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For most natural organisms, the physical, chemical and biological aspects of fluorescence emission are poorly
understood. For example, to the best of our knowledge, fluorescence from the transparent wings of any of the
3000 known species of cicadas has never been reported in the literature. These wings are known to exhibit anti-
reflective properties arising from quasi-periodic arrays of nipples. Our study, using linear and nonlinear optical

SHG

Insect techniques, including spectrofluorimetry, two-photon fluorescence spectroscopy and Second Harmonic Gener-
Cicada ation (SHG), reveals the fluorescence properties in the wings the grey and the common cicadas (Cicada orni and
Resilin Lyristes (Tibicen) plebejus, respectively), as well as the broad-bordered bee hawk-moth (Hemaris fuciformis). The

study suggests that fluorescence would be more widespread in transparent insect wings than what was previously
believed. Comparing this result to the fluorescence emission from the wings of the Bornean damselfly (Vestalis
amabilis), we inferred that this emission probably arises from resilin, a protein reported to enhance wing flexi-
bility. Moreover, the nonlinear optical investigation of the insects’ wings provided further insight into wing
structure, indicating that multiphoton techniques add valuable information for the analysis of insect in-
teguments. The strong SHG signal detected from the wing veins implies that these veins are materially organised
in a non-centrosymmetric and hence non-random fashion.

1. Introduction

Fluorescence emission takes place in the integument of several nat-
ural organisms including species from the animal classes Insecta, Aves,
Amphibia, Reptilia and Mammalia as well as the plant kingdom [1-21].
This emission of light has been shown to play a role in visual commu-
nication of some organisms, facilitating species recognition, mate se-
lection, prey detection, camouflage and agonistic behaviour [7,11].
Fluorescence results from the presence of fluorophores, such as

papiliochrome II, biopterin, psittacofulvin, or green fluorescent protein
(GFP) within the biological integuments. Following the absorption of
incident light (typically in the UV or the shorter-wavelength part of the
visible range), these molecules emit light at a longer wavelength (usu-
ally in the visible), resulting from transitions between their electron
states. In spite of the crucial role that it is believed to play in nature,
fluorescence in natural organisms remains under-investigated from op-
tical, chemical and biological perspectives. One example is the trans-
parent wings of certain insects of the order Hemiptera. For example, in
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both males and females of many cicadas, both pairs of wings are known
for their anti-reflective properties [21-26] arising from electromagnetic
impedance matching between the air and the wing material covered by
quasi-periodic arrays of hexagonally close-packed protrusions, often
referred to as nipples (Fig. 1a and b). Similar structures also cover parts
of the integument in other organisms such as the wings of several moths
and butterflies (Order Lepidoptera), dragonflies and damselflies (Order
Odonata) (Fig. 1c—f) [21,25,27-35] and the corneas of some insect eyes
[36,37]. In all these examples, the basic building material of the insect
tissues is chitin, a polysaccharide, overlaid by a thin epicuticle of wax. In
cicadas, transmittance spectra of their wings have been measured to
reach more than 90% and to peak at up to 98% over the range from 500
to 2500 nm [22,23]. These anti-reflective properties are thought to be
involved as part of the insects’ strategy for crypsis and the nano-
structured protrusions have been mimicked for the development of
anti-reflective coatings for a full range of applications such as solar cells,
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screens, anti-glare glasses, light-sensitive detectors, telescopes and
camera lenses [21,38-40]. In addition to this optical property, the
transparent wings of insects are known to be hydrophobic [23-25,
41-44] and some exhibit anti-bacterial properties [44-48]. In the case of
cicadas, the surface morphology was found to influence jointly the hy-
drophobic and anti-reflective properties (Fig. 1) [24,25]. The pro-
trusions on the wing surface can be modelled as truncated cones covered
by hemispheres. The cone shape affects the transparency and the
hemispheres enhance the wing’s hydrophobicity. Despite these proper-
ties, which are relevant in many scientific fields ranging from physics
and material science to chemistry and biology, to the best of our
knowledge fluorescence emission has so far not been reported, to the
best of our knowledge, in any of the 3000 described species of the su-
perfamily Cicadoidea. The phenomenon has however been investigated
in several butterfly and moth species, in which the coloured wing scales
are known to embed fluorophores such as papiliochrome II [3,6,49-52].

Fig. 1. The transparent parts of the wings of insects including the grey cicada Cicadaorni(a,b), the broad-bordered bee hawk-mothHemaris fuciformis(c,d)
and the dragonfly blue hawkerAeshna cyanea(e,f) are covered by arrays of protrusions. These protrusions are sometimes displayed along a quasi-periodic
hexagonally close-packed array such as on the wings of C. orni (a,b) and H. fuciformis (c) or a disordered pattern such as in the case of A. cyanea (e), as observed
here by scanning electron microscopy (a-c,e-f) and transmission electron microscopy (d) with top views (a,c), oblique views (b,e) and views of cross-sections (d,f).
Figures (a,b) and (d) were reproduced (a,b) from Ref. [24] with permission from AIP publishing and (d) from Ref. [30] with permission from Springer Nature.
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Photonic structures present in these scales sometimes mediate the
associated light emission [53-55]. Fluorescence has also been described
in the vein joints and the membrane of the transparent wings of dam-
selflies and dragonflies [56-59]. This emission was attributed to the
presence of autofluorescent proteins such as resilin. Resilin proteins emit
blue light (at about 400 nm) under incident UV light and were reported
to decrease in concentration toward the distal regions of the wings (on
both sides) [56,57]. They give rise to low stiffness and high strain in
biological tissues, allowing passive wing deformations [60,61]. We note
that resilin fluorescence may often be incidental with little or no semi-
otic function. However, in the case of males of the red-winged damselfly
Mnesarete pudica (Hagen in Selys, 1853), fluorescence emission from
resilin-containing wings was demonstrated to have a role in signalling
(e.g., in courtship and territorial behaviour) in combination with pig-
ments and UV reflection, by modulating the visual appearance of the
insect according to sex and age [62].

In this article, we characterised the fluorescence emission from the
transparent wings of two species of cicadas, the grey cicada Cicada orni
(Linnaeus, 1758) (Fig. 2a) and the common cicada Lyristes (Tibicen)
plebejus (Scopoli, 1763), using both linear and nonlinear optical
methods. We compared their properties with the fluorescence emission
from two other insects exhibiting transparent wings, namely, Hemaris
fuciformis (Linnaeus, 1758) commonly known as the broad-bordered bee
hawk-moth (Fig. 2b) and the Bornean damselfly Vestalis amabilis (Lief-
tinck, 1965) (Fig. 2c). These fluorescent properties were optically
characterised by one- and multi-photon microscopy and spectrometry.
The one-photon fluorescence techniques allowed us to explain the pre-
viously measured high absorption in the range 300-400 nm [24] and to
infer the biological role of the fluorophores in the visual perception of
insects. Multi-photon techniques enabled us to highlight the symmetry
properties of the material within the wings.

2. Materials and methods
2.1. Sample collection

Adult specimens of C. orni and L. plebejus were collected in Fournes in
the Gard Department (France) on the June 22, 2014 (by S.R. Mouchet
and L. Dellieu), and V. amabilis was collected in swamp forest in Belait
Division (Brunei Darussalam) in 1994 (by A.G. Orr). Adult specimens of
H. fuciformis were bought from licensed vendors. V. amabilis was
immersed for 24 h in acetone and air-dried. Other specimens were air-
dried. No further sample preparation was necessary for the micro-
scopy and spectrofluorimetry observations. All analyses were performed
on the insects’ wings.

2.2. Optical and fluorescence microscopy

The sample wings were analysed using two different configurations
of the microscope: a reflection mode (illumination with visible light and
observation in the visible range) and a fluorescence mode (illumination
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with ultraviolet light and observation in the visible range). Optical mi-
croscopy analysis was performed using an Olympus BX61 (Tokyo,
Japan) microscope, an Olympus XC50 camera and an Olympus BX-UCB
visible light source (in reflection mode) or a Lumen Dynamics X-cite
Series 120 PCQ (Mississauga, Ontario, Canada) UV-lamp (in fluores-
cence mode).

2.3. Spectrofluorimetry

One-photon fluorescence (1 PF) emission spectra were recorded
using a 450 W xenon lamp as steady state excitation source. The incident
light formed a 45° angle with the normal direction to the sample surface
and emitted light was detected at a 45° angle on the other side of the
normal direction. The sample was excited at different excitation wave-
lengths: 320 nm, 340 nm, 360 nm, 380 nm, 400 nm, 420 nm, and 440
nm. Time-resolved measurements of fluoresence emission were per-
formed using a microF920H xenon Flashlamp light source operating at a
frequency of 100 Hz with a pulse width of 4 ps and excitation wave-
lengths equal to 340 nm and 360 nm. These time-resolved measure-
ments were performed at the wavelengths of the maximum of emission
peak intensity. They were fitted to double exponential functions. These
best fits allowed us to assess the decay time of the fluorescence emission.

2.4. Multiphoton microscopy

Multiphoton microscopy experiments were carried out with an
Olympus BX61 WI-FV1200-M (Miinster, Germany) system. The laser
was a Spectra-Physics (Santa Clara, CA, USA) InSight DS+ laser (82-MHz
repetition rate, 120-fs pulse width, p-polarised) at 800 nm, 900 nm,
1000 nm, and 1100 nm fundamental wavelengths. The incident laser
power was controlled by an achromatic half-wave plate and a s-oriented
polariser directly after the laser. The laser beam was focused on the
sample via either a 15x LMV objective (NA 0.3) or a 50x SLMPlan N
objective (NA 0.35). The resulting signal was detected non-descanned in
backwards reflection via a Hamamatsu R3896 photomultiplier tube.
Different detection optics were used, depending on the excitation
wavelength, in order to separate the two-photon fluorescence (2 PF) and
the Second Harmonic Generation (SHG) signal. At 1000 nm, a 525 LPXR
dichroic mirror was used to remove the SHG from the 2 PF, and an
additional 500/10 bandpass filter cleared the SHG signal further.
Similar filters were used for the other three fundamental wavelengths.
The signal at each pixel was depicted in the micrographs as different
intensities in false green (SHG) or false red (2 PF) colours. A routine
providing an extended depth field allowed us to obtain in-focus micro-
graphs from multiple images recorded at different depths in steps of 4
pm. Samples were observed over several minutes of time, in order to
assess the photostability.

2.5. Electron microscopy

Apart from two scanning electron microscopy (SEM) images taken

Fig. 2. The wings of the grey cicadaC. orni(a), the broad-bordered bee hawk-mothH. fuciformis(b) and the damselflyV. amabilis(c) exhibit trans-

parent wings.
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from the literature [24], SEM observations were performed with a FEI
(Hillsboro, OR) Nova 600 NanoLab Dual-Beam FIB/SEM microscope on
small transparent regions of the wing membranes of H. fuciformis and
A. cyanea. These samples were mounted onto SEM stubs with electrically
conducting epoxy resin and sputter-coated with ca. 8 nm of gold
palladium.

Transmission electron microscopy (TEM) imaging was carried on
with cross-sections of transparent regions of H. fuciformis’s wings using a
JEOL (Tokyo, Japan) 100S TEM instrument. The figure was previously
published in Ref. [30]. The samples were fixed in 3% glutaraldehyde at
21°C for 2 h and consequently rinsed in sodium cacodylate buffer before
being fixed in 1% osmic acid in buffer for 1 h. The samples were then
block-stained in 2% aqueous uranyl acetate for 1 h, dehydrated through
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an acetone series (ending in 100% acetone) and embedded in Spurr resin
[63]. After microtoming, cross-sections were stained with lead citrate.

3. Results and discussion

Both C. orni and L. plebejus cicada species have brown-grey bodies
and transparent wings (Fig. 2) with very low light reflection [21-26].
The bodies and wings are approximately 25 mm and 30-35 mm long,
respectively. Like most insects including moths and damselflies, the
wings of cicadas are divided by veins (Fig. 3a-d) appearing as darker
structures forming the structurally flexible frame supporting of the wing
membranes, while the transparent parts are membranes that form the
main aerodynamic surface of the wing [60,64].

Fig. 3. The membranes and the veins of the
transparent wings of the grey cicada (C. orni), the
common cicada (L. plebejus), the broad-bordered
bee hawk-moth (H. fuciformis) and V. amabilis
damselfly emit light by fluorescence under UV
irradiation. The transparent wings of C. orni (a),
L. plebejus (b), H. fuciformis (c) and V. amabilis (d) are
divided by brown veins. Both their transparent
membranes and the veins of the wings emit visible
light under UV incident light (e-h). The 1 PF signal
from the veins of the cicada species (e,f) is especially
intense.
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Fluorescent microscopy observations indicate that both the trans-
parent membrane and the veins of the wings fluoresce (Fig. 3). The latter
are clearly brighter in the two investigated cicada species (Fig. 3e and f),
indicating that they might contain many more fluorescent molecules
than the membrane. Chitin is known to give rise to autofluorescence,
with a very low quantum yield [65]. In addition, autofluorescent
proteins such as resilin are known to be at the origin of blue hue
fluorescence emission from damselfly and dragonfly species [56-58,62].
Hence both chitin and resilin are likely to play a role in the fluorescence
emission observed from investigated cicada and moth species
(Fig. 3e—g). It was previously reported that the extinction coefficient
x -namely, the imaginary part of the complex refractive index- of
the wing material of C. orni exhibits a double peak in the UV range
200-300 nm, reaching ca. x = 2.5 x 10™2and x = 1.5 x 1072, with a
non-negligible component in the range 300-400 nm [24]. Similarly,
Azofeifa et al. measured peaks at 280 nm and 325 nm in the extinction
coefficient for chitin samples from the exoskeleton of fresh Pacific white
shrimps Litopenaeus (formerly Penaeus) vannamei (Boone, 1931) [66].

Our results show that light absorption in the wings of insects such as
cicadas within the range 300-400 nm gives rise to fluorescence emis-
sion. In all four investigated insect wings, fluorescence emission single
peaks were measured upon excitation with wavelengths ranging from
320 nm to 440 nm (Fig. 4). For instance, the measured emission spectra
display peaks at about 410-420 nm with a 360-nm excitation wave-
length. In addition, a 340-nm excitation wavelength appears to give rise
to the most intense emission. The presence of a single peak in the
emission spectra suggests that there is likely only a single type of fluo-
rophore within the insect wings. The presence of mixtures of several
fluorophores is less likely as this would imply emission spectra with
multiple peaks. The measured emission peaks for all four insect wings
are similar to the fluorescence emission measured by Chuang et al. from
the wings of the damselfly Ischnura senegalensis (Rambur, 1842) [59].
Despite the fact that our observations are significantly different from the
fluorescence response from the male neotropical damselfly M. pudica (i.
e., emission at ca. 650 nm upon excitation at 405 nm) [62], the wings of
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which are known to contain resilin, the emission peaks that we
measured are in agreement with the emission band of resilin located at
ca. 415 nm [58,67].

In addition, the emission peak widths and positions strongly depend
on the excitation wavelength (Fig. 4). The peak position shifts from ca.
380 nm to ca. 490 nm as the excitation wavelength is increased from
320 nm to 440 nm. This dependence is similar to the previously reported
one for males of the beetle Hoplia coerulea (Drury, 1773) [14]. It suggests
that the fluorophores could exhibit complex dynamics with several
excited states. In complex organic fluorophores, several excited states
are likely related to exciton resonances (i.e., energy transfers between
different donor and acceptor groups within the same molecule) [14,68,
69].

In order to understand better the radiative response in the linear
regime, we performed time-resolved measurement of the emitted fluo-
rescence intensity (Fig. 5).

In all cases (Table 1), the best fits to double exponential functions
gave rise to a long decay time (of ca. 7-8 ns) and a short decay time (of
ca. 1.1-1.3 ns), whatever the excitation and detection wavelengths
were. This also suggests that only one type of fluorophores is present in
the wings of each insect. The long decay time is related to the radiative
decay of the fluorophores, whereas the short one is related to non-
radiative decay [70]. If we assume that measured fluorescent signals
originate from the same molecule (namely, resilin), the discrepancy
observed in the emission spectra and decay time among the investigated
samples could be attributed to differences in the chemical environment
among the various species.

In addition, both C. orni and L. plebejus were probed at fundamental
wavelengths ranging from 800 nm to 1100 nm, and showed significant
SHG and 2 PF signal response over all this wavelength range (see Fig. 6
at a 1000-nm wavelength). At any of these selected fundamental
wavelengths, the veins clearly appear in both SHG and 2 PF observa-
tions. The difference in signals between the veins and the membrane (in
1 PF, 2 PF, and SHG) is likely due to the significant difference in
composition [56,57,64]: the veins of cicadas would show a much higher
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Fig. 4. Fluorescence emission from the transparent wings of a) C. orni, b) L. plebejus, c) H. fuciformis, d) V. amabilis. The emission peak widths, intensities and
positions strongly depend on the excitation wavelength and are in agreement with the narrow emission band of resilin reported in the literature [67].
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Fig. 5. Time-resolved measurement of the emission intensity of the fluo-
rophores embedded in the wings of H. fuciformis (black curve). The mea-
surements were performed with an excitation wavelength at 340 nm and an
emission wavelength at 401 nm. The best fit to the decay is a double expo-
nential function (red curve).

Table 1

Decay times of the fluorophores embedded within the transparent wings of
C. orni, L. plebejus, H. fuciformis and V. amabilis. Measurements were per-
formed at excitation wavelengths equal to 340 nm and 360 nm, and emission
wavelengths lying within the emission peaks.

Species Excitation Emission Decay time
Wavelength [nm] Wavelength [nm] [ps]
Cicada orni 340 385 t =1271.23
t, =8933.32
340 403 t; = 1309.57
tp =9272.42
360 388 t; =1192.96
t, = 8508.55
360 406 t; =1237.31
t, = 8831.80
Lyristes (Tibicen) 340 384 t; =1372.48
plebejus t; = 8288.30
340 402 t; =1184.63
t, =7688.22
360 387 t; =1107.87
to =7708.26
360 406 t; =1328.55
ty = 8299.55
Hemaris fuciformis 340 384 t; =1322.55
t, = 8249.07
340 401 t; =1278.86
t, = 8149.58
340 425 t; =1313.99
t, =8491.21
360 406 t; =1298.20
t, =7997.02
360 424 t; =1284.24
ty = 8262.70
360 451 t; =1245.23
to = 8126.60
Vestalis amabilis 340 384 t; =1235.50
t, =7578.67
340 402 t; =1374.48
t, = 8060.57
340 425 t; =1338.49
t, =8220.30
360 387 t; =1326.02
ty = 8226.46
360 406 t; =1203.75
tp =7596.25
360 450 t; =1119.60

t; =7841.73
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concentration in chitin and the fluorescent compounds. The former is
known to give rise to an SHG signal [71]. Additionally, the veins are
much thicker than the membrane, leading to an increased amount of
material. Optical second-order behaviours such as SHG are known to
take place exclusively in non-centrosymmetric media [72]. The detected
SHG signal implies that the veins are materially organised in a
non-centrosymmetric (and hence non-random) way.

