESL{ In general, the spin
configuration has a minor effect on the RI, except in the case of Cys-
Cu, where the open-shell singlet configuration is metallic and
therefore its dielectric response is inherently different.

We also note that, as expected for molecular crystals exhibiting
significant structural anisotropy,™""'¢™'® birefringence was found
in the Phe-based systems. For example, in the “sandwich-like” Phe-
Cu crystal structure (Fig. 1), RI calculations yielded values of ng,g =
1.60 and ngew = 1.70, iLe., a birefringence value of An = 0.1, or
approximately 6%, which is lower than that found in common
biogenic or bio-inspired reflectors, such as guanine (An = 25%)"?
and theophylline (An = 15%).>* For the native monoclinic Phe
crystal with three structurally distinct axes (leading to a more
anisotropic structure, compared to Phe-Cu), the calculated RI
values are 7, = 1.65, n,, = 1.55, and n, = 1.74.

3.5. Experimental measurement of the refractive index of the
Phe-Cu crystal

In order to verify the RI computational results, Phe-Cu crystals
were grown experimentally (unfortunately, Phe-Zn, Cys—Cu,

Mater. Adv, 2025, 6, 1144-1151 | 1147
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Fig. 3 Rl of the (a) Phe-based and (b) Cys-based crystals under study (along the axes and average value), calculated using the HSE functional. For the
metal-amino-acid crystals, the lowest energy spin states (open-shell singlet for Phe—Cu, triplet for Cys—Cu, closed shell for Phe-Zn and Cys—-Zn) are

presented.

and Cys-Zn crystals of a size large enough for reliable optical
measurements were not obtained). Average RI values were then
measured by immersion oil matching. Without immersion oil, the
crystals are clearly observed, and the edges of the crystals are
visible against the background (Fig. 4, left column). With immer-
sion oil of RI 1.66 (Fig. 4, middle column), the crystals appear to
be almost invisible, indicating that the RI of the oil is close to that
of the crystals. With immersion oil of RI 1.64 (Fig. 4, right
column), the crystals in the field of view seem invisible, indicating
that the refractive index of the oil matches that of the crystals.
This method is useful for characterizing the in-plane refractive
index of the crystals. Ellipsometry measurements yielded 7, =

Bright field

@ (b)

100 pm 100 pm

(d) (e)

500 pm 500 um

Rl ;=1.66

&

1.63 £ 0.01 and 7ngew = 1.71 £ 0.01 for the in-plane and out-of-
plane refractive indices, respectively. These results closely
agree with the above-stated calculated values of ngg = 1.61 and
1.71.

Nslow =

4. Conclusions

We have investigated the refractive properties of metal-amino
acid crystals, focusing on factors influencing the RI, namely the
crystal structure, inclusion of metal ions, and spin state. We
found that the inclusion of metallic ions in the lattice has a

Rl,;=1.64

(

100 pm

(f)

&

500 pm

Fig. 4 Optical microscope images of Phe—Cu crystals under bright field illumination. Left column (a) and (d): no immersion oil. Middle column (b) and
(e): immersion oil with an Rl of 1.66. Right column (c) and (f): immersion oil with an Rl of 1.64. Top (a)-(c) and bottom (d)—-(f) rows present results for
different crystals. The red rectangle represents an area of interest, containing a Phe—Cu crystal (d). The crystal becomes invisible once the refractive index

of the immersion oil matches that of the crystal (f).
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significant impact on the crystal structure and promotes its
stability. We found that the metal ions have a small effect on
the RI of phenylalanine-based crystals, but a significant effect
on cysteine-based crystals. The latter effect arises both from
structural changes induced by the metal ions and by their
direct contribution to the dielectric response. These results
demonstrate that inclusion of metal atoms in bio-inspired
molecular crystals offers a flexible platform for the design of
novel materials with desired optical features.
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