From a visual point of view, the biological significance of fluores-
cence emission in the transparent wings of insects depends on the total
number of photons emitted or scattered from the wings and transmitted
through the wings from their backgrounds. Many cicadas are known to
be mainly active during the hottest hours of summer days, when sunlight
is very intense (but may also be active at twilight and at night). Although
the measured fluorescence emission ranges match the range of both
scotopic and photopic photoreceptors of many insects [73-76], it is hard
to conclude that the measured 1 PF signal plays any role in cicadas’
behaviour since the quantum yield of natural fluorophores are generally
low [4,5,12], especially that of chitin [65], and the ratio of UV light in
both sun- and moonlight is very limited with respect to that of visible
light (for instance, ca. 6% of sunlight at sea level lies in the UV range,
whereas about 50% is visible) [77]. The role of this fluorescence emis-
sion may possibly be a by-product of another biological function such as
photoprotection due to the increased absorption of UV by the fluo-
rophores (for example, when the wings are at rest over the insect’s body
in the case of cicadas) and incidental property of resilin that enhances
wing flexibility.

4. Conclusion

Transparent wings of two cicada species, namely C. orni, L. plebejus,
as well as the broad-bordered bee hawk-moth H. fuciformis, were
demonstrated to emit light under incident UV light by fluorescence
decay. All of them showed similar 1 PF properties, as their wings were
excited in the 320-440 nm range and emitted in the range 380-490 nm.
They were compared to the transparent wings of the damselfly
V. amabilis, which showed similar fluorescent behaviours. Damselflies
fluorescence emission is reported to arise from substances such as resilin
embedded in their tissues. Additionally, the wings of both cicada species
and more specifically their veins showed strong SHG and 2 PF signals,
which are possibly due to the higher concentration of resilin or chitin in
the veins with respect to the membrane that makes up most of the wing.
The nonlinear optical characterisation of the cicadas’ wings gives us
more insight into the wing structure, indicating that multiphoton tech-
niques add valuable information while characterising biological
samples.
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L. plebejus
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L. plebejus

Fig. 6. Strong SHG and 2 PF signals are observed from the veins of the wings. Multiphoton micrographs of C. orni (top) and L. plebejus (bottom) at a fundamental
wavelength of 1000 nm. Left: SHG response. Right: 2 PF response. Laser power: 200 mW (C. orni) and 80 mW (L. plebejus). Scale bars: 200 pm.
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Abstract: The fields of micro- and nanomechanics are strongly interconnected with the development
of micro-electro-mechanical (MEMS) and nano-electro-mechanical (NEMS) devices, their fabrication
and applications. This article highlights the biomimetic concept of designing new nanodevices for
advanced materials and sensing applications.

Keywords: NEMS; bio photonics; biomimetics; bioinspiration; nanotechnology

1. Introduction

Nowadays, technology of any kind is faced with the constant need to minimalize
gauges as an imperative for lowering the energy consumption and reduction in materials
utilization. The most contributing aspect in this technological revolution is science. By
emulating nature’s patterns, science seeks sustainable solutions for everyday human chal-
lenges. It is vital to harness biomimetic concepts to develop advanced bio-inspired devices
for various applications. This article describes the potentials of biomimetic concepts for the
design of future nanodevices, especially NEMS, which could have a plethora of potential
applications. A practical representation of the order of magnitude of nano devices is given
in Figure 1.

After a short introduction, we discuss the state-of-the-art bioinspired NEMS from
a fundamental and design perspective, especially highlighting bio-oriented applications.
We hope that this article will increase the awareness of the engineering community for
biomimetics and highlight biomimetic-inspired concepts and solutions.
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Figure 1. Different scales in nature.

2. The Emergence of Bioinspired NEMS

Bioinspired devices are nanodevices with structure and functions designed to mimic
examples from the natural world. Biomimetics is based on mimicking biological principals
and patterns as a recipe for creating new materials and structures and integrating them into
functional devices. The functionality of these devices also relies on the combined power of
optics and nanoengineering. Figure 2 shows the synergy between nanoengineering, optics
and biomimetics, which creates the new field of bioinspired NEMS.
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Devices inspired by nature can be classified into two categories: (1) devices that incor-
porate natural biological structures within their systems and (2) biomimetic (bioinspired)
devices that mimic structures and functions from the natural world.

The primary aim of this paper is to attract the interest of the broad material science
community towards the bioinspired NEMS concept, which could be used to open new
horizons in physical and material research. The authors of this article are confident that
soon, in order to reach a cellular economy-driven society, we must develop technology
that will be able to harness perfect engineering solutions designed by billions of years
of evolution. For this approach to succeed, we must understand the complexity of the
biological functions and patterns and their interconnections.

Biomimetics, to begin with [1-3], has a great potential for solving human problems by
imitating the natural environment or learning from it. For example, an extensive review of
bioinspired triboelectric nanogenerators includes a comparative analysis of structures and
materials that draw inspiration from nature [4]. Additionally, a comprehensive review of
nanomembranes and their application can be found in MDPI papers [5].
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3. Fabrication of Bioinspired NEMS

Most of techniques for the fabrication of bioinspired NEMS use the lithographic
method (Figure 3), which proved very suitable for processing nanoelements [6].
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Figure 3. Simplified scheme of a lithography process.

Fabrication of Bioinspired Nano-Structures

Recently, the additive engineering, i.e., 3D printing [7], is used for NEMS fabrica-
tion [8].

The future of bioNEMS technology is strongly connected with the development of new
fabrication techniques (3D printing, self-assembly, etc.) and opens up many possibilities
for potential applications in various fields, such as photonics, biomedicine, nanoelectronics,
and sensing.

Micro molding is one of the most widely used techniques. The fabrication of replicas
that perfectly match biostructure geometry is an enormous challenge for NEMS fabrication.
The most straightforward technique used for replication consists of two-step process.

The development of a negative mold from a biopattern is the first step, and the
second is making the positive replica. Kumar et al. [9] presents a precise micro-replication
technique, as shown in Figure 4, to transfer surface microstructures of plant leaves onto
a highly transparent, soft polymer material to design smooth surfaces with specific nano-
corrugation. Structuring surfaces is beneficial for designing materials with controllable
properties such as wetting, heat transfer, fluid flow, optical effects, etc.
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Figure 4. Schematic sketch of the two-step replication process: (a) Fresh plant leaf glued on a plastic
Petri dish, filled up with epoxy resin. (b) Curing of epoxy mixture for 15 h to produce negative
epoxy mould. (c) Epoxy sample (which adhered with leaf surface) is kept for chemical treatment
in potassium hydroxide solution on magnetic stirrer (at 60 £ 3 °C for 20 h). (d) Chemically treated
sample washed in deionized water using an ultrasonicator. (e) Negative epoxy mould separated from
the leaf surface. (f) Negative epoxy mould filled up with PDMS mixture. (g) Degassed in vacuum
chamber to remove air trapped at the interface. (h) PDMS-positive replica peeled off from the epoxy
mould. Reproduced with permission [9].

The unification of biostructures and nanosystems requires simple but reliable tools
and techniques. The limited knowledge regarding materials leave us with just a few
types of micro- and nanodevices. Modern technologies such as nanopatterning provide an
excellent potential to obtain a new class of customized energetic materials for MEMS/NEMS
application [10]. These materials allow advances in the processing of microscopic systems
that are energy-demanding and may be even more important for bioinspired NEMS.
An even more fascinating proposal is based on the utilization of so-called Pavlovian
materials [11]. These materials are specially adapted to respond to certain stimuli, and they
are proposed for application in integrated devices. As far as materials science is concerned,
the inevitable dominance of bioinspired materials in technological applications will happen
soon [12].

Recently, Shanker et al. designed melanin nanoparticles for new printable inks with
a high boiling point to manage stable jetting and a high-printing efficiency [13]. The
advantages of inkjet printing are mainly the reduction in processing times and materials
requirement. An even more interesting example of nanofabrication is presented through the
method of roll-to-plate (R2P) ultraviolet nanoimprint lithography (UV-NIL). This method
uses the combined power of Nickel mold and transparent polycarbonate substrates [14].
The operation simplicity, high efficiency and low-cost fabrication make this antireflection
technique promising. The imprint of nanostructures is also described elsewhere [15].

4. Bioinspired NEMS—The State of the Art

Here, we present a few exciting applications based on mimics of natural structures.
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4.1. Hair-like Structures

Structures that resemble the hair are widespread in the living world. In biology,
organisms often use these body parts to communicate with the environment [16]. Regarding
the relatively simple shape of the hair, functional devices that mimic hair structures are
constructed with the capability to mold mechanical responses as a function of the slightest
changes in their environment. Inspired by the clavate hair-based sensory system used by
crickets to sense gravitational acceleration and obtain information on their orientation, a
one-axis-biomimetic accelerometer was developed and fabricated using different micro-
machining processes [17,18]. Clavate hair is a receptor that is most sensitive to positional
changes, while in practical terms, it can be seen as a pendulum subjected to external
influences or accelerations from the environment. Staring at the halters of flies that serve
to maintain balance based on Coriolis forces, a biomimetic gyroscope was made with the
help of MEMS technology [19]. These are tiny organs by which flies sense the rotation
of the body, practically opposing the orientation of wings during flight. The oblong
extensions that are an integral part of most hair cells receive an external impulse and
generate displacement to neurons as a mechanical response. The remarkable abilities of
the fish and many sophisticated functions of their organs have led to the development of
micro-biomimetic sensors made of artificial materials that resemble hair cells in shape and
dimensions [20]. Practically, and in the physiological sense, sensory units are distributed
throughout the body of the fish. These units receive flow rate information and convert it to
electrical signals that pass through the innervated fibers directly to the brain for further
processing. In the end, there are plenty of attractive models from nature to mimic, that
could be used for the design of new functional devices.

4.2. BioMEMS: Medical Perspective

A significant subset of MEMS/NEMS devices is biomedical MEMS/NEMS or bioMEMS
/bioNEMS. BioMEMS/BioNEMS refers to devices developed for biomedical and medical
applications [21]. The potential for the applications of MEMS/NEMS in medicine is
practically unlimited [22-24]. Scuor et al. [22] described a new appliance as MEMS-based
in-plane biaxial cell stretcher used to study the influences of biaxial stresses on an individual
living cell. By exploiting stretchable tools of the described device, the authors [22] recorded
a displacement of several micrometers. Using this MEMS approach, it is possible at the same
time to actuate and sense at a length scale comparable with single cells. In combination with
biological microscopy techniques such as fluorescence, it is possible to visualize the effect of
the stress. Parallel with Scuor research, Wang et al. [23] described the new micro-fabrication
method for designing micro and nanosize artificial biocompatible capillaries.

Additionally, Tsuda et al. [24] observed a large multi-nuclear, single-cellular organism
with no nervous system. The objective of his research was to make an integrated local
sensor system that relies on intercellular information exchange. In search of an alternative to
control and monitor the functioning of autonomous robots, Tsuda developed a system that
works for an extended period without a power supply. This bio-hybrid creation is based
on circuitry from amoeboid plasmodia of the slime mold, Physarum polycephalum. The
circuits are connected to a hexapod robot that drives the system and exchanges information
with the environment.

Soft robotics is an example of a field that has great potential for applications in
medicine. Recently Kim et al. [25] developed an artificial micro-muscle fiber crafted from
coiled shape-memory alloy (NiTi) springs.

4.3. The Last Decade—an Age of Great Promise

Ten years ago, an exciting moment occurred in materials science. The ability of all
complex biological organisms to self-repair minor damages [26] was described, as well as
the prospect of mimicking this feature in nanodevices.

“We continually learn things and borrow ideas from nature, but we design devices
beyond nature” [27]. This beautiful, harmonious quote as well as the whole book by Di
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Zhang [27] represents a useful and exciting introduction to biomimetics. During this period,
one gets the impression that thinking begins with a look at biomimetics; biomimetics finally
gains its true meaning and becomes officially recognized.

Bioinspired NEMS can play a crucial role in curing or preventing disease. There are
currently many NEMS applications in biology and biomedicine, and thus many articles in
this field [28,29].

An example of such an application is a silicon micro-channel, used to provide an im-
proved blood plasma separation from whole blood by acoustophoresis. Karthick et al. [30]
harnessed the theory of acoustophoresis of dense suspension to understand the acoustic
focusing of cells within blood capillaries. Such works are not only inspiring but also have
promising applications.

A new lab-on-a-chip (LOC) technology is a kind of bioinspired nano system, recently
described elsewhere [31-33]. It is a device that integrates one or several laboratory functions
on a single integrated circuit. LOC can be defined as a subset of complex MEMS/NEMS
devices. LOC is designed as a sensor capable of detecting different chemicals in bodily fluids
and providing information about the current health condition. Currently, many MEMS
are customized and programmed within LOC devices for various sensing applications.
However, the ultimate goal is to detect any health issue without using expensive techniques
and to stop the disease before it progresses. The potential uses of LOC in medicine and
health application are unlimited. Recently, the New York Post highlighted LOC technology
for non-specialists [33].

An exceptional example is a prototype of a 3D-printed artificial lung [34]. In brief,
lungs are a mechanical sensor that reacts to the external effects, which is analogous to mi-
crosystems. Potkay [34] foresaw this product for short- and long-term respiratory support.
In the beginning, it was used as a temporary measure while waiting for transplantation or
another healing process, but it could become a permanent solution in the future. Although
it does not look like an original organ overall, the structure is perfectly imitated. Thanks
to the flexibility enabled by 3D printing, the variation in dimensions and shape is a huge
advantage and a step towards new possibilities. Biomimicry is a constant inspiration to
researchers and engineers, and now with new 3D technology, better production possibilities
are affordable.

The successful replication of organ functions by natural materials, or biocompatible
materials, represents the future of medical technology [35]. The possibility of replacing the
lung is mind-blowing, with the potential to drastically change many patients’ lives.

Aside from that, You et al. [28] studied a self-organization of sessile bacteria within a
controlled and closed environment. The ability of bacteria to sense the environment and its
gradients and to adjust their movements to them, in combination with the hydrodynamic
properties, has a significant impact on the bacterial colonization and management of
nutrient resources [29] and could have a substantial impact on understanding complex
ecological interactions.

Finally, the MEMS/NEMS applications reach the realm of pharmacy. The main chal-
lenge in pharmaceutical analytics is to find a fast and accurate test for sensing in the nano
domain at a single-molecule or -particle level. Recently the PMTA method (Particle Me-
chanical Thermal Analyses) [36] was developed and uses a single particle as a resonator
to determine changes in their mechanical properties. The PMTA opens the possibility of
the characterization of materials at the single-particle level, which is crucial for developing
future nano medicine devices. This achievement represents a remarkable advancement in
pharmaceutical science. In recent years, various nanosystems targeting the drug delivery
of different anticancer drugs were proposed and based on biomimetic approaches [37].

5. Biomimetics Meets Photonics and Nanomechanics

Recently, Pris et al. [38] and Zhang et al. [39] showed an interesting usage of biostruc-
tures. In their papers, the unique example of the management of thermal radiation by bio-
photonic structures of a Morpho butterfly is described. Additionally, the research described
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by Grujic et al. [40], pointed out the exciting mechanisms of thermophoresis/photophoresis
within biophotonic structures, which could be harnessed for thermal radiation detection.
Grujic et al. shows that, in the case of the Morpho butterfly, nature exploited natural pho-
tonic structures and their optical properties to develop IR detectors much more advanced
than currently fabricated ones. Grujic et al.’s [40] experiment revealed a complex functional
relationship between biological patterns and their functions. By imitating butterfly wing
scales by polymer or composite materials, the thermophoretic effect can be further ampli-
fied for different sensing applications and the large-scale production of sensing devices.
Polymers are particularly promising materials for infrared sensing applications because of
their high IR absorption due to their organic bonds’ vibrational resonance modes and their
high thermal expansion coefficient compared to metals and semiconductors [41]. Figure 5
shows a portion of a circular section of a sample, the microscopic image, and a holographic
image of the investigated butterfly’s wing, accompanied with holographic reconstruction.

(c) (d)

Figure 5. Circular section of a butterfly’s wing: (a) A photograph, (b) a microscope image, (c) a
hologram reconstruction and (d) a holographic image. Reproduced with permission [40].

In the end, to advance in nanoscience and biomimetics, it is imperative to understand
the physics of the studied systems. When the microscale is reached, for example, when
the distance between two structures or surfaces corresponds to the molecule-free path,
thermal forces can occur [42]. Due to the temperature gradient, the surrounding gas causes
the formation of a force that creates mechanical displacement at the microscale level. This
phenomenon is called thermophoresis. These forces are mechanical forces that scale almost
linearly with pressure and temperature. In their paper, Passian et al. [43] described the
study of the pressure dependence of Knudsen forces by exploiting MEMS devices.

Moreover, when downscaling from the MEMS to NEMS level, forces between system
elements cannot be described by using a classical physics framework. The quantum effect
must be considered and controlled, which is one of the most challenging tasks for the
development and applications of future NEMS. Figure 6 shows the cartoon image of
“strangeness” of quantum mechanics [44].
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Figure 6. Cartoon sketch of the limitations of classical physics and “strangeness” of quantum mechanics.

6. Conclusions

The possibility of harnessing biomimetics for the design of advanced NEMS devices
is highlighted in this account. The topic discussed here is interesting from a fundamental
perspective, with practically unlimited applications in the areas of photonics, sensing, and
biomedicine. Even though, at the moment, bioinspired NEMS is still in its infant stage of
development, the primary aim of this article is to attract the interest of the broad material
and photonics science community for the biomimetic concept, which could open new
horizons in material research.
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Introduction

In this method, the potential of optics and holography to uncover hidden details
of a natural system's dynamical response at the nanoscale is exploited. In the
first part, the optical and holographic studies of natural photonic structures are
presented as well as conditions for the appearance of the photophoretic effect, namely,
the displacement or deformation of a nanostructure due to a light-induced thermal
gradient, at the nanoscale. This effect is revealed by real-time digital holographic
interferometry monitoring the deformation of scales covering the wings of insects
induced by temperature. The link between geometry and nanocorrugation that leads
to the emergence of the photophoretic effect is experimentally demonstrated and
confirmed. In the second part, it is shown how holography can be potentially used
to uncover hidden details in the chemical system with nonlinear dynamics, such as
the phase transition phenomenon that occurs in complex oscillatory Briggs-Rauscher
(BR) reaction. The presented potential of holography at the nanoscale could open
enormous possibilities for controlling and molding the photophoretic effect and pattern
formation for various applications such as particle trapping and levitation, including
the movement of unburnt hydrocarbons in the atmosphere and separation of different
aerosols, decomposition of microplastics and fractionation of particles in general, and

assessment of temperature and thermal conductivity of micron-size fuel particles.

To fully understand and notice all the unique phenomena
in the nanoworld, it is crucial to employ techniques that

are capable of revealing all details regarding structures and

the nanoscale are presented.

dynamics at the nanoscale. On this account, the unique

Copyright © 2022 JoVE Journal of Visualized Experiments
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combination of linear and nonlinear methods, combined with
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The described holographic technique can be viewed as the
triple rec method (rec is the abbreviation for recording),
since at a given time the signal is simultaneously recorded
by a photographic camera, a thermal camera, and an
interferometer. Linear and nonlinear optical spectroscopy
and holography are well-known techniques, the fundamental

principles of which are extensively described in the

literature 2.

To cut a long story short, holographic interferometry allows
the comparison of wavefronts recorded at different moments
in time to characterize the dynamics of the system. It was
previously used to measure vibrational dynamics3'4. The
power of holography as the simplest interferometry method
is based on its ability to detect the smallest displacement
within the system. First, we exploited holography to observe
and reveal the photophoretic effect® (i.e., the displacement
of deformation of a nanostructure due to a light-induced
thermal gradient), in different biological structures. For a true
presentation of the method, representative samples were
selected from a number of tested biological specimens6.
Wings of the Queen of Spain fritillary butterfly, Issoria lathonia

(Linnaeus, 1758; I. lathonia), were used in the framework of

this study.

After having successfully demonstrated the occurrence of
photophoresis at the nanoscale in biological tissues, a similar
protocol was applied to monitor the spontaneous symmetry

breaking process7

caused by a phase transition in an
oscillatory chemical reaction. In this part, the phase transition
from a low concentration of iodide and iodine (called state I)
to a high concentration of iodide and iodine with solid iodine
formation (defined as state Il) that occurs in a chemically

nonlinear BR reaction was studied®-2. Here, we reported for

the first time a holographic approach that allows studying

such a phase transition and spontaneous symmetry breaking

dynamics at the nanoscale occurring in condensed systems.

Protocol

1. Precharacterization

1. Perform a full precharacterization of the sample.

1. Perform all experiments on dry specimens
purchased from a commercial source. Store the
samples in the laboratory, in a dry and dark place,

at room temperature.

2. Prior to holographic measurements, perform a
complete sample characterization by scanning
electronic (SEM), linear

microscope optical

spectroscopy, and nonlinear optical microscopy

(NOM)'0 (Figure 1).

3. In addition to the optical properties of
samples measured by linear techniques, gather
supplementary information with higher intensity
laser beams that allow characterization of their

nonlinear optical properties.

4. Use the corresponding nonlinear optical
susceptibilities to quantify the nonlinear optical
response and form the basis of nonlinear optical
techniques such as nondestructive multiphoton
excitation fluorescence and second harmonic
generation (SHG), which are used to characterize

various biological samples.

5. For the nonlinear chemical phenomena occurring
in the oscillating BR reaction, carry out the study
of interferometric monitoring of the in situ phase
transition from state | to state Il with the following

concentrations of reactants: [CH2(COOH)2]p =
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0.0789 mol dm™3, [MnSO4]g = 0.0075 mol dm™3, NOTE: The concentration values used here are

; 8
[HCIO4]p = 0.03 mol dm3, [KIO3]p = 0.0752 mol equal to the ones in the study by Pagnacco et al.®,

but with reaction volume divided by 10.
dm™3, and [H202]g = 1.269 mol dm™ (0 after the

bracket stands for the initial concentration at the 2. Prepare the sample for the experiment.

beginning of the process). Make the total volume 1. Use wings of the Queen of Spain fritillary butterfly,
used for the BR reaction equal to 2.5 mL. 1. lathonia, for this experiment. Place the wing on
a hard surface and make a section with a 10 mm
diameter cutter. Place the sample in the sample box,

which can be any container with a lid.

P,

| um
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Figure 1: Wavy cross-section of butterfly wing scale. The cross-section was recorded on a nonlinear optical scanning

microscope (A,B). A SEM observation (C) of a wing of the Queen of Spain fritillary butterfly, I. lathonia, was also done. This

figure has been modified from'#. Please click here to view a larger version of this figure.

2. Experimental setup

1. Holographic setup
NOTE: The holographic interferometry measurements

were performed with a tailor-made optical setup (Figure

2). 2.

1. Adjust the laboratory temperature to be 23 °C £ 0.2
°C. Turnthe laser on. Use alaser (details given in the
Table of Materials) with an excitation wavelength of

532 nm for these holographic observations.

2. Check the alignment of the optical elements (Figure
2). First, check that setup is made according to the

scheme in Figure 2.

3. Align the laser beam perfectly with the concave
mirror M. Check and adjust the position of the optical

beam expander (L).

4. Determine the beam part that impinges on sample
S and ensure that it forms a reflex beam O. Check
if the rest of the beam is collected on a spherical
mirror CM, to be used to generate the reference
beam R. Check if the detector C is placed within the
interference zone of the two specified beams.
NOTE: A complementary metal oxide

semiconductor (CMOS) sensor is used as detector.

5. Set up the cameras according to the instructions
for the camera used. Set up an optical/photographic
camera for the holographic experiment as shown in
Figure 2 (C is the camera; details given in the Table
of Materials). Set up a second optical/photographic

camera to view visible changes in BR reaction and

a thermal camera with a thermal resolution of 50 mK
and a focal length of 13 mm above the optical table.
NOTE: The camera used in the holographic
experiment does not use an objective lens; the light

directly impinges on the chip.

Prepare the sample into holographic setup.

1.

Prepare the wing sample as in step 1.2.1. Place the
prepared sample on a round metal support with a
diameter of 15 mm. The support has three existing
holes for the screws to which the metal ring holding

the sample is attached.

Attach the ring to the support. Place the attached
sample in the part of the sample mount located on

the optical table.

Prepare the sample for chemical reaction
monitoring. On the optical table, in the intended
place, place a support with a flat adhesive surface

on which the cuvette/vessel will be placed.

Prepare the reagent used to initialize the reaction
as in step 1.1.5. Fill the reactants into the cuvette,

and mix in cuvette in the following order of volumes
and concentrations: 0.7 mL of 0.2817 mol dm™

CH2(COOH)2; 0.5 mL of 0.0375 mol dm™ MnSOg4;
0.5 mL of 0.15 mol dm™ HCIOg4; 0.5 mL of 0.376 mol

dm™3 KIO3 ; and 0.3 mL of 10.575 mol dm™ H202.

Ensure that the total volume in the cuvette is 2.5 mL,

and place it on the support in the setup.

Copyright © 2022 JoVE Journal of Visualized Experiments jove.com
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6. Set up additional instruments if needed. For
monitoring the photophoretic effect, use an
4
t
l
A

L1 |

additional laser (details given in Table of Materials)

for local heating.

z S~

Figure 2: The holographic setup. The figure shows how the various components are arranged for the holographic

experiment. Abbreviations: L1 = laser at 532 nm, L = biconvex lens, A = aperture, M = a flat mirror used to deflect the laser

beam, CM = concave mirror, C = CMOS camera, S = butterfly wing section, R = reference beam, O = object beam. Please

click here to view a larger version of this figure.

3. Setup of the software used

NOTE: Home-built C++ software based on Fresnel
approximation11 is used to analyze data from holographic
experiments. The software developed for the presented study
can be found at .'> The details of software cannot be
published at the moment; however, additional information will
be provided on request. Fresnel approximation is extremely

useful in digital holography since it focuses on different

surfaces and zooms in on the area of the first diffraction order,
which contains complete information about the recorded

scene.

1. Turn on the computer and run the software.
NOTE: The step for running the software depends on the
software itself. There is no commercial software for this

purpose.
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4. Perform the experiment

Switch off the external lights. Carry out the whole

experiment in a dark room.

Synchronize the cameras by using a chosen interval. For
this experiment, start the holographic camera after 60
s, and the two other cameras immediately after it, using

either a software or manually.

Press the recording buttons and define in the software

when the recording starts.

Induce dynamical changes in the system of interest. The
method of initiation depends on the type of sample; in the
case of photophoretic effect, externally heat the sample
by using the available lasers: 450 nm, 532 nm, 660
nm, 980 nm. In the case of the BR reaction, start the
reaction by mixing the chemical reactants. Observe the

holographic experiment.

Set the photographic and thermal camera to follow the
whole experiment and determine the moment of the end
of the holographic recording from the optical and thermal

measurements.

Pronounce the end of the process. The end of the
recording is preprogrammed, according to the estimated
duration of the process. For the BR reaction, use
solidification as the end of the reaction. In the case of the
photophoretic effect, there is no such specific moment. In
any case, this step emphasizes the importance of triple

recording.

5. Acquisition of results1?

Save the results. Precisely sort the files as a function
of time for reconstructing holograms and deeper data

analysis.

2.

NOTE: In this step, the data is transferred from the
camera used for holography to the computer (hard disk)
in folders named after the shooting dates. Use copy/

paste and rename buttons.

Check the probe hologram for appropriate settings.
In this way, the best settings are selected on the
first hologram by looking at it, and then used for the

reconstruction of all holograms.

1. Choose one hologram by clicking on one of them
from the folder you previously made (step 5.1)
and make a reconstruction by clicking on the

Reconstruct button.

2. Change the settings to achieve the best image
and make the reconstruction again. Options for
adjusting parameters such as sampling, offset, and
Fresnel distance will appear on the screen (software
menu). Repeat these steps until the best settings are

defined.

3. Perform the reconstructions. Choose all the
holograms by clicking the Open File button and
choosing all files. Apply the desired parameters for
numerical reconstruction of holograms; they remain
unchanged after the step 5.2.1, so do not perform

any action this time.

4. Carry out the reconstructions using the Reconstruct
button, and the interferograms by inserting the file
names in the start with/end with field and then
by clicking the button Batch. The interferograms
appear in the previously made folder (in step 5.1).
NOTE: After recording a series of holograms in
time, the first hologram represents an unperturbed

force

state, while the action of an external

causes subsequent holograms. It is necessary to
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reconstruct the holograms using shifted Fresnel

transform?3.

5. Obtain the interferograms by subtraction (in terms of
complex numbers) of a particular hologram in time
with the first hologram obtained.

NOTE: This protocol allows observing the effect
of the force on the object. The change in the
interference pattern as a function of time is a
consequence of deformation or displacement that
occurs within the system during the measurement.
These changes are used to monitor the system's

dynamics at the nanoscale.

6. Analyses of the results

Perform a visual analysis as the first quality control step
of the process. In this step, look for visible changes in
interference pattern and try to match the changes in the
interference pattern with results obtained by optical and

thermal measurements.

2. Perform a cross-examination of all recordings. In this

second phase of the analysis, thoroughly analyze the
images visually from both the optical and thermal
cameras with the holographic reconstructions in order
to reveal dynamics at the nanoscale. In this way, the
reaction moment is seen simultaneously in holographic,

thermal, and photographic images.

3. Make a graphical representation of results based on
numerical/software analysis and present them in the form
of graphs (1D, 2D, or 3D), charts, histograms etc. After
a complete analysis of results, draw conclusions and

anticipate further research based on this.

Representative Results

A photophoretic effect was induced and monitored in a first
experiment on the wing of a Morpho menelaus butterﬂy5. The
effect was initiated by the action of LED lasers of different
wavelengths (450 nm, 532 nm, 660 nm, and 980 nm). Here,
the wings from an /. lathonia butterfly14 were used. After the

recording procedure, the hologram image was reconstructed.

Figure 3: I. lathonia wings' holographic reconstructions. The reconstruction was done at 450 nm initiation (A), 532 nm
initiation (B), and 980 nm initiation (C). The images show an obvious difference in the visual sense, where depending on the

wavelength, the colored area appears in different sizes. Please click here to view a larger version of this figure.
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The fringes observed in Figure 3A-C are the consequence of
the interference. This figure clearly shows that changes occur
only during the irradiation of the sample with a second laser
(placed to hit the sample with a beam that does not interfere
with the beam from the primary laser; put into operation at
any time during the recording), and confirms that holographic
interferometry can be used to monitor the deformation or

displacement of the biological tissues.

Figure 3A-C shows how different wavelengths between 450
nm (Figure 3A), 532 nm (Figure 3B), and 980 nm (Figure
3C) affect the interferometric pattern by causing different

morphological displacements within the tissues.

In the second experiment regarding the oscillatory BR
reaction, this reaction started immediately after the addition

of hydrogen peroxide, producing a large amount of oxygen

(Figure 4A). As the transition from state | to state Il (Figure
4) is essentially irreproducible for an individual kinetic rund,
the moment of transition is very difficult to monitor. Therefore,
the presented results are the consequence of a large number
of attempts. In the analysis of interferograms, a change in
the fringe pattern was noticed at the exact moment when the
reaction occurred (i.e., when transition from state | to state
Il occurred). Figure 4E shows a moment before the reaction
occurred (left) and the exact moment (right). The wavelength
used here is 573 nm. When calculating the displacement data
from the amplitude image, the method of direct fringe counting
was used. One fringe corresponds to a displacement of half
the wavelength (i.e., 286.5 nm). If the displacement data is
calculated from the phase, the following relation applies: Al/

A = A®/2TT.
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Figure 4: The transition from state | to state Il in Briggs-Rauscher (BR) reaction. The different recordings for the

transition from state | to state Il in Briggs-Rauscher (BR) reaction. (A) The beginning of the BR reaction with bubbles

corresponds to oxygen and carbon dioxide formation. (B) The state | to state Il reaction course. (C) The end of state | to state

Il transition. (D) Cuvette in setup. (E) Interferogram of the moment before reaction (left) and the moment of reaction (right).

Please click here to view a larger version of this figure.

Nonlinear chemical phenomena have been known for more
than 100 years15, but despite this, there are still doubts about
their full mechanism and dynamics16’ 7 The results obtained
open new possibilities for the investigation and monitoring of
such complex chemical phenomena in situ by a holographic

technique.

Discussion

In the presented biophotonic study, it is shown that a
novel holographic method can be used to detect minimal
morphological displacement or deformation caused by low-

level thermal radiation.

The most critical step in holographic measurement with

biological samples is the preparation step. The preparation

Copyright © 2022 JoVE Journal of Visualized Experiments

jove.com

March 2022 - €63676 - Page 9 of 12


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/63676/63676fig04large.jpg

jove

of the sample (cutting/gluing to match the size of the holder)
depends on the sample's mechanical properties, and it is not

possible to have a standard protocol for this step.

Regarding the BR study, it is vital to have a transparent
reaction vessel and relatively clear optical path, since
every obstacle during a chemical reaction, or physical
transformation (like the release of oxygen, impurity) will affect

interference pattern and therefore recorded results.

In general, the most significant limitation of the described
method is the sample size that can be studied. The sample
must have an appropriate dimension to be inserted within the
optical setup.

Here we show that holographic interferometry (HI) should
be considered as an essential complementary tool for the
characterization of samples. For example, a classic optical/IR
image captures information only regarding the intensity, while
the information about the phase is totally lost'8. Holographic
interferometry provides all information regarding the intensity
and phase, and additionally can be used to monitor their

changes in real time.

The importance of exploiting this method in condensed
matter science is to reveal in situ the slightest changes
in system dynamics. For example, the BR reaction can
reveal the first cause of the symmetry-breaking process. Is
the symmetry-breaking process predetermined by physical
constraints connected with nonlinear dynamics, or is the
process truly random? On the other hand, in another way, can
the minor differences in BR oscillatory period duration cause

a significant deviation in transition appearance?

The presented results are the first step that will lead to a
deeper understanding of dynamics at the nanoscale. Since

the potential of holography in condensed science research

has still not been fully recognized, the purpose of this
article is to highlight the power of holography for future
material science research and applications; for example,
particle trapping and levitation such as movement of unburnt
hydrocarbons in the atmosphere or separation of various
aerosols'?, breaking down of microplastics in water and
fractionation of particles in generalzo, and characterisation of
temperature and thermal conductivity properties of micron-

size fuel particles21 )
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Abstract: In this work, we describe the crazy-clock phenomenon involving the state I (low iodide
and iodine concentration) to state II (high iodide and iodine concentration with new iodine phase)
transition after a Briggs—Rauscher (BR) oscillatory process. While the BR crazy-clock phenomenon
is known, this is the first time that crazy-clock behavior is linked and explained with the sym-
metry-breaking phenomenon, highlighting the entire process in a novel way. The presented phe-
nomenon has been thoroughly investigated by running more than 60 experiments, and evaluated
by using statistical cluster K-means analysis. The mixing rate, as well as the magnetic bar shape
and dimensions, have a strong influence on the transition appearance. Although the transition for
both mixing and no-mixing conditions are taking place completely randomly, by using statistical
cluster analysis we obtain different numbers of clusters (showing the time-domains where the
transition is more likely to occur). In the case of stirring, clusters are more compact and separated,
revealed new hidden details regarding the chemical dynamics of nonlinear processes. The signifi-
cance of the presented results is beyond oscillatory reaction kinetics since the described example
belongs to the small class of chemical systems that shows intrinsic randomness in their response
and it might be considered as a real example of a classical liquid random number generator.

Keywords: crazy clock; Briggs—Rauscher reaction; state I to state II transition; symmetry breaking;
iodine; K-means analysis; random number generator

1. Introduction

The presence of symmetry around us inspired many scientists to search for beauty,
harmony, order, and regularity in nature and her fundamental laws [1,2]. Additionally,
phase transitions with and without spontaneously broken symmetries are widespread
concepts through different areas of physics and physical chemistry. The applications of
spontaneously broken symmetries cover a wide range of condensed matter science top-
ics, such as superconductivity, super-fluidity, Bose-Einstein condensation, nucleation

Symmetry 2022, 14, 413. https://doi.org/10.3390/sym14020413
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physics, self-assembly processes, morphogenesis, and chemical kinetics. In this account,
we describe spontaneous symmetry breaking in the case of the nonlinear Briggs-
Rauscher reaction. We highlight the importance of symmetry breaking, in
non-equilibrium and pattern formation processes, which is of vital meaning to the un-
derstanding of the morphogenesis process and for applications in several areas of bio-
mimetics and nanoscience.

The Briggs—Rauscher (BR) [3] reaction is a hybrid oscillating reaction formed by
coupling two chemical oscillators, Bray—Liebhafsky [4,5] and Belousov—Zhabotinskii [6].
Since its discovery in 1973, the Briggs—Rauscher oscillating reaction has been one of the
most investigated oscillatory systems. It is probably due to its simplicity and exciting
colour alternation caused by changes in reaction kinetics (when starch is used as an in-
dicator) [7].

BR reaction typically occurs within mixtures of H202, H2504, and KIOs. Additional-
ly, Mn(Il) ions are added as a metal catalyst and malonic acid (H2MA) as an organic
substrate. Substitutions of chemicals are possible; different acids, organic substrates, and
ions, such as Ce(IlI) instead of Mn(II) catalyst, can be used to generate BR oscillations [7-
10]. However, the oscillatory behavior is not the only one that attracted the attention of
non-linear scientists in the Briggs—Rauscher reaction [11-15].

Indeed, as described elsewhere [16], after the well-controlled initial oscillatory be-
havior, the reaction becomes chaotic. Depending on the initial conditions, particularly on
the ratio [H2MA]o/[IOs37]o [16,17], the reaction exhibits a sudden and unpredictable phase
transition. This transition, from state I (low concentration of iodide and iodine) to state II
(high concentration of iodide and iodine), happens randomly in practice, as the time
spent by the system in the state I is irreproducible (see Figure 1). The transition is char-
acterized by a “sharp and sudden” increase of iodine and iodide concentration, followed
by the formation of solid iodine. The observed stochastic feature, called a crazy clock
(due to the unpredictable time needed to provoke the transition), is linked to imperfect
mixing that affects convection and diffusion dynamics. The imperfect mixing results in
extremely complicated phenomena, which occur on multiple length and time scales [18].
Possible kinetical consequences are the appearance of bifurcation, chaos, intermittent
behavior, and symmetry-breaking [18,19]. In the experiments of our previous paper [16],
the mixing was stopped after an intensive homogenization (stirring at 900 rpm) of the
Briggs—Rauscher solution in the oscillatory period. Herein, the experiments carried out
with or without specific mixing were maintained all the time. Additionally, we apply the
statistical cluster K-means analysis for the first time, by processing more than 60 exper-
iments. Therefore, this paper further studies the mixing effects in connection to the cra-
zy-clock phenomenon in the Briggs—Rauscher oscillatory reaction. It compares and pro-
cesses statistically more than #60 experiments obtained under identical initial concentra-
tions of all reactants. Although the BR crazy-clock phenomenon was previously detected
[16], this behavior is linked for the first time to symmetry-breaking, highlighting the en-
tire process in a novel way. Furthermore, the investigated crazy clock exhibits a truly
random behavior that might be considered as an example of a classical, liquid random
number generator. Additionally, the investigated system also belongs to the particular
class of classical systems that shows intrinsic randomness in their response (as also ob-
served in colloid particles placed on an oscillating surface) [20,21].



Symmetry 2022, 14, 413 30f13

300 A _ | State |— State ||
Oscillatory ;
- 200+ state | :
£ 100+ ; ; a)
\I | * 1
TS e}
-0 . 0000
0 50 100 150 200 250
3001 - :
Osclliatory | State |— State i
200 - state | .'
I Vi !
£ 100 Y | b)
~—. T 1 % |
1 ' :
wi- 3 5 X
_100_I : I ! I: ///Ij X | L t I
0 50 100 2000 2250 2500

Time /s

Figure 1. Two independent measurements (a,b) of iodide potential vs. time obtained for BR reac-
tion under experimental conditions: [H2MA]o = 0.0789 mol/dm?3, [MnSOs]o = 0.00752 mol/dms?,
[HCIO:4]o = 0.03 mol/dm?, [KIOs]o = 0.0752 mol/dm?, [H202]o = 1.176 mol/dm?, T = 37.0 °C. The ex-
periments were performed without stirring and without protection from light. 7% denotes the time
from the end of the oscillatory mode to the occurrence of state I- state II transition.

2. Materials and Methods
2.1. Briggs—Rauscher Experimental Setup

Since the time of the transition between state I and Il is unpredictable, great attention
must be paid to the experimental procedure. Only analytically graded reagents without
further purification were used for preparing the solutions. Malonic acid was obtained
from Acros Organics (Geel, Belgium), manganese sulphate from Fluka (Buchs, Switzer-
land), perchloric acid, potassium iodate, and hydrogen peroxide from Merck (Darmstadlt,
Germany). The solutions were prepared in deionized water with specific resistance 18
MQ/em (Milli-Q, Millipore, Bedford, MA, USA).

All experiments were done in a container not protected from light. Reactions were
monitored electrochemically (unless specified in the text). An I-ion-sensitive electrode
(Metrohm 6.0502.160) was used as the working electrode and an Ag/AgCl electrode
(Metrohm 6.0726.100), as the reference. During the experiments, the temperature of the
reaction container was regulated by a circulating thermostat JULABO GmbH, Seelbach,
Germany) and maintained constant at 37 °C. The reaction mixture was stirred by mag-
netic stirrer (Ingenieurbiiro, M. Zipperrer GmbH, Cat-ECMS5, Staufen, Denmark).

Five independent series of measurements were carried (they differed in stirring bar
size and shape, as well as mixing rate) with the identical solution composition [H:2MA]o =
0.0789 mol/dms3, [MnSOs]o = 0.00752 mol/dm3, [HCIO4]o = 0.03 mol/dm3, [KIOs]o = 0.0752
mol/dm3 and [H202]o = 1.176 mol/dm?3 in 25 mL volume:

(1) without mixing (number of conducted experiments #30);
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(2) with mixing 100 rpm using cylindrical stirring bar 10 mm length, 4 mm diameter
(BRAND magpnetic stirring bar, PTFE-coated cylindrical), (number of conducted
experiments #30)

(3) with mixing 300 rpm using cylindrical stirring bar 10 mm length, 4 mm diameter
(BRAND magnetic stirring bar, PTFE-coated cylindrical), (in triplicate);

(4) with mixing 100 rpm using cylindrical stirring bar 20 mm length, 6 mm diameter
(BRAND magnetic stirring bar, PTFE-coated cylindrical) (in triplicate);

(5) with mixing 100 rpm using triangular stirring bar 12 mm length, 6 mm diameter
(BRAND magnetic stirring bar, PTFE-coated triangular) (in triplicate).

2.2. Statistical Processing and Cluster Analysis

The obtained experimental results were analyzed in the open-source statistic soft-
ware “R” using “hclust” algorithm for the hierarchical cluster analysis (HCA) [22,23].

3. Results and Discussion
3.1. Effects of the Stirring Bar Shape and Dimensions on the State I— State II Transition

The BR oscillatory period is strongly reproducible, while the transition from state I
to state II occurred practically randomly (Figure 1), as previously reported by our re-
search group [16].

It is imperative to emphasize that in our measurements (Figure 1), unlike in other
crazy-clock reactions found in the literature [18,19,24], large time fluctuations (the order
of magnitude could be more than two hours) occur after a highly reproducible oscillatory
period. Two independent measurements and consequently obtained BR oscillograms
exhibit identical trends in oscillation amplitude and time between two neighboring os-
cillation maxima Tn-(n-1) = fn—fn-1, as it can be observed in Figures 1 and 2a,b. Conversion
from higher to lower potential of iodine electrode (or from low to high iodide concentra-
tion) marks the transition from state I to state II (state I- state II). Furthermore, the choice
of the working electrode affects only the transition shape. However, the transition itself is
very noticeable due to the intense color change of the system from colorless to yellow
accompanied by solid iodine formation. This allows monitoring the state I- state II tran-
sition with the naked eye.
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Figure 2. Briggs—Rauscher oscillation amplitude (a) and time between two neighboring oscillation
maxima Tn-(n-1) = fn—tn-1 (b) in the two independent measurements presented at Figure 1. The re-
sulting BR oscillograms have the same number of oscillations (Nosc = 33) and identical oscillation
period, however the time of state I- state II transition differs more than 10 times (as shown at Fig-
ure 1).

The cause of this unexpected transition is still unknown. Previous work highlighted
the significance of mixing conditions for the appearance of state - state II transition and
crazy-clock behavior [13,16]. Therefore, we want to reveal in detail the effect of mixing on
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the transition, by using stirring bars of different sizes and shapes and applying various
mixing rates (Figure 3).
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Figure 3. Typical measurements with iodide-sensing and reference electrodes with different mix-
ing rates and different shapes of magnetic bar: (a) 100 rpm with magnetic stirring bar, PTFE-coated
cylindrical, 10 mm length, 4 mm diameter (in inset), (b) 300 rpm with magnetic stirring bar,
PTFE-coated cylindrical, 10 mm length, 4 mm diameter (in inset), (c) 100 rpm with magnetic stir-
ring bar, PTFE-coated cylindrical, 20 mm length, 6 mm diameter (in inset), and (d) 100 rpm with
magnetic stirring bar, PTFE-coated triangular, 12 mm length, 6 mm diameter (in inset). The reactant
concentrations are identical as in Figure 1.

The transition from the state I to state II occurs only with a low stirring rate and a
stirring bar of small dimensions (namely, 100 rpm and a magnetic stirring bar made of
PTFE-coated cylindrical with a length of 10 mm and a diameter of 4 mm, Figure 3a). The
results also underline the importance of the particular magnetic bar shape and mixing
rate that was used (Figure 3a—d). Even with a low stirring rate (100 rpm), the transition
does not occur with a bar exhibiting a triangular section (bar 12 mm length, 6 mm diam-
eter) (Figure 3d). This result implies that the transition is strongly connected a particular
diffusion conditions and vortex type behavior created by using specific stirring rods.
Furthermore, we perform a detailed statistical analysis to reveal the connection between
the state I—>state II transition and the mixing rate (using the 10-mm long and 4-mm large



Symmetry 2022, 14, 413

6 0of 13

cylindrical stirring bar). A set of 60 experiments were performed without stirring and
with stirring at a 100-rpm mixing rate (30 experiments, each). The results (7osc and 7*) are
tabulated (Tables S1 and 52) and presented in Supplementary Materials. The 7% mean
value with 95% confidence limit is for no-mixing 7*mw mix = (12 + 4) min and for mixing
conditions, T*mix = (17 + 5) min.

3.2. Statistical Analysis of Experimental Results and Evidence of Clustering

Is there a connection between the time that the system spends in the oscillatory re-
gime (Tosc) and the time when the state I to state II transition occurs (7¥)? Or, in other
words, are the minor differences in oscillatory period duration responsible for a signifi-
cant deviation in transition appearance? The detailed exploration of the relation between
BR oscillatory time, Tos, and the time 7* of the occurrence of the state I— state II transition
(Figure 1), with and without stirring of the solutions, was performed by statistical cluster
analysis (CA). Cluster analysis performs subdivision of datasets based on the relation-
ships among their members (in our case datasets of Tosc and 7*). The application of CA
allows the separation of data in clusters (namely, in groups) based on mutual distances,
which reflect a degree of similarity among data [25]. The greater the similarity in the
cluster, the higher the distance between the clusters, and hence the better the clustering.
Our results combine a total of 60 experiments, obtained with no-mixing conditions (30
experiments) and with a mixing rate of 100 rpm (30 experiments). They were analyzed in
the open-source statistic software “R” using “hclust” algorithm for the hierarchical clus-
ter analysis (HCA) [22,23]. The HCA divided the ratios tos/T* into three clusters for both
mixing and no-mixing measurements (Figure 4a,b). It can be noticed that the number of
members of a particular cluster slightly changes upon alteration of experimental condi-
tions (Table 1).

It appears that the stirring effect causes an increase in the members of Cluster 1 and
Cluster 3, as well as decreasing in members in Cluster 2. The increase of members in
Cluster 3 suggested that stirring has prolonged time for the state I— state II transition
taking place (Figure 4b.). It can be also seen from the ™ mean value for no-mixing *no mix
= (12 £ 4) min and mixing conditions, T*mix= (17 + 5) min. Furthermore, all clusters are
more compact and separated, in the case of stirring (if compared with those obtained
without stirring).

Table 1. Clusters and Cluster centroids.

Number of
Exp. Condition Cluster Cluster Mem- Cluster Centroids in Minute
bers

Tosc T*

1 15 1.686 3.036

without stirring 2 13 1.691 16.672
3 2 / /

1 16 1.681 5.893

with stirring 2 10 1.658 26.536
3 4 / /
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Figure 4. Clusters obtained for thirty experiments run without stirring of the reaction mixture (a)
and clusters obtained for thirty experiments run with stirring of reaction mixture in the vessel,
stirring rate was 100 rpm (b). Tosc is the BR oscillatory time, while 7* denotes the time from the end
of the oscillatory mode to the occurrence of state [-state II transition (see Figure 1).
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The results presented in Table 1 clearly indicate that the investigated crazy-clock
exhibits a truly random behavior. The shift (Figure 4a,b, Table 1) in the position of the
cluster centroids towards higher 7* values (i.e., a delaying time to transition to happen)
can be observed for the case of applied stirring conditions. Due to a small number of
members, the centroid of Cluster 3, in both cases, was not calculated. Furthermore, there
is no significant change in the cluster’s centroid position regarding Tosc oscillatory coor-
dinate for clusters. That leads to the conclusion that the transition from state I to state II is
independent of oscillatory time duration or, in other words, that the minor differences in
oscillatory period duration are not responsible for a significant deviation in transition
appearance. Therefore, we calculated the optimal number of clusters by a one parameter
(by parameter 7*) K-means analysis, for no-mixing and mixing conditions (Figure 5a,b,
respectively). The determination of optimal numbers of clusters was performed using
gap method in fviz_nbclust alghoritm [26]. In brief, the gap statistic compares the total
within intra-cluster variation for different values of k with their expected values under
null reference distribution of the data. The estimate of the optimal clusters will be value
that maximizes the gap statistic (i.e., that yields the largest gap statistic) [27].
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Figure 5. The optimal number of clusters for one parameter analysis by parameter 7* (time when
state I to state II transition occurs) for non-mixing conditions (a) and mixing conditions 100 rpm (b).

As it can be seen from the Figure 5 the optimal number of clusters obtained by using
one parameter K-means analysis is changed. The BR system which is not stirred has one
cluster (Figure 5a), while the stirring induces differentiation of two clusters (see Figures
5b and 6). The dimensions refer to the first two components. The fitviz_cluster function
has been used to analyze the main components, after which the cluster is represented in
the dimensions of the first two Principal Component Analysis (PCA) components. The
clusters are well separated. This indicates that mixing introduced additional effects re-
sponsible for a significant cluster separation revealing the existence of time domains
where the state I to state II transition is more likely to occur.
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Figure 6. The evidence of two clusters for state [>state II transition obtained for mixing condition
in BR system. Clusters are plotted in two dimensions (Dim1 and Dim2).

3.3. The State I — State 11 Phenomenon and Its Relation to (Spontaneous) Symmetry Breaking

The appearance of clusters indicates the existence of time domains where the state I
to state II transition is more likely to occur. The stirring of the reaction mixture has a
strong indirect influence on the state I—state II transition, delaying the crazy-clock be-
havior, shifting cluster centroids toward higher t* values, and increasing the cluster
separation (i.e., time domain separation), as well. The existence of clusters could be con-
nected to different nucleation and growth mechanisms of iodine crystals in the case of
mixing [28], and further examination of solid iodine products would be the subject of
future work.

However, if we assumed that state I (low iodide and iodine concentration) is the
symmetric state, which under some conditions becomes absolutely unstable, then,
reaching the state II (high iodide and iodine concentration, with a new I solid phase)
could be considered as spontaneous symmetry breaking [29], see Figure 7. Such an ob-
servation of state I to state II transition could also explain the persistence of the BR system
“indefinitely” in the state L, as obtained for strong mixing condition (see Figure 3).
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H State Il

Figure 7. Possible symmetry breaking during the transition from the state I (low iodide and iodine
concentration) to state II (high iodide and iodine, with segregation of solid iodine) in Briggs—
Rauscher oscillatory reaction after an oscillatory period. Energetic consideration and symmetry
breaking depending on control parameter, p and ordering parameter, 9. AV corresponds to the
energy threshold of the formation of solid iodine from chemical reactions that occur in the BR so-
lution after oscillatory period.

Namely, in the case of the symmetry-breaking process, the system must overcome a
sufficiently large energy barrier (as shown in Figure 7). Therefore, the system’s state
(state I, low iodide and iodine concentration) will remain unchanged until a sufficiently
large perturbation throws it over the energy barrier, AV, which separates the states. We
assume that AV corresponds to the energy threshold of the formation of solid iodine from
chemical reactions that principally occur in the BR solution after the oscillatory period. It
is well-known that the post-oscillatory period could be excitable [30,31], meaning that a
nonlinear system can be shifted (perturbed) from one state to another. It is usually
achieved by the addition of some stable intermediate or reactants, playing the role of an
external perturbation, to the reaction mixture [32]. Since, in our case, there is no external
perturbants/stimulus (all experiments are conducted under identical conditions, and the
system remained under constant temperature), the BR system should find an internal
stimulus to overcome the energy barrier. The mixing itself should not influence activa-
tion energies of chemical reactions responsible for state I to state II transition. In other
words, the energy threshold (AV) should be identical for mixing and no-mixing condi-
tion. However, the system has behaved differently, and the state I to state II transition
strongly depends on the mixing conditions. Therefore, some phenomena related to mix-
ing are accountable for the obtained behavior. Figure 7 is a cartoon view that links ther-
modynamics (far from equilibrium) with kinetic processes driven by the gradient of dif-
fusion/concentration. The changes in time of these local gradients are probably a source
of fluctuations. When fluctuations reach a certain threshold (such as a critical number of
interacted dissipative structures), a new order/phase spontaneously appears. Cluster
analysis (Figures 4-6) allows us to group different dissipation architectures as a function
of time.

The diffusion-driven instability combined with nonlinear chemical reactions (with
autocatalytic steps and radical reactions) is a broad concept and it could be responsible
for the “internal stimulus” necessary for passing the energy barrier. The diffusion-driven
instability is intensified by gaseous oxygen and carbon dioxide/carbon monoxide, which
are released in the BR solution during the oscillatory period [33]. Additionally, the pos-
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sible energetic coupling between physical and chemical processes, such as the nucleation
of gaseous phase (Oz2 and/or CO2), nucleation of solid iodine and particular chemical re-
actions, could also be considered as an “internal stimulus” necessary for overcoming the
energy barrier and breaking symmetry [34-36].

This proposal is actually a reformulated original idea of Turing [37], where the in-
terplay of chemical reactions and diffusion are responsible for pattern formation in living
systems. As suggested by Prigogine, the spontaneous appearance of a spatial organiza-
tion via diffusion-driven instability can be considered as a spontaneous sym-
metry-breaking transition [38]. In the presented work, we deal with a bulk solution and
there is no visible spatial organization, but the spatial organization (spatiotemporal pat-
terns) of the identical process (state I— state II transition in Briggs—Rauscher reaction) in a
thin layer, is very recently found by Li and coworkers [15]. Therefore, this work indi-
rectly links spontaneous symmetry breaking and crazy-clock behavior (stochastic nature)
in the bulk. The stochastic nature of state I to state II transition and its relation to sym-
metry breaking (and pattern formation), introduced a new approach in the investigation
of crazy-clock behavior. On the other hand, the investigation of chemical systems with
stochastic nature and symmetry breaking could improve our understanding of more
complex phenomena in living organisms, such as morphogenesis.

Additionally, this paper nominates state I- state II transition as an easily available
chemical system for intrinsic random number generator and thus, expands the potential
application of this crazy-clock reaction.

4. Conclusions

In this work, we further investigated the crazy-clock phenomenon (state I to state II
transition) which occurs after a strongly reproducible Briggs-Rauscher oscillatory reac-
tion. The mixing rate, as well as the magnetic bar shape and dimensions, have a strong
influence on the transition appearance. In order to better understand the stochasticity of
the mentioned process, we ran more than 60 experiments (30 experiments with mixing
and 30 experiments with no-mixing conditions), and we applied the statistical cluster
K-means analysis. Although the transition for both mixing and no-mixing conditions are
taking place completely randomly, by using statistical cluster analysis, we obtained dif-
ferent number of clusters pointing to different time-domains where the transition is more
likely to occur. Two-parameter analysis (by oscillatory time duration, 7Tesc and by the
moment when the transition occurs, t*) suggests that the state I- state II is independent
of the oscillatory time duration. Therefore, we performed a one parameter analysis (by
7*). In the case of no-mixing, we found one cluster, while the statistical analysis of the
results for mixing conditions revealed two compact and well-separated clusters. The
clustering method reveals new hidden details regarding the chemical dynamics of non-
linear processes. The state I to state II transition could be explained through a symmetry
breaking approach, and the necessity of the BR system to overcome a sufficiently large
energy barrier. This is the first link of the crazy-clock behavior to the symmetry breaking
phenomenon. The investigation of chemical systems with stochastic nature and sym-
metry breaking could improve our understanding of more complex phenomena in living
organisms and therefore the scope of the presented results goes beyond oscillatory reac-
tion kinetics. Furthermore, the described example belongs to the small class of chemical
systems that shows intrinsic randomness in their response and it might be considered as
a real example of a classical liquid random number generator.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/sym14020413/s1, Table S1: The Briggs-Rauscher oscillogram dura-
tion (Tesc), the numbers of oscillations, and state I to state II transition time (7¥) when no-mixing
conditions is applied: [Malonic acid]o = 0.0789 M, [MnSOa]o = 0.00752 M, [HCIOx]o = 0.03 M, [KIOs]o
=0.0752 M, [H202]o = 1.176 M, T= 37.0 °C, reaction volume 25 mL, Table S2: The Briggs-Rauscher
oscillogram duration (7o), the numbers of oscillations, and state I to state II transition time (7%)
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when 100 rpm mixing conditions is applied: [Malonic acid]o = 0.0789 M, [MnSOau]o = 0.00752 M,
[HCIO4]o = 0.03 M, [KIOs]o = 0.0752 M, [H202]0 = 1.176 M, T=37.0 °C, reaction volume 25 mL.

Author Contributions: Conceptualization, M.C.P. and B.K; methodology, M.C.P., J.P.M.,, Y.C,, and
B.K.; statistical K-means analysis M.D.; investigation, M.C.P. and J.P.M.; writing—original draft
preparation, M.C.P. and B.K,; writing—review and editing, M.C.P., BK, Y.C, SRM. and T.V,;
visualization, J.P.M. and B.B. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Ministry of Education, Science and Technological De-
velopment of the Republic of Serbia, Contract numbers: 451-03-68/2022-14/200026 and
451-03-68/2022-14/200146; BEWARE Fellowship of the Walloon Region (Convention n°2110034);
the Fund for Scientific Research F.R.S.-FNRS; the Ministry of Education, Science and Technological
Development of the Republic of Serbia (grant III 45016); the Office of Naval Research Global (Re-
search Grant N62902-22-1-2024).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request. Please contact
for this corresponding authors.

Acknowledgments: This work was supported by the Ministry of Education, Science and Techno-
logical Development of the Republic of Serbia Contract numbers: 451-03-68/2022-14/200026 and
451-03-68/2022-14/200146. S.R.M. was supported by a BEWARE Fellowship of the Walloon Region
(Convention n°2110034), as a postdoctoral researcher. Y.C. is a research associate of the Fund for
Scientific Research F.R.S.-FNRS. B.K. and B.B. acknowledge financial support of the Ministry of
Education, Science and Technological Development of the Republic of Serbia (grant III 45016).
Additionally, B.K. acknowledges support from F.R.S.-ENRS. M.P., B.B., and B.K. acknowledge the
support of the Office of Naval Research Global through the Research Grant N62902-22-1-2024.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gross, D.J. The role of symmetry in fundamental physics. Proc. Natl. Acad. Sci. USA 1996, 93, 14256-14259.

2. Smits, J.; Stoof, H.T.C,; Straten, P.V.D. Spontaneous symmetry breaking in a driven-dissipative system. Phys. Rev. A 2021, 104,
023318.

3.  Briggs, T.S.; Rauscher, W.C. An oscillating iodine clock. J. Chem. Educ. 1973, 50, 496. https://doi.org/10.1021/ed050p496.

4. Bray, W.C. A periodic reaction in homogeneous solution and its relation to catalysis. J. Am. Chem. Soc. 1921, 43, 1262-1267.
https://doi.org/10.1021/ja01439a007.

5. Bray, W.C,; Liebhafsky, H.A. Reaction involving hydrogen peroxide, iodine and iodate ion. I. Introd. ]. Am. Chem. Soc. 1931, 53,
38-43.

6.  Belousov, B.P. A periodic reaction and its mechanism, in collection of short papers on radiation medicine for 1958. Medgiz 1959,
145-147.

7. Furrow, S.D. A modified recipe and variations for the briggs-rauscher oscillating reaction. J. Chem. Educ. 2012, 89, 1421-1424.
https://doi.org/10.1021/ed200764r.

8.  Furrow, S.D.; Noyes, R.M. The oscillatory Briggs-Rauscher reaction. 1. Examination of subsystems. J. Am. Chem. Soc. 1982, 104,
38-42. https://doi.org/10.1021/ja00365a009.

9.  Noyes, RM,; Furrow, S.D. The oscillatory Briggs-Rauscher reaction. 3. A skeleton mechanism for oscillations. J. Am. Chem. Soc.
1982, 104, 45-48. https://doi.org/10.1021/ja00365a011.

10. Schmitz, G.; Furrow, S. Kinetics of the iodate reduction by hydrogen peroxide and relation with the Briggs-Rauscher and
Bray-Liebhafsky oscillating reactions. Phys. Chem. Chem. Phys. 2012, 14, 5711-5717. https://doi.org/10.1039/c2cp23805e.

11.  Furrow, S.D.; Cervellati, R.; Greco, E. A study of the cerium-catalyzed briggs-rauscher oscillating reaction. Z. Nat. B 2012, 67,
89-97.

12. Vanag, V.K,; Alfimov, M.V. Light-induced nonequilibrium phase transition between quasistationary states of the
Briggs-Rauscher reaction under batch conditions. J. Phys. Chem. 1993, 97, 1878-1883. https://doi.org/10.1021/j100111a027.

13. Vanag, V.K,; Alfimov, M.V. Effects of stirring on photoinduced phase transition in a batch-mode Briggs-Rauscher reaction. J.
Phys. Chem. 1993, 97, 1884-1890. https://doi.org/10.1021/j100111a028.

14. Pagnacco, M.C.; Mojovi¢, M.D.; Popovi¢-Bijeli¢, A.D.; Horvath, A.K. Investigation of the halogenate-hydrogen peroxide reac-

tions using the electron paramagnetic resonance spin trapping technique. ]. Phys. Chem. A 2017, 121, 3207-3212.
https://doi.org/10.1021/acs.jpca.7b02035.



Symmetry 2022, 14, 413 13 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Li, Z.; Yuan, L.; Liu, M.; Cheng, Z.; Zheng, ].; Epstein, L.R.; Gao, Q. The briggs-rauscher reaction: A demonstration of sequential
spatiotemporal patterns. J. Chem. Educ. 2021, 98, 665-668.

Pagnacco, M.C.; Maksimovi¢, ].P.; Potkonjak, N.I; Bozi¢, B..; Horvath, A.K. The transition from low to high iodide and iodine
concentration state in the briggs rauscher reaction-evidence on crazy clock behavior. |. Phys. Chem. A 2018, 122, 482-491.
https://doi.org/10.1021/acs.jpca.7b11774.

Furrow, S.D.; Cervellati, R.; Greco, E. Study of the transition to higher iodide in the malonic acid Briggs—Rauscher oscillator.
React. Kinet. Mech. Catal. 2015, 118, 59-71. https://doi.org/10.1007/s11144-015-0967-4.

Epstein, L.R. The consequences of imperfect mixing in autocatalytic chemical and biological systems. Nature 1995, 374, 321-327.
https://doi.org/10.1038/374321a0.

Valkai, L.; Cseko, G.; Horvath, A.K. Initial Inhomogeneity-induced crazy-clock behavior in the iodate-arsenous acid reaction in
a buffered medium under stirred batch conditions. Phys. Chem. Chem. Phys. 2015, 17, 22187-22194.

Andersen, A.; Madsen, J.; Reichelt, C.; Ahl, S.R.; Lautrup, B.; Ellegaard, C.; Levinsen, M.T.; Bohr, T. Double-slit experiment
with single wave-driven particles and its relation to quantum mechanics. Phys. Rev. E 2015, 92, 013006.

Ellegaard, C.; Levinsen, M.T. Interaction of wave-driven particles with slit structures. Phys. Rev. E 2020, 102, 023115.

Murtagh, F. Multidimensional Clustering Algorithms in COMPSTAT Lectures 4; Physica-Verlag: Wuerzburg, Germany, 1985.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2018. Available online: https://www.R-project.org/ (accessed on 20 November 2021).

Horvath, AX,; Nagypal, L Classification of Clock Reactions. ChemPhysChem 2014, 16, 588-594.
https://doi.org/10.1002/cphc.201402806.

Kaufman, L.; Rousseeuw, P.J. Finding Groups in Data: An Introduction to Cluster Analysis; John Wiley & Sons: New York, NY,
USA, 2009.

Available online: https://cran.r-project.org/web/packages/factoextra/factoextra.pdf (accessed on 20 November 2021).
Tibshirani, R.; Walther, G.; Hastiee, T. Estimating the number of clusters in a data set via the gap statistic. ]. R. Stat. Soc. Ser. B
(Stat. Methodol.) 2001, 63, 411-423.

Pagnacco, M.C.; Maksimovic, J.P.; Jankovic, B.Z. Analysis of transition from low to high iodide and iodine state in the briggs—
rauscher oscillatory reaction containing malonic acid using kolmogorov—johnson-mehl-avrami (kjma) theory. React. Kinet.
Mech. Catal. 2018, 123, 61-80.

Genz, H. Symmetry and symmetry breaking in nature. Interdiscip. Sci. Rev. 1999, 24, 129-138.
https://doi.org/10.1179/030801899678731.

Ruoff, P. Excitability in a closed stirred Belousov—Zhabotinskii system. Chem. Phys. Lett. 1982, 90, 76-80.
https://doi.org/10.1016/0009-2614(82)83328-9.

Rouff, P. Excitability created by oxygen inhibition in the stirred malonic acid belousov-zabotinskii system. Chem. Phys. Lett.
1982, 92, 239-244.

Vukojevic, V.; Anic, S.; Kolar-Anic, L. Investigation of dynamic behavior of the bray-liebhafsky reaction in the CSTR. Proper-
ties of the system examined by pulsed perturbations with I". Phys. Chem. Chem. Phys. 2002, 4, 1276-1283.

Muntean, N.; Szabo, G.; Wittmann, M.; Lawson, T.; Fulop, J.; Noszticzius, Z.; Onel, L. Reaction routes leading to COz2 and CO in
the briggs-rauscher oscillator: Analogies between the oscillatory br and bz reactions. J. Phys. Chem. A 2009, 113, 9102-9108.
Bowers, P.G.; Noyes, R.M. Chemical oscillations and instabilities. 51. Gas evolution oscillators. 1. Some new experimental
examples. |. Am. Chem. Soc. 1983, 105, 2572-2574. https://doi.org/10.1021/ja00347a010.

Sevcik, P.; Kissimonova, K.; Adamcikova, L. Oxygen Production in the oscillatory bray-liebhafsky reaction. J. Phys. Chem. A
2000, 104, 3958-3963.

Stevanovic, K.Z.; Bubanja, LN.M.; Stanisavljev, D.R. is iodine oxidation with hydrogen peroxide coupled with nucleation
processes? J. Phys. Chem. C 2019, 123, 16671-16680.

Turing, A.M. The chemical basis of morphogenesis. Philos. Trans. R. Soc. B Biol. Sci. 1952, 237, 37-72.

Prigogine, L; Nicolis, G. On symmetry-breaking instabilities in dissipative systems. ]. Chem. Phys. 1967, 46, 3542-3550.



PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Preservation of spatial entanglement
In surface plasmon polaritons

Eckmann, Bruno, Stefanov, André, Gasparini, Leonardo,
Perenzoni, Matteo, Kolaric, Branko

Bruno Eckmann, André Stefanov, Leonardo Gasparini, Matteo Perenzoni,
Branko Kolaric, "Preservation of spatial entanglement in surface plasmon
polaritons," Proc. SPIE 11806, Quantum Nanophotonic Materials, Devices,
and Systems 2021, 118060M (1 August 2021); doi: 10.1117/12.2594481

Event: SPIE Nanoscience + Engineering, 2021, San Diego, California, United

S PI E ° States

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Oct 2021 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Invited Paper

Preservation of Spatial Entanglement in Surface Plasmon
Polaritons

Bruno Eckmann®, André Stefanov?®, Leonardo Gasparini®, Matteo Perenzoni®, and Branko
Kolaric®4

2University of Bern, Switzerland
PFondazione Bruno Kessler, Trento, Italy
“University of Mons, Belgium
dUniversity of Belgrade, Serbia

ABSTRACT

We report on the characterization of spatial entanglement of photon pairs after their interaction with nanopillar
arrays. We don’t observe any significant change in spatial entanglement, thus concluding that spatial entangle-
ment is preserved in the interaction.

Keywords: Spatial entanglement, SPAD array, Surface Plasmon Polaritons

1. INTRODUCTION

Spontaneous parametric downconversion (SPDC) is a common method to generate entangled light. When pump-
ing a non-linear crystal with laser light, photon pairs are created that can be entangled in polarization, energy-
time and/or space-momentum, depending on the phase matching conditions and on the pump energy and momen-
tum bandwidths. Photonic entanglement is preserved in a similar way as light properties are preserved in linear
coherent processes, such as reflection or refraction. Extraordinary transmission through sub-wavelength hole
arrays' is explained by the excitation of surface plasmon polaritons, where the incoming photons are converted
into surface plasmons which tunnel through the structure and finally re-radiate as photons. The questions then
arises if photonic entanglement is preserved in such a process. In 2002, Altewischer et al.? studied this plasmon-
assisted transmission for polarization-entangled photons. They discovered that the re-radiated photons are still
entangled, leading to the conclusion that also the surface plasmon itself is. The fact that surface plasmons are
collective charge density waves, consisting of billions of electrons makes this observation remarkable. The ques-
tion of how far the features of quantum mechanics can be transferred into the mesoscopic (or even macroscopic)
world arises. Other authors observed the survival of entanglement within this photon-plasmon-photon conver-
sion for time-energy entanglement,®* orbital angular momentum.® or photon number interferences.® However,
the survival of space-momentum entangled photons in plasmonic interaction has not been demonstrated up to
now. Here we report on the characterization of spatial entanglement of photon pairs after their interaction with
nanopillar arrays.

In order to investigate spatial entanglement from a continuous entangled photon source at 810 nm, we
make use of recently developed CMOS SPAD arrays with up to 224x272 pixels and 200 ps temporal resolution.
Thanks to their high temporal resolution and high repetition rate, those sensors allow us to measure the full
correlation map between each pixel pairs within a short time window and the acquisition time is competitive
with commercial single photon sensitive CCD cameras. We further quantify the strength of the correlations in
the near-field of the SPDC emission and of the anti-correlations in the far-field. The product of those quantities
violates a classical inequality, proving the quantum nature of the correlations. We then measure the effect on
this violation of placing gold nanopillar arrays either in the near- or in the far-field of the entangled source.
We don’t observe any significant change the correlation strength after interaction. As classical characterization
and numerical simulation show that light at 810 nm interacts with the nanopillars, we can conclude that the
light-pillar interaction still preserves spatial entanglement. Those results support previous demonstration of
entanglement preservation and show the capability of SPAD array to be used in quantum optical experiments.
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2. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. In the following we list the components used in the experimental
setup and discuss their properties and influencing factors on the experiment.

Pump Laser A continuous wave (cw) laser with a maximal power output of 80 mW at a wavelength of 405 nm
serves as the pump. The laser is quasi-monochromatic with a spectral bandwidth of 80 MHz.

Polarization The pump emits elliptically polarized light. To maximize the down-conversion rate, a A/4- and a
A/2-plate are used to achieve the desired horizontal polarization.

Telescope A two lens system (f; = fo = 200mm, fo = 200 mm) slightly focuses onto the crystal’s center plane
0. The beam waist of the pump at this plane is wg, = 250 pm and wg, = 300 pm.

PPKTP Crystal A 1mm? x 2mm? x 12mm? periodically poled KTiOPO, (PPKTP) non-linear crystal Gq =
3.51043 pm embedded into a temperature controlled oven provides the source for the down-converted
photons. The oven is maintained at a temperature of 26.0°C to maximize the photon flux onto the
SuperEllen sensor in the far field. The phase mismatch Ak;, s is very sensitive to the poling period G(T),
which can be varied due to thermal expansion.

Bandpass Filter The down-converted photons are separated from the pump by the bandpass filter (BP)
(810 nm, FWHM 10 nm).

4f Imaging System Two lenses (f3 = fi = 50mm) form a 4f imaging system and provide near-field and
far-field planes (Xyp and Xpp) where nanostructures can be placed. The electric field at the plane Xy g
is an exact replica of the field at 3.

Near-Field Imaging A lens fyp = 25.4 mm images the near-field plane ¥y onto the SuperEllen sensor with
a magnification factor M = 9.

Far-Field Imaging A lense frp = 150 mm images the far-field onto SuperEllen. The area covered by the

sensor corresponds in k-space to £36.2mm™', as ¢ = foLF

‘T | I |
fi fo > fs ' fa o fnF SuperEllen
| [ IR -—é-— ] i [ 5 » ¥
A ) A
13 PPKTP BP |
nano structure frr

Figure 1: Experimental setup for the SPDC using a PPKTP nonlinear crystal. A cw laser at 405 nm is slightly
focused by a telescope (f; and f3) and pumps the crystal. The bandpass filter (BP) only transmits the down-
converted photons at a central frequency of 810nm. The 4-f lens configuration (fe and f3) create the fourier
plane Y pr and near field plane X yp. At these planes, a nanostrucure can be placed into the beam. Imaging
onto the detector array SuperEllen occurs by either a 1 lens configuration fyp for the near field or a fourier lens
frp for the far field.
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SuperEllen The single photon avalanche detector (SPAD) array SuperEllen” is kept fixed in place and the
lenses fyp and frp can be slided laterally into the beam path. SuperEllen is connected to a PC on which
a LabView routine allows real-time observation and data acquisition. During the measurements, frames
with less than 2 detection events are skipped in the acquisition, as we are only interested in correlated
photon pairs. The exposure time is set to 30 ns and a coincidence window is defined to be 10 TDC units
(~ 2ns).

Nanostructures Are either placed in the far-field plane ¥ g or near-field plane ¥y . The same nano structure
samples were used to observe the survival and propagation of frequency-bin entangled photons.* The struc-
ture consists of hollow gold nano-pillar arrays (NPAs) and was fabricated using nanocoating lithography.”
A transparent 100 pm polymer film (Zeon Corporation, ZF-14) serves as substrate. On the substrate, NPAs
in a hexagonal pattern are arranged, where the width and height of the pillars are 200 nm, the thickness is
50nm and the pillar-pitch is 460 nm, see Fig. 2 (a).

70 ‘ r
—— NPAs |
flat gold film |
60 - |
|
— I
& 50 | |
= |
) |
Q 40Ff
o=
)
)
o
g a0t
)
=
o]
—~ 204
+~
10
polymer film
0 | | | i
(a) 400 500 600 700 800

wavelength [nm)]

(b)
Figure 2: (a) Schematic of the nano pillar arrays (NPAs) used in the experiment. A polymere film (Zeon
Corporation, ZF-14) serves as substrate and hollow nano pillars in a hexagonal pattern were fabricated by
nanocoating lithography. (b) Transmission spectra of the NPAs and flat gold film. Both reach a transmission of
40% at 810 nm.

Entanglement has been characterized without and with the nano structure was placed either into the near-field
plane Xy or into the far-field plane X pp (see Fig. 1) of the setup.

In order to prove entanglement, the following inequality has been tested, that relates the product of minimum
inferred variances in the far- (momentum space ¢,) and near-field (position space x) of a light source of two
photons labeled 1 and 2. Its violation indicates EPR-type correlations, or entanglement

(1)

Vi = A2 (e1|22) A% (4o des) >

o~ =

The inequality can be rewritten in terms of the width of correlation and anti-correlation peaks, when fitted
by Gaussian functions.

v =52 52 > L (2)
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3. RESULTS

The coincidence detection acquired with the SPAD array are processed (see® for the details) and the correlation
and anti-correlation peaks are extracted for both the x and y directions (Fig. 3). From the width of the peaks, the

value for the inequality are extracted and are V@ —17%102 and V¥ = 1.4 x 10~2 without nanostructure,

man man
Vn(jizl =3.5x 1072 and VYSQL = 2.2 x 1072 with the nanostructure in the near-field and V;ZZL =4.3x 1072 and
Vn(@yizl = 2.5 x 1072 when placed in the far-field. When no nano-structure is present, all methods show that the
biphoton state is indeed of EPR-type and thus the photons are entangled. When NPAs are placed at ¥yp or
Y rr the intensity of the measured signal is reduced and the signal-to-noise ratio drops dramatically. While the
anti-correlation peak stays almost identical, we observe a slight broadening of the correlation peak. Crosstalk
is an effect of the sensor that triggers nearby pixels after a pixel was triggered by an actual detection. This
leads to a rate of false coincidence detection, that are spatially correlated. From an estimation of the crosstalk
probability, this effect can be corrected for.® However, as the signal is lower, the corrected signal is more prone
to bias. This could explain the larger correlation peak. Measurements with a higher density resolution sensor

would allow for a better suppression of the crosstalk effects.

4. CONCLUSION

The survival of spatial entanglement in the interaction of light with nano pillar arrays has been demonstrated by
a simple estimate using the correlation and anti-correlation peak of the near- and far-field, respectively, instead
of analyzing the full second order correlations. When placed in the near-field, the plasmonic excitations due to
the two photons are located within the entanglement area of the SPDC (few micrometers), while in the far-field,
the two entangled plasmons are separated at the millimetre scale. As the process is coherent, entanglement was
expected to be preserved but the experiment nevertheless demonstrates the persistence of photonic entanglement,
not only in polarization and energy degrees of freedom but also for momentum and transverse position. Hence,
applications of spatial entanglement, such as quantum imaging, could be implemented in nanophotonics structure.
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Figure 3: Anti-correlations peaks (a, c, e) of the second order correlations in the far-field and correlation peaks
(b,d,f) from near-field measurements. In (a,b) no structure is present, in (c,d) the NPAs are placed in the
near-field plane, in (e,f) the NPAs are placed in the far-field plane. The width of the peak only increases slightly
when a nanostructure is present, which indicates that the entanglement is mostly preserved.
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A series of single-molecule dysprosium (Dy**) complexes consisting of p-diketonate ligands, L, = 4,4,4-trifluoro-
1-phenyl-1,3-butadionate and Ly = 4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-butadionate, as water-containing
complexes, and the auxiliary triphenylphosphine oxide (tppo) ligand as water-free complexes were investi-
gated as potential white-light emitters. The coordination environment and choice of the ligands play an
important role in the behavior of the yellow/blue emission of the Dy3+ complexes (Y: 4F9/2 - 6H13/2 - yellow,
and B: *Fo/5 — ®Hys/2 and ligand phosphorescence — blue) based on the sensitization efficiency of the Dy>* ion by
the ligands. By introducing the auxiliary tppo ligand in the complex, the relative intensity of the Dy>* emission
increases due to a more efficient sensitization of the Dy34r ion. The CIE (Commission International d’Eclairage)
coordination at room temperature for water-containing, DyL;H,0 (0.340, 0.333), and DyL;H>0 (0.270, 0.249),
and for water-free complexes, DyLitppo (0.364,0.391) and DyLstppo (0.316, 0.331), are close to the co-
ordinates of ‘ideal” white light (0.333, 0.333). The CCT (Correlated Color Temperature) values at room tem-
perature for DyL;H20 (5129 K), DyLyH20 (18,173 K), and DyLatppo (6319 K) correspond to ‘cold-white-light’
emitters, while the DyLjtppo (4537 K) matches a ‘warm-white-light” emitter. Beside emitting in the visible (Vis)
region, the Dy3+ complexes also show emission in the near-infrared (NIR) part of spectrum, which has been
studied in detail.

1. Introduction

The growth of the global energy consumption has accelerated
development and usage of energy-saving smart devices and energy-
efficient solid-state lighting (SSL). Solid-state white-light-emitting ma-
terials posses exceptional properties such as energy saving and long
operational lifetime, which has already led to their widespread appli-
cation covering large-panel displays to ambient lighting [1-3]. First, the
SSL sources can be subdivided based on the materials, from which they
are made of, either inorganic phosphors (LED) or organic molecule
semiconductors (OLDE). From another perspective, the SSLs are sub-
divided in two categories based on the way they are stimulated to emit
light, that is, by UV excitation (LEDs) or by electrical excitation (OLEDs).

* Corresponding author.
** Corresponding author.

SSLs are much more efficient compared to the classical incandescent
lamps, or environmentally friendly as compared to fluorescent and
mercury lamps [4-6].

In general, there are two different approaches to obtain white-light
emission (WLE): using dichromatic emitters (blue and yellow (B/Y) or
blue and red (B/R)), or by using trichromatic emitters which combine
the three primary colors (red, green, and blue (RGB)) [1,7-19]. White
light is obtained by using separate dopants or multiple phase matrices
such as organic compounds, metal complexes, nanomaterials, hybrid
organic-inorganic materials or inorganic phosphors. All these types of
materials have some unique characteristics to exploit their advantages in
obtaining white light, but sometimes it is necessary to mix different
types of materials to achieve the intended goal. On the other hand,
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white-light emission (WLE) from single molecules can also be achieved,
spanning the whole visible (Vis) spectrum [20-25]. The advantage of
such systems is that they consist of a single phase single emitter, and this
simplifies the production of lighter and thinner materials, which is
highly favorable for the implementation of optical devices [26].

Additionally, because of the unique properties of the lanthanide
(Ln®") ions, lanthanide complexes, are interesting platforms for appli-
cations in lighting technologies. The Ln®>* luminescence arises from 4f —
4f transitions, which correspond to characteristic colors (wavelengths)
from the ultra-violet (UV) across the Vis to the near-infrared (NIR)
spectral region. Unfortunately, the 4f — 4f transitions are difficult to
excite directly according to Laporte’s rule and a way to overcome this
disadvantage is by using organic chromophores which act as antenna to
sensitize the Ln>" ions [27]. B-Diketonate complexes are well known in
lanthanide coordination chemistry and have been studied in extent [28,
29]. Their ability to excite virtually every spectroscopically active Ln>*
ion to obtain the pure Ln®* luminescence colors, as well as their pro-
cessability into more complex matrices creates the opportunity for a
wide range of applications, such as lighting, ion sensing, temperature
sensing, telecommunications, etc. [30-33] The organic chromophores in
this case should be designed or chosen to act as antennas for the Ln®",
but at the same time they should be able to emit by themselves to yield
the blue component necessary to obtain white light. The design of such
WLE Ln®" complexes is in fact typically based on the combination of an
organic chromophore which emits in the blue region, with a Ln>" ion
that emits in the yellow (Dy>*) or in the red (Eu®") region [34-50].

Here, we present a series of single-molecule WLE tris Dy>" p-diket-
onate complexes of two different f-diketonate ligands (4,4,4-trifluoro-1-
phenyl-1,3-butadionate and 4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-
butadionate), with either coordinated water molecules or triphenyl-
phosphine oxide (tppo) as co-ligand, which can be excited at 365 nm
[50,51]. Simultaneous emission from the ligand and Dy3+ has been
observed, giving rise to WLE, which by modifying the coordination
environment, could be altered from deep cold (blue) to warm (yellow)
white light. In addition to white emission in the Vis region, the series of
Dy>* complexes also showed emission in the NIR spectral region.

2. Experimental Section
2.1. Materials

DyCl3+6H20 (99.9%), 4,4,4-trifluoro-1-phenyl-1,3-butadione (Hbfa)
99% and triphenylphosphine oxide 98% were purchased from Sigma
Aldrich. The 4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-butadione 98% was
purchased from TCI Europe. Methanol (laboratory grade, 100%) and
NaOH were purchased from Fisher Scientific. All chemicals were used
without further purification. All reaction were carried out under atmo-
spheric conditions.

2.2. Synthesis of [Dy(Li2))3(H20)2] and [Dy(L12))3(tppo) 2] complexes

The synthesis procedure has been previously reported in detailed and
will be only discussed in short [51]. The synthesis of [Dy(L1(2))3(H20)-]
was done in methanol by first dissolving an appropriate amount of
ligand L; and Ly (0.9 mmol), which were then deprotonated with an
equimolar amount of NaOH prior to the addition of methanol solution of
DyCl3+6H>0 (0.3 mmol). The obtained crystals were recrystallized from
methanol solution and used for further analysis. The synthesis of [Dy(L,
2))3(tppo)2] was done in methanol, by addition of a methanol solution
of [Dy(Li(2))3(H20)2] (0.1 mmol) to dissolve triphenylphosphine oxide
(tppo) (0.2 mmol) and the complexes were used without any additional
purification. No crystals suitable for single crystal X-ray diffraction
could be obtained due to the formation of twinned crystals during
crystallization.

[Dy(L1)3(H20)2] DyL;H20: Elemental analysis (%) calculated for
C30H22F90gDy (847.00): C 42.54, H 2.98, found: C 42.45, H 2.93. FT-IR
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(KB1) Vmax (cm’l)): 3657 (s; vst O-H, free), 3449 (w; vst O-H, H-
bonded), 3083, 2774, 2601, 2525 (w; vst C-H and Fermi resonance),
2482, 2381, 2321, 2273, 2229, 2137 (w; aromatic overtone), 2085
2044, 1985, 1908, 1863, 1820, 1775 (w; comb, aromatic), 1667 (w; vst
C=0, keto form), 1628, 1571, 1532, 1493, 1467 (w; vst ar C-C), 1379,
1288 (w; vst C-F, CF3), 1249, 1197, 1144 (w; vst C-F, CF3 and &ip ar
C-H), 1096 (w), 1027 (s; dip ar C-H), 996 (s; doop C-H), 817 (w; y ar
C-C and vst C-Cl), 773, 721 (w; & C-F, CF3, 8oop C-H and y ar C-C and
vst C-Cl). ESI-MS (negative mod, -), m/z: 868.00 [M + Na-2H]’, 1023.97
[M+2Br + H] Isotope used for calculation is 164Dy.

[Dy(L2)3(H20)2] DyLoH20: Elemental analysis (%) calculated for
C30H19Cl3F9OgDy (950.33): C 37.92, H 2.33; found: C 37.88, H 2.25. FT-
IR (KBr) vmax (ecm™): 3657 (s; vst O-H, free), 3434 (s; vsy O-H, H-
bonded), 3072, 2779, 2677, 2591 (w; vss C-H and Fermi resonance),
2508, 2434, 2389, 2327, 2286, 2232, 2133 (w; aromatic overtone),
2096, 2051, 1911, 1796 (w; comb, aromatic), 1681 (w; v C=0, keto
form), 1627, 1574, 1536, 1487, 1463 (w; vs ar C-C), 1401, 1359, 1294
(w; v C-F, CF3), 1248, 1191, 1146 (w; vs; C-F, CF3 and &;, ar C-H), 1096
(w), 1014 (s; &;p ar C-H), 944 (s; Soop C-H), 849 (w; y ar C-C and vg;
C-CD), 799, 738, 705, 664 (w; & C-F, CF3, 8o0p C-H and y ar C-C and vg
C-Cl). ESI-MS (negative mod, -), m/z: 972.00 [M + Na-2H]", 1159.00
[M+2Br + HJ'. Isotope used for calculation is 164Dy.

[Dy(L1)3(tppo)2] DyLjtppo: Elemental analysis (%) calculated for
CesHagFoOsP2Dy (1367.54): C 57.97, H 3.76; found: C 57.88, H 3.70. FT-
IR (KBr) Vmax (em™): 3267, 3147 (w; vst C-O, enol beyond the range),
3061 (s; vst ar C-H), 2965, 2913, 2771, 2710, 2599 (w; vst C-H and
Fermi resonance), 2520, 2471, 2434, 2381, 2323, 2278, 2129 (w; aro-
matic overtone), 2088, 2030, 1969, 1895, 1820 (w; comb, aromatic),
1776, 1713 (w; vst C=0, keto form), 1656, 1577, 1535, 1491, 1442 (w;
vst ar C-C), 1376, 1323 (w; vst C-F, CF3), 1290 (w; vst P—=0), 1244,
1199, 1146 (w; vst C-F, CF3, dip ar C-H and vst R3P—0), 1094, 1075,
1026 (s; dip ar C-H and vst R3P—=0), 997, 972 (w; vst R3P—=0), 943 (s;
Soop C-H and vst R3P—=0), 848, 807, 795 (w; y ar C-C and vst P-C), 758,
725, 635 (w; 8 C-F, CF3, oop C-H and y ar C-C). ESI-MS (positive mode
+), m/z: 1428.00 [M + Na + ACN]*, 1150.00 [M-tppo + Na + ACN]™,
870.00 [M-2tppo + Na]*. Isotope used for calculation is *¢*Dy.

[Dy(L2)3(tppo)2] DyLotppo: Elemental analysis (%) calculated for
C66H45C13F908P2Dy (1470.87)2 C 53.89, H 3.29; found: C 53.80, H 3.25.
FT-IR (KBr) vmax (em™b): 3265, 3146 (w; vst C-O, enol beyond the
range), 3060 (s; vst ar C-H), 2961, 2920, 2829, 2768, 2714, 2586 (w; vst
C-H and Fermi resonance), 2467, 2380, 2327, 2286, 2249, 2129 (w;
aromatic overtone), 2088, 2039, 1964, 1898, 1820 (w; comb, aromatic),
1776 (w; vst C=0, keto form), 1627, 1594, 1533, 1483, 1438 (w; vst ar
C-C), 1380, 1318 (w; vst C-F, CF3), 1288 (w; vst P—0), 1240, 1187,
1141 (w; vst C-F, CF3, 6ip ar C-H and vst R3P—=0), 1088, 1067, 1030 (s;
8ip ar C-H and vst R3P—=0), 1014, 972 (w; vst R3P—=0), 930 (s; doop
C-H and vst R3P—0), 849, 783 (w; y ar C-C and vst P-C), 725, 693, 660
(w; & C-F, CF3, 8oop C-H and y ar C-C). ESI-MS (positive mode +), m/z:
1497.87 [M + Na + ACN]™, 1218.87 [M-tppo + Na + ACN]™, 980.00
[M-2tppo + Na]™. Isotope used for calculation is 164Dy.

2.3. Characterization

Luminescence measurements were performed on an Edinburgh In-
struments FLSP920 UV-Vis-NIR spectrometer setup. A 450 W Xe lamp
was used as steady-state excitation source. Time-resolved measurements
were recorded using a 60 W Xe lamp operating at frequency of 100 Hz. A
Hamamatsu R928P photomultiplier tube was used to detect emission
signal in the visible region. A Hamamatsu R5509-72 multiplier tube was
used to detect emission in the NIR region. The absolute quantum yield
(QY) of the complex was determined using an integrating sphere coated
with BENFLEC (provided by Edinburgh Instruments) and calculated
using Equation (1):

_ J LemissiondA
J Eviancdd = [ Eampied

n @
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Where Lemission iS the integrated area under the emission spectrum (dA =
400-700 nm), Epjank is the integrated area under the “excitation” band of
the blank, and Esanple is the integrated area under the excitation band of
the sample (as the samples absorbs part of the light, this area will be
smaller than Epjani). All luminescent measurements were recorded at
room temperature. Crystals were put between quartz plates (Starna
cuvettes for powder samples, type 20/C/Q/0.2). The time-resolved data
were fitted with a biexponential function where the short component (in
the range from 1.4 to 1.9 ps) is attributed to the Xe lamp signal, while the
longer component is associated to the emission signal of the Dy>*
complexes and are presented in Tables 1 and 2. Only for the samples
DyL;tppo and DyLatppo the emission signal at ~995 nm, with a signif-
icantly longer decay time, was fitted with a monoexponential function.

Fourier Transform Infrared (FTIR) spectra were acquired in the re-
gion of 400-4000 cm™! with a Thermo Scientific Nicolet 6700 FT-IR
spectrometer equipped with a nitrogen-cooled Mercury Cadmium
Telluride (MCT) detector and KBr beam splitter; samples were measured
in KBr pellets. Elemental analysis (C, H, N) was performed on a Thermo
Fisher 2000 elemental analyzer, using V.Os as catalyst. ESI-MS was
performed on an Agilent 6230 time-of-flight mass spectrometer (TOF-
MS) equipped with Jetstream ESI source and positive and negative
ionization modes were used.

3. Results and discussion
3.1. Synthesis and characterization of Dy>" complexes

The complexes were synthesized using mild reaction conditions,
where the p-diketonate ligand was deprotonated with an equimolar
amount of sodium hydroxide and reacted with the Dy>" ion in a stoi-
chiometric ratio in methanol. The high reactivity of the B-diketonate
ligand toward coordination to Dy>* ions prevents the formation of
highly insoluble lanthanide hydroxides, which could be formed under
basic conditions. The complexes with formula [Dy(L;)3(H20)2] (L; =
4,4,4-trifluoro-1-phenyl-1,3-butadionate) and [Dy(L)3(H20)2] (Lp =
4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-butadionate) were isolated. The
synthesis of water-free complexes was performed by introducing tppo in
methanol solution in a stochiometric ratio to the [Dy(L1(2))3(H20)2]
complex to form and isolate the water-free complexes with formula [Dy
(L1)3(tppo)2] and [Dy(Ly)s(tppo)z2]. These complexes have been char-
acterized by FT-IR, ESI-MS (see SI Figs. S1-S8) and elemental analysis
which confirmed that all the complexes have the same composition as
the previosly reported analogs [51,52].

3.2. Steady-state and time-resolved photoluminescence (PL) studies

3.2.1. Steady-state and time-resolved PL of Dy>" complexes in the visible
region

Upon excitation into the p-diketonate ligand absorption band (see SI
Figs. 59-S12) with UV light all studied Dy>* complexes showed emission
in the Vis and NIR spectral range displaying the characteristic Dy>"
peaks. In Fig. 1, the PL emission spectra of DyL;H0, DyLitppo (a),
DylL,H,0 and DyLytppo (c) are presented. The Dy *Fg/5 — ®His/o
transition appearing at 480 nm, the 4F9 /2 — 6H13 /o transition at 575 nm
and the 4F9 /2 — %H,; /2 transition at 660 nm are clearly observed. Besides
the emission peaks of the Dy3+ ion, a broad band (400-450 nm) with a
peak maximum at ~ 430 nm is observed, which is assigned to ligand-
centered emission. In water-free complexes the relative intensity of
this broad band is lower as compared to its intensity in water-containing
complexes. The advantage of the introduction of the tppo ligand into the
water-containing complexes brings two benefits: first, the exclusion of
water molecules from the first coordination sphere around the Dy** ion
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Fig. 1. (a) PL emission spectra of DyL;H,O and DyL;tppo, excited at 365 nm
and measured at RT; (b) decay profile of DyL;H,0 (blue) and DyL;tppo (or-
ange) observed at 575 nm; (c) PL emission spectra of DyL,H,0 and DyL,tppo,
excited at 365 nm and measured at RT; (d) decay profile of DyL,H>O (blue) and
DyLotppo (orange) observed at 575 nm * Contamination of the DyCl3+6H,0 salt
with europium salts not influencing the photophysics of Dy>*. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

(reducing quenching) and second, a more efficient energy transfer from
the tppo ligand to Dy>*, increasing the relative intensity of the metal
peaks in the emission spectra in comparison to the ligand band (Fig. 1 a
and ¢).

Time-resolved measurements (Fig. 1 and Table 1) show that the
decay dynamics of the Dy>* “Fy,5 level is monoexponential and that the
water-free complexes have slightly longer luminescent lifetimes
compared to the water-containing complexes, likely because of the
reduced quenching efficiency by high-energy oscillators related to the
water molecules in the first coordination sphere. The sensitization effi-
ciency of the Dy>" ion in the water-free complexes is estimated to be
slightly higher as well, because of the possible contribution of the tppo
co-ligand to the process. In fact, to realize an efficient energy transfer
(ET), the difference between the energy donor, being the triplet state
(T1) of the ligand, and the acceptor, being the emitting level of the Ln®*
ion, should be ideally between 2500 and 3500 cm~'. While an energy
match between the donor and acceptor states is key to an efficient ET, a
small energy gap, which could easily be overcome in molecular com-
plexes by a vibrationally assisted ET, is also desirable to prevent
collateral back energy transfer (BET) which could reduce the efficiency
of the metal-to-ligand sensitization process (Fig. 2) [53]. This issue is

Table 1
Luminescence lifetimes and absolute quantum yields in the visible range for the
Dy>* complexes.

Compound T (ps) R? QY [%]
DyL;H,0 9.85 0.996 4.94
DyL tppo 11.41 0.996 5.32
DyL,H20 9.38 0.995 3.00
DyLytppo 10.49 0.996 3.58




D. Mara et al.

a 40— L, Dy tppo

S, -

30— Isc
4 s,
25— Isc ET

7 T < S
20— o

ET

/—\ T,
4., AE =3000 cm!
Faz

oF Abs

- BET

Energy (103 cm™)

- *H
512

92
5 —| 12

b 132 l
0 — So 1512

b 40— L Dy tppo

el LU >
eI

w

&

Sy ET
25— 1sc ET

T

F AE=500cmt o7 “Faz AE = 3000 cmt
Abs BET L

P‘ F Abs
15— | 1%

! 52

|

|

|

|

Energy (103 cm-")
N
o
|

7
o2
112

s ] 12 == l

o s i l ' S
Fig. 2. Jablonski diagram for the Dy>" complexes with the ligand L, (a) and
with the ligand L, (b). Sp - singlet ground state, S; — singlet excited state, Ty —

triplet state, ISC — inter system crossing, ET — energy transfer, BET — back en-
ergy transfer, Abs — absorbance, FS — fluorescence, PL — photoluminescence.

particularly relevant in Dy3+ compounds where the long-lived main
emitting *Fo 5 level is placed at ~21,000 cm ™}, an energy that is rela-
tively high with respect to the triplet energy level of most organic li-
gands. In the water-free compounds, the tppo co-ligand has a higher
triplet state (T; = 23,800 cm™') compared to the triplet states of ligands
L; (T; = 22,500 em V) and L, (T; =21,500 em Y and is expected to be a
more effective antenna towards Dy3+ [54,55]. These observations
explain the increased relative intensity of the ligand-centered emission
in the derivatives with ligand Ly, particularly with coordinated water,
indicating a less effective ligand-to metal sensitization (Fig. 1).

3.2.2. Steady-state and time-resolved PL of Dy>* complexes in the NIR
region

When exciting into the absorption bands of the ligands, the investi-
gated complexes, DyL;H20 and DyL;tppo (Fig. 3a and b), DyLaH20 and
DyLatppo (Fig. S13a and 13b in SI), show NIR luminescence. The PL
spectrum in the range 800-1650 nm is dominated by the characteristic
emission peaks of Dy>* corresponding to the following transitions: “Fg/5
— 6H7/2 + 6F9/2 (846 nm), 6H5/2 + 61:“7/2 — 6H15/2 (~ 994 nm), 6F3/2 —
®Hy3/3 (1066 nm), *Fo 2 — °Fs2 (~ 1170 nm), °F11/2 — ®His 2 and *Ho,z
— SHy5/2 (~ 1320 nm), *Fg/2 — Fy /2 (1404 nm) and ®Fs/5 — ®Hyy/2 (~
1500 nm) [56]. However, the DyLaH20 complex (Fig. S13a) only shows
a clear emission peak at 1317 nm while the other peaks in this region are
not visible. This is likely ascribable to a significant quenching effect on
the Ln®" ion to NIR-emission by high-strength oscillators such as C-H (v
C-H at 1650 nm and 3v C-H 1130 nm) and O-H (2v O-H at 1400 nm),
especially for water molecules directly bonded to the emitter [50].

The luminescence decay traces of the Dy complexes in the NIR
have been recorded at 994 nm and ~ 1320 nm corresponding to the ®Hs,
2+°F; 2 and %H, /2 + oF1; /2 levels, respectively. All decay traces are well
fitted with a monoexponential function (see Experimental Section for
details), pointing to the existence of one population of emitters and
confirming the purity of the samples.

As expectable, for both series of complexes with ligands L; and Lo,
the emission signal can be only barely detected in water-containing
complexes (Fig. 3c and S13c). This effect can be attributed to vibra-
tional quenching through the third harmonic of the OH stretching, as
was previously observed in analogous yb3+t complexes [51].
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Fig. 3. NIR PL emission spectra of DyL;H,0 (a) and DyL;tppo (b), excited at
365 nm and measured at RT; (c) decay profile of DyL;H,0 (blue) observed at
846 nm, DyL,tppo (orange) observed at 994 nm; (d) decay profile of DyL;H,0
(blue) and DyL;tppo (orange) observed at 1320 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Observed luminescence decay time constants and corresponding Dy®*
transitions.

Compound A (nm) Transition T (ps) R?
DyL;H,0 846 *Fg/5 = ®Hy o + Fo)n 10.82 0.998
1320 ®F11/2 — ®His/n 10.34 0.997
®Hg,» — ®His/z
DyL1tppo 994 5F;/5 — ®His/n 15.07 0.997
®Hs/3 — ®His/z
1320 ®F11,5 — ®Hys/n 10.71 0.998
®Ho,5 — ®His/»
DyL,H,0 1320 F11/2 = ®His/o 10.73 0.996
®Hoy» — ®His 2
DyLatppo 994 *Fo/3 — °F7 s 16.33 0.998
1320 ®F11/2 — ®His/n 10.34 0.997

6 6
Ho/2 — "His/2

Interestingly, the decay dynamics of the 6F1; 2+ 6H9 /2 — 6H15/2 tran-
sition at 1320 nm is very similar for the water-containing complexes and
the tppo derivates of the same ligands. This finding seems apparently in
contrast with the expected shortening of the lifetimes in the presence of
bound water molecules and with observation made for the relaxation of
the 4F9/2 level. However, the change of the coordination environment,
following the replacement of water molecules by tppo ligands, is likely
to induce a significant variation of the oscillator strength of the transi-
tion, possibly leading to a decrease of the radiative lifetime in the
water-free compounds [51,57]. This could therefore explain the similar
observed lifetimes despite the envisaged quenching effect by water
molecules. It should be also noted that the discrepancy of the observed
lifetime values between the complexes with ligands L; and Ly (Table 2),
despite the similar amount of quenching sites, is attributed to a differ-
ence in the radiative lifetime dynamics induced by the subtle differences
in the ligand structure, further highlighting the relevant role of the co-
ordination environment of the emission properties of these compounds.

3.3. White-light emission (WLE) of Dy** complexes

The CIE chromaticity diagram (Fig. 4) shows that the Dy>*
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Fig. 4. The CIE chromaticity diagram with the color coordinates of the Dy>"
complexes excited at 365 nm. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Table 3

CIE color coordinates (x,y) and CCT for the Dy>* complexes in the solid state.
Compound X y CCT (K)
DyL,H,0O 0.340 0.333 5129
DyLitppo 0.364 0.391 4537
DyL,H,0 0.270 0.249 18,173
DyLatppo 0.316 0.331 6319

complexes with both ligands, L; and Ly, are emitting in the region from
cold to warm white light upon excitation with UV light (365 nm).
Exciting by different wavelengths in the ligand absorption bands did not
result in significant emission differences. According to the CIE co-
ordinates (Table 3) obtained for the DyL;H20 and DyLatppo complexes,
the emitted white light is close to the pure white light (CIE 1931 chro-
maticity x = 0.333, y = 0.333) with Correlated Color Temperatures
(CCT) of 5470 K. Instead, the CIE coordinates for the DyL;tppo complex
are more situated toward the warm white light region leaning toward
yellow-white light and the DyLoH20 complex shows emission in the
cold-white light region, corresponding to blueish-white light. As it can
be seen in the CIE diagram, color tunability was achieved by changing
the coordination environment by introducing the auxiliary tppo ligand.
This resulted in tuning the color for the complexes with ligand Ly from
blue to white light, while for the complexes with ligand L; the color was
tuned from white to yellow-white light. The observed tunability is in
accordance with the decrease of the intensity of the residual blue
emission from the p-diketonate ligand upon introduction of the tppo co-
ligand, as previously discussed.

4. Conclusions

A series of water-containing and water-free Dy B-diketonate
complexes were prepared with two ligands, L; and Ly, with similar
chemical properties but with a slight structural difference. In the ligand
Ly the H-atom of the phenyl ring in para-position to the p-diketonate
group was substituted with a Cl-atom. The water-free complexes have
been prepared with a neutral tppo co-ligand that excludes water mole-
cules from the first coordination sphere of the Dy®>" ion and acts as an
additional sensitizer for energy transfer to the nearby Dy>* ion. All the
complexes showed emission with characteristic transitions in both Vis
and NIR region. The proximity of the energies of the triplet (T) states of
ligands L; and L; to the emitting level of Dy>" (*Fg/2) led to a partial
depopulation of the ligand excites states and resulted in the observation

Journal of Luminescence 243 (2022) 118646

of ligand emission in the visible blue in addition to the emission of the
Dy>" ion in the yellow-green region. This was exploited to obtain white-
light emission. The observed WLE of DyL;H20 (x = 0.340, y = 0.333)
and DyLatppo (0.316, 0.331) is close to ideal white light with CCT in the
cold white-light region. Interestingly, the complexes also yield the rarely
observed Dy®™ - centered NIR emission with a peak at 1320 nm falling in
the O-band region of interest in optical telecommunications. The careful
design of a ligand that would promote the emission in the NIR region,
without enhancing the quenching of Dy>* emission in this region, could
introduce Dy>" as an alternative to the commonly used NIR-emitting
lanthanide ions, such as Er* and Nd3*, that are currently exploited
for optical telecommunications. Also the possibility of wider use such as
multifunctional molecular materials such as optical applications (light-
ing) and molecular magnets can be interesting for further design.
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Negative thermal expansion (NTE) is important for compensation of
thermal dilatation effects and has significant applications in high-
precision devices and instruments. Several materials with intrinsic
negative expansion exist but are chemically complex, difficult to
manufacture and their thermal expansion coefficients (TECs) are
small, typically in the order of 105/K-10"5/K. Here we present a
metamaterial with a large NTE, with TEC in the order of 1073/K,
enabled by thermo-osmosis of entrapped air molecules through a
multitude of nanometer-thin layers. We have generated this material
by holographically patterning a biopolymer (dichromated pullulan).
The presented manufacturing process is quite simple and capable of
generating large-area NTE materials. The concept of achieving (NTE)
through thermo-osmosis is universal and can be extended to many
other polymers. Our research, for the first time, introduces a relation
between NTE and thermo-osmosis.

Introduction

All materials change their dimensions with temperature due to
thermally dependent interatomic distances." This behavior is
quantified by linear («;) or volumetric (,) thermal expansion
coefficients (TEC):

1)

where d/ and dV are length [ and volume V changes induced by
temperature difference d7, respectively.> Almost all materials
expand upon heating and the thermal expansion coefficient is
thus positive (PTEC). Organic materials and polymers usually
have a larger coefficient of thermal expansion (PTEC greater
than 10 %K) than inorganic materials (such as metals and
ceramics with PTEC of about 10~%/K).?
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Materials with negative thermal expansion coefficients (NTECs)
are expensive, rare (except water between 273 K-277 K) and their
chemical composition is very specific."” One of the main goals
of NTE research is finding materials with large NTECs to
compensate PTECs. In materials associated with a magnetic,
ferroelectric or charge-transfer phase transition a large NTE has
been discovered and such materials are used as thermal-
expansion compensators.®

The development of a material with a large NTEC is possible
by designing special structures made of several constituents.”®
For example, origami structures, consisting of a bi-material’s
2D or 3D lattices, enable tailoring metamaterials with novel
mechanical properties, including a wide range of PTECs and
NTECs.’ Such NTE materials have important applications for
the control of the thermal expansion of materials. They allow
adjustment of the thermal expansion of composites and can be
used in microchip devices,'® as dental fillings,"" in optical and
electronic devices,'? for fasteners'® and as coating materials."*
However, such materials have a complex geometry difficult to
manufacture.

Many methods have been used to fabricate metamaterials:
laser interference lithography,'® electron-beam lithography,®
direct laser writing,"” and focused-ion beam (FIB),"® to mention
just a few. Metamaterials can be fabricated from different sub-
stances including photoresists,'® semiconductors,”® and metals.”*
Holographic methods stand out as being capable of producing
one-, two- and three-dimensional periodic metamaterials. Large
areas can be fabricated simply and cheaply in a matter of minutes.

Here we describe a holographic method for generation of
mechanical metamaterials with simple architecture and high
NTECs, much higher than those of the other materials we found
in the available literature. Pullulan, a biological polysaccharide,
is used as a base material, which is further sensitized and
holographically patterned at the nanoscale. Structural, optical
and mechanical properties of the resulting metamaterial are
studied, its NTEC measured and a thermo-mechanical model,
explaining NTE behavior, presented. We also disclose a new
physical mechanism behind such unusual behavior.
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Holographic generation of mechanical
metamaterial

Doped pullulan is a home-made holographic photosensitive
material used throughout this research to manufacture layered
metamaterial and analyze its thermo-mechanical behavior.
Pullulan is a linear polysaccharide produced from the yeast-
like fungus Aureobasidium pullulans. The material is composed
of maltotriose units connected by o-p-1,6-glycoside linkages®
and can be photosensitized with chromium ions to produce
dichromated pullulan (DCP)** as a transparent, thermo-stable
film. Properties of DCP films as holographic material-surface
gratings, its diffraction efficiency, copying and environmental
stability-were previously investigated.****

DCP film was prepared by mixing an 8% aqueous solution of
pullulan and 30% ammonium dichromate, which was poured
on a flat glass plate. After drying, a thin film was placed in the
holographic setup to produce a volume Bragg grating.”® To do
that, the laser beam from a single-frequency, a diode pumped
Nd-YAG laser, at 532 nm, was expanded to expose the pullulan
film at normal incidence. A mirror was set behind the film and
a volume Bragg grating was recorded inside the DCP film by
interference of two counter propagating beams. The interference
pattern is responsible for generation of a large number of
alternating DCP and air layers, parallel to the substrate. After
exposure, the pullulan film was chemically processed by washing
the plate in a mixture of water and isopropanol, followed by
drying in pure isopropanol. Finally, the grating is slowly and fully
dried in a closed vessel.

The resulting hologram is about 10 um thick and has a
complex structure, as shown in Fig. 1. On the nanoscopic level,
the structure is characterized by approximately fifty Bragg
layers. They are mutually separated and supported by nano-
pillars with a diameter of up to 50 nm, enabling the mechanical
stability of the whole structure.

Fig.1 A cross-section of pullulan metamaterial (recorded using a
scanning electron microscope) showing pullulan layers separated by
nanopillars.
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The metamaterial acts as a selective reflector in the specific
band of wavelengths in accordance with the Bragg’s law:

A =2(ngl, + nply) 2

where [, and [, are the thicknesses of the air and pullulan layers
(both about 100 nm), and refractive indices r, = 1 and n, = 1.45,
respectively. A Bragg maximum (as defined in eqn (2)) depends
on thermal variation of refractive indices and layer thicknesses.
Thus, the spectral shift as a function of temperature can be
found by taking the first derivative of eqn (2):

dz dng  dl, o dn, di,
— =2 a y a = e
a7 <l ar gy gy g )

This optical property of the DCP metamaterial was
measured in a heating/cooling cycle. The sample was heated
and cooled using a Peltier element (controlling temperature
between 295 K and 323 K) and the reflection spectra of the
white light from the halogen lamp were recorded using a fiber
type spectrometer. A thermocouple was embedded within the
sample to obtain accurate measurement of the temperature. As
can be seen in Fig. 2a, the reflectance peaks are blue-shifted
from 580 nm to 535 nm during heating, exhibiting a negative
spectral shift of 45 nm for a positive temperature difference of
+25 K (equivalent to 1.8 nm K™ '). Upon temperature decrease, a
spectral maximum returns close to its initial position. Spectral
shift vs. temperature, for the whole heating-cooling cycle,
shows characteristic hysteresis, as in Fig. 2b. The hysteresis
effects are inherent to many natural phenomena. In our case,
we assume that hysteresis is a consequence of the nonlinear
viscoelastic behaviour of the polymer,®” ie. pullulan nano-
pillars, with temperature. Upon heating, air diffuses through
membranes and escapes into the surrounding environment,
lowering the pressure inside the multilayer. Outside pressure
then compresses the layers until a new mechanical equilibrium
is achieved. Due to the compression of the layers, the pullulan
nano-pillars are bent. It is assumed that at higher temperatures
the viscoelasticity of the pillars slightly decreases. Thanks to the
capability to creep,”” after strain due to pressure, the pillars
return to their initial state, with a slightly lower temperature
than the initial one.

Thermal behavior of optical systems is typically explained by
thermal expansion and thermal variation of the refractive indices
(as in eqn (3)). In the following, we will show that these mechan-
isms cannot account for the large and negative spectral shift.

First, we experimentally determined the linear TEC of a pure,
unstructured DCP film. A circular, freestanding DCP membrane was
produced, clamped at its perimeter, and its central zone was heated
with the laser beam. The temperature of the film was measured
using a thermal camera, while the resulting thermal bending was
measured using digital holographic interferometry. The linear
expansion coefficient was calculated from the recorded interfero-
gram, Fig. 3, and found to be opcp = 8.8 x 10 °/K, which is in
agreement with the values obtained for other polysaccharides.”**®

Now we can calculate spectral shift of the Bragg maximum
using eqn (3). The thermo-optic coefficient of air (dn,/dT)*° is

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Interferogram of the thermal bending of the DCP film.

very small and the first term in eqn (3) can be neglected.
Additionally, thicknesses of air and pullulan layers are almost
the same [, = [, = [ and eqn (3) can be simplified:

i dl dn, dl
d_T = 2 (ngd—T =+ ld—T + np—) (4)

In a linear approximation dilatation d/ = «T (see eqn (1)) and
finally:

i (dn,
G721 aln) G)

We were not able to measure the thermo-optic coefficient of
DCP, and we assumed the largest thermo-optical coefficient
recorded up to now, dn/dT = —5 x 10~ */K.>'

By including these values of thermal constants dn/dT and
apcp into eqn (5), together with the value of the layer thickness
[ =118 nm and refractive indices of air and pullulan, we have
found that the expected temperature shift of the Bragg peak is
dA/dT = —0.07 nm K. This value is much lower than the one
recorded experimentally, d4/dT = —1.8 nm K ', and classical
thermal effects fail to explain the very large NTEC.

This journal is © The Royal Society of Chemistry 2021

Communication

(b)

5804 = Cooling measured
- Heating measured

570 —— Fit

c — Fit

=

£ 560+

<2}

&

o 5504

>

®©

= 540
530

295 300 305 310 315 320 325
Temperature [K]

(a) Reflectance spectra of DCP metamaterial during heating and (b) spectral peak shift during a heating and cooling cycle.

As shown above, while the change in the DCP film thermal
expansion is small, the thickness variation of air layers must be
the main contributor to the overall metamaterial contraction.
From the experimentally observed spectral shift and a tem-
perature change of +25 K, the calculated change in air layer
thickness (using eqn (2)) is —22 nm. Knowing that there are
fifty Bragg layers, the total thickness change is d/ = —1.1 um.
Knowing that the initial thickness of the material is / = 10 um,
we estimate (using eqn (1)) that the linear thermal expansion
coefficient of DCP metamaterial is opcpm = —4.4 X 107%/K. This
value is quite large, compared to values of NTEC, available in
the literature. The results presented here have been verified in a
series of experiments on many different samples. We have
found that the behaviour of pulullan metamaterial is the same,
confirming a negative thermal expansion with NTEC of the
order 10 */K.

Thermo-osmotic mechanism of
negative thermal expansion

As explained above, negative and large TEC cannot be explained
by usual and simple thermal effects (thermal dilatation and
refractive-index variation). In this section, the peculiar behavior
of DCP metamaterial is explained through thermo-osmosis,** a
process defined as fluid or gas diffusion through a membrane
due to a temperature gradient.**** This phenomenon was
found in many areas from biology®* to energy harvesting.>®

We should note that the pullulan layers are very thin (about
100 nm) and their mutual separation is of the same order of
magnitude. In such a small volume, only a small number of air
molecules are entrapped between the pullulan layers (the mean
path length of air molecules is 67 nm under normal conditions)*®
and molecules diffuse through the layers, depending on the
temperature difference between the layer and their environment.
In a thermal equilibrium, a net flow of molecules between the
layer and the environment is zero. If the temperature of the layer
rises, more molecules escape the layer, lowering the pressure
inside the layer. The resulting pressure difference compresses the
layers, supported only by tiny nanopillars (Fig. 1).

J. Mater. Chem. C, 2021, 9, 8163-8168 | 8165



Communication

Diffusion through permeable membranes is described by
Fick’s law,” which determines the diffusive flux per unit area @
as a function of pressure p, and membrane thickness [

g=" ©
where P is membrane permeability, which is an intrinsic
property of the material.
Effects of temperature on gas permeability were previously
analyzed.*®>° For gases, the temperature-dependence of perme-
ability is defined according to the Arrhenius relationship:

7Ep
P = PyexpRT (7)

where P, is a constant (a kinetic frequency factor), R is the gas
constant, and Ep is the activation energy for permeation.
According to the above equation the gas permeability increases
with temperature.

For simplicity of the further analysis, we will explore a
single membrane separating a closed compartment from the
surrounding air environment; see Fig. 4.

We suppose that the environment is a thermal reservoir with
infinite capacity at constant temperature T, and pressure p,. If
a compartment with a membrane is at temperature T; and
pressure p;, we have a flux @; of molecules diffusing out of the
compartment into the environment and flux @, of particles
flowing from the environment into the compartment, i.e. by
combining eqn (6) and (7):

E

By =Lroexp T (®
()]
To, Po ’ A air
membrane
Tll pl Y .
air
D,

Fig. 4 Compartment with a single membrane, where T and p are
temperatures and pressures, while @ are fluxes.
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pi &
@1 = TP() €Xp RT (9]

Due to the temperature difference between the compart-
ment and its external environment, ingoing and outgoing
fluxes are not equal any more, and there is a net molecular
flow. Suppose that the temperature inside the compartment is
larger than that of the surrounding air, molecules will leak out
and reduce the pressure p; inside the compartment. The
resulting pressure difference will exert a mechanical force on
the membrane and compress it until a new equilibrium is
reached, i.e. when @; = @,. From eqn (8) and (9) we can easily
find that this will happen when:

Ep
;. (L L)
pr=poexp o T

As stated before, this pressure difference is compensated by
the mechanical resistance of nanopillars to compression.

In the case of DCP metamaterial, we have a number
of pullulan membranes stacked one above the other and
separated by tiny nanopillars. Air is gradually leaking from
one layer to another until it goes out to the atmosphere. Air
leakage is a process that takes some time, before thermo-
mechanical equilibrium is reached.

Dependence of pressure p; on temperature was calculated
from eqn (10) and is shown in Fig. 5(a). The activation energy of
air permeation through the polysaccharide membrane is
about 40 kJ mol *.*° The graph shows that p; decreases with
increasing temperature of the pullulan layers. Based on this
dependence, Fig. 5(b) and (c) show the dependence of pressure
p1 on the measured time to achieve a new equilibrium state and
the dependence of pressure p; on the air layer thickness,
respectively.

(10)

Discussion and conclusions

We have shown that the proposed thermo-osmotic mechanism
explains well all the experimentally recorded properties of the
pullulan NTE metamaterial. However, there are other, less
obvious mechanisms that could contribute to the negative
thermal expansion, most notably the effect of air humidity.

(a) (b) (c)
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Fig. 5 Ratio of the pressure inside and outside of the compartment as a function of (a) DCP temperature, (b) time needed to reach a new equilibrium

Temperature [K]

Time [s]

state, and (c) air layer thickness. The points on graphs (b and c) correspond to experimentally measured values.
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Fig. 6 The change of mass of DCP metamaterial in time due to humidity.

To test if pullulan absorbs water from the air we performed a
simple gravimetric experiment with an analytical balance. First,
the DCP metamaterial was measured under normal laboratory
conditions, it was then heated to 373 K for 45 min, to eliminate
moisture, and measured again. After that, the sample was
kept under normal laboratory conditions and the mass was
measured every hour until it reached its original value, see
Fig. 6. It can be seen that the change of mass, caused by
moisture, is only 0.07%. Bearing in mind that pullulan does
not form the gel, and does not swell significantly, we conclude
that the influence of moisture on the pullulan structure is
negligible.

As a final proof of diffusion of air through pululan layers and
the corresponding thermo-osmosis, as a dominant mechanism,
we placed the pullulan metamaterial in a vacuum chamber, at
the pressure of 4 x 1072 Pa, for 45 minutes. During that time,
entrapped air diffused out of the pullulan layers. The reflection
spectra measured immediately after the sample was removed
from the vacuum and placed back to the normal atmospheric
conditions, were shifted towards lower wavelengths. This shift
was caused by the air pressure compressing the layers due to the
large pressure difference between the inside (p ~ 0 Pa) and
outside of the metamaterial (p,em ~ 100000 Pa). Following the
prolonged stay in the atmosphere the air diffuses into the layers,
equilibrating pressures and expanding the material as evidenced
by the spectral shift, see Fig. 7.

It is also important to note that when the temperature
excised a certain maximum value (higher than 383 K) the DCP
metamaterial loses its NTE properties. We believe that in this
case there are no more air molecules entrapped within the
pullulan layers, and the pressure difference is large enough to
break the pullulan nanopillars, which otherwise will sustain the
mechanical integrity of the whole structure. Bear in mind that
all the mentioned effects (dilatation, thermo-optical, and
humidity) are simultaneously present, but nevertheless our
experiments show that the thermo-osmosis is a dominant one,
which converts an ordinary PTE into an NTE material. Without
diffusion, a pressure of entrapped air between the pullulan

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Reflectance before and after vacuuming and exposing to air.

multilayers will follow the temperature variation-increasing
upon heating, and decreasing upon cooling. This will turn the
pullulan multilayer into a positive thermal expansion material,
in contrast to what we observed experimentally.

Regarding the thermo-osmotic process, we emphasize the
simplicity of the presented model, which very well describes
the complex phenomenon responsible for NTE. First of all, the
pullulan layers have a stochastic distribution of thicknesses,
size and position of nanopillars, which is difficult to take
into account in the model. Also, the mechanical properties of
materials at the nanoscale level can be quite different, com-
pared to those of the bulk. Additionally, for such thin layers, air
cannot be treated as continuum and more complex effects
come into play, such as thermophoresis and thermoconvection.
In our case, the situation is further complicated by extremely
small (100 nm) separation between the layers when the number
of entrapped molecules is correspondingly small. This means
that losing a single molecule from the layer significantly reduces
the pressure. In spite of this, the proposed model is able to
explain the most distinctive properties of the system: negative
thermal expansion and the corresponding optical properties.

In conclusion, we have found that holographically patterned
dichromated pullulan is a new mechanical metamaterial with a
large NTE of apcpm = —4.4 X 10 %/K in a temperature range
between 295 K and 323 K. Our investigations are in this
temperature range because most of the practical interests and
potential applications of organic devices are around room
temperature. We show that it is simple to fabricate a stable
and durable material using the holographic technique. Our
explanation of the mechanism that converts an ordinary positive
thermal expansion material into an NTE material is based on
thermo-osmosis of the air molecules through the pullulan nano-
layers. Dependence of the optical response on temperature of the
pullulan metamaterials was investigated. The reflection spectra
show a blue shift with increasing temperature, which originates
from the contraction of air nanolayers due to the thermo-
osmosis of the air molecules through the pullulan nanolayers.
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The proposed mechanism can be applied to various holographic
structures and materials, as well as to different gases and tem-
perature ranges. We have performed the same measurements
using holographically patterned dextran (another polysaccharide)
and found NTE, too. While pullulan is linear, dextran has a
branching structure but shows the same behavior as pullulan,
and the reflectance peaks are blue-shifted during heating. Our
multilayer design is simple and the proposed mechanism is useful
for surfaces of arbitrary size. We have shown that experimental
results can be explained by simple relationships, in the nanoscale,
linking the structures, mechanical and optical properties, and
temperature-response. The disclosed mechanism is universal
and opens a range of possibilities to construct engineered
materials with tailored negative thermal expansion.
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Convective, conductive and radiative mechanisms of thermal management are extremely important for life.
Photonic structures, used to detect infrared radiation (IR) and enhance radiative energy exchange, were observed
in a number of organisms. Here we report on sophisticated radiative mechanisms used by Morimus asper funereus,
a longicorn beetle whose elytra possess a suitably aligned array of lenslets and blackbodies. Additionally, a dense
array of microtrichia hyperuniformly covers blackbodies and operates as a stochastic, full-bandgap, IR-photonic

structure. All these features, whose characteristic dimensions cover a range from several hundred down to a few
micrometres, operate synergistically to improve the absorption, emission and, possibly, detection of IR radiation.
We present a morphological characterization of the elytron, thermal imaging measurements and a theoretical IR
model of insect elytron, uncovering a synergistic operation of all structures.

1. Introduction

Colouration in the living world serves multiple purposes, such as:
camouflage, mimicry, warning or attraction (Doucet and Meadows,
2009; Kemp, 2007; Sweeney et al., 2003; Verstraete et al., 2019), and it
sometimes affects the very existence of animals. Radiative heat ex-
change with the environment can also be influenced by colours, through
absorption or reflection of the visible light. There is a delicate balance
between colouration and other mechanisms of thermal regulation:
convection, conduction, radiation emission and absorption, evapora-
tion, perspiration, internal heat generation, behaviour (Bosi et al., 2008;
Cossins, 2012).

Such mechanisms have also been observed in insects. Their
exoskeleton (cuticle) serves many functions, such as: locomotion,
providing a defence barrier (against mechanical stress, cold, hot or wet
environment), a reservoir for the storage of metabolic waste products,
mechano- and chemoreception, balancing radiant energy absorption in
the visible and dissipation in the infrared (IR) part of the spectrum
(Capinera, 2008; Gillott, 2005; Gullan and Cranston, 2004; Shi et al.,
2015). The cuticle is usually patterned on micro- and nano-scale and
produces striking optical effects. Such photonic structures (Vukusic and

Sambles, 2003) create structural colouration (Vukusic et al., 2001) in
the visible, but can have an important role in the infrared part of the
spectrum, participating in thermoregulation (Scoble, 1992; Shi et al.,
2015).

Most insects are primarily ectothermic and rely on external heat
sources, such as solar radiation (Nijhout, 1991). It is proven that but-
terflies use physiological mechanisms to regulate the heat gain by
orientation and posture relative to the sun (Kingsolver, 1985). On the
other hand, structures are developed during evolution to efficiently
reflect the visible light, simultaneously dissipating infrared radiation
directly into the atmospheric window at mid-infrared, as in the Saharan
silver ant, Cataglyphis bombycina (Roger, 1859) (Shi et al., 2015). This
clever mechanism enables an insect to efficiently regulate its body
temperature in a hostile desert environment.

In addition, the insect cuticle can be a place where so-called extra-
ocular photoreception occurs. Also known as “dermal light sense” and
defined as a “widespread photic sense that is not mediated by eyes or
eyespots and in which light does not act directly on an effector” (Millott,
1968), it has been reported in several orders of insects. Some butterflies
have such photoreceptors located at the end of their abdomens to con-
trol copulation in males and oviposition in females (Arikawa and Takagi,
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2001). In some cases, dermal light sensitivity has been confirmed from
behavioural responses, mediated by light intensity and wavelength
(Desmond Ramirez et al., 2011). For example the larvae of Tenebrio
molitor avoid light even after decapitation (Tucolesco, 1933). Light
sensitivity of the Aphis fabae antennae is responsible for the insect’s
photokinetic activity (Booth, 1963).

Here we highlight the specific architecture of Morimus asper funereus
(Mulsant, 1863) (Insecta: Coleoptera: Cerambycidae) elytra, which im-
plicates dermal detection of IR radiation, a feature not previously
observed in any other species. We also study the radiative properties of
the elytra. Electron and optical microscopy were used to reveal the
external and internal morphology of elytra, and thermal imaging to
establish its radiative properties in the thermal IR (7.5-13 pm) part of
the spectrum. Theoretical analysis and 3D modelling were used to reveal
the role of microstructures.

2. Materials and methods
2.1. Insect

Morimus asper funereus (Fig. 1) (family Cerambycidae, subfamily
Lamiinae) is a large longicorn beetle inhabiting central and southern
Europe. The species is characterized by grey elytra with four black
patches and a body length of 15-40 mm (Parisi and Busetto, 1992). The
colouration and velvety appearance of the elytra comes from the dense
tomentum of the setae, grey hairs and black scales, embedded in the
elytral surface, which is black and shiny. The hind wings (alae) of
M. asper funereus are reduced and the species is flightless (Solano et al.,
2013).

M. asper funereus is a saproxylic species (Carpaneto et al., 2015;
Hardersen et al., 2017) and depends on decaying wood during larval
development. This process takes place in tree trunks and stumps and
lasts approximately three or four years (Stanic et al., 1985). We noticed
that the insects evade direct sunlight. We never found them on trunks
that were directly exposed to solar radiation: when we subjected an
insect to sunlight, it hid in the shadow. This was confirmed by other
research, which found that this species is active during the evening and
at night (Polak and Maja, 2012; Romero-Samper and Bahiilo, 1993).
Hardersen et al. (2017) determined that the highest activity of the
species was between 20:00 and 24:00. However, the authors stated that
M. asper funereus individuals were seen during the day, but that the
number was only 30% of the maximum recorded in the evening and at
night.

The species is strictly protected in Europe (and Serbia) by Annex II of
the Habitat Directive 92/43/CEE. In the IUCN Red List of Threatened
Species, it is designated as vulnerable (Alc) (IUCN Red List of Threat-
ened Species, 2018). We had ten, conserved and pinned, specimens at
our disposal, collected during the summer of 2018 on Mt. Avala, near the
city of Belgrade, with the permission of the Serbian Ministry of

Fig. 1. Morismus asper funereus: a longicorn beetle whose most prominent
features are black body and greyish elytra with four prominent black patches.
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Environmental Protection (N°:353-01 -1310/2018-04).

2.2. Microanalysis

A stereomicroscope (STEBA600, Colo Lab Experts, Slovenia) with
maximum magnification up to 180X, eyepiece 20X, auxiliary objective
2X, working distance 100 mm, reflection and transmission mode, and
equipped with a digital camera (Canon EOS 50D, Tokyo, Japan) was
used to examine the anatomy of the whole insect.

The optical characteristics of the elytra and setae were analysed on a
trinocular microscope (MET104, Colo Lab Experts, Slovenia) (maximum
magnification 400X, polarization set, objectives Plan Achromatic POL
Polarizing 10X/20X/40X).

Micro-computed tomography (micro-CT) was employed to view the
overall anatomy of the beetle and measure the thickness of the elytra.
We had at our disposal the Skyscan 1172 system (Bruker, USA). To
ensure the optimum signal/noise ratio during micro-CT imaging, the
specimens were scanned without filter, with scanning parameters set as
follows: 40 kV, 244 pA, 530 ms, rotation step 0.2° (pixel size 13.5 pm).
For the purpose of this experiment, CT scanning was performed without
any special preparation of a specimen.

A field emission gun scanning electron microscope (FEGSEM) (Mir-
aSystem, TESCAN, Czech Republic) was used for ultrastructural anal-
ysis. Prior to analysis, insect elytra were removed and placed on an
aluminium mount and coated with a thin layer (5-10 nm) of gold
palladium (AuPd), using a SC7620 Mini Sputter Coater (Quorum Tech-
nologies Ltd., UK).

2.3. Thermal infrared (IR) analysis

Assessment of the thermal properties of insects is normally done by
some kind of thermometry (Heinrich, 2013). With the advent of IR
cameras, thermal imaging (TI) becomes a method of choice. It is a
non-invasive and non-contact technique with applications in numerous
fields (Vollmer and Mollmann, 2010). Recently, TI become an important
sensing technology in biological investigations (Kastberger and Stachl,
2003). TI cameras are a relatively new tool in studying nocturnal flying
animals: birds, bats and insects (Horton et al., 2015). So far, most TI
studies of insects have focused on the thermoregulation of Hymenoptera
species (Stabentheiner and Schmaranzer, 1987; Stabentheiner et al.,
2012).

In this research, the emission of thermal radiation was analysed by
an IR thermal camera corresponding to an atmospheric window at
7.5-13 pm (FLIR A65, USA, 640 x 512 pixels, thermal resolution/NETD
50 mK). Thermal measurements were corrected for surface emissivity,
and reflected temperature, while images were acquired without binning.
Due to the smallness of the insect, we positioned the camera as close as
possible (at a distance between 10 and 20 cm), and sometimes used an
additional lens to further magnify the thermal image. Under these
conditions, the Narcissus effect (radiation emitted by the camera itself)
was pronounced. For this reason, we positioned the elytra outside the
thermal beam emanating from the camera objective. The rest of the
camera body was shielded by aluminium foil.

We manufactured an aluminium cavity and coated it with an
absorbing, velvety material whose absorbance was measured at 0.996,
in agreement with the calculated value (Prokhorov, 2012). It was used
as a reference to measure elytra emissivities, as shown in Fig. 2.

Thermal )

camera

elytron
Absorber with deep

cylindrical hole

Fig. 2. A simple experimental setup for thermal measurements.
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3. Results

3.1. Morphological and optical characterization of photonic structures of
M. asper funereus

The macroscopic anatomy of a dried specimen, visualized using
micro-CT (Fig. 3), showed that the elytra of M. asper funereus are ellip-
soidal, sclerotized and thick (between 200 and 350 pm). The hind wings
of M. asper funereus are highly reduced and there is a large, air-filled
space between the elytra and the insect body.

The elytra of M. asper funereus (Fig. 1) possess a hierarchical struc-
ture with a number of features ranging from macroscopic to micron and
submicron levels.

The inner surface (facing the insect body) looks spongy (Fig. 4(a)),
with an array of oval zones (approx. 0.2-0.4 mm in size - see Fig. 4(b)),
surrounded by yellowish walls. If observed in transmission, it can be
seen that the walls are actually a complex, connected network of
channels that transport hemolymph (Fig. 4(c)) (Unruh and Chauvin,
1993; van de Kamp and Greven, 2010). Within each zone, there is a
spherical-looking object with a circular opening at its centre that looks
like a standard blackbody (BB) model found in textbooks. In trans-
mission (Fig. 4(c)), BBs are deep red, doughnut-shaped features in the
middle of each oval zone. It should be noted that the red colour is due to
melanin, characterized by strong absorption in the blue-green part of the
spectrum and good transmission in the red. By bleaching elytra using
hydrogen peroxide (H202) we were able to reveal a network of smaller
channels, connecting the BB to the main microfluidic channels. (Fig. 4
(d).

All the structures described above are protected by an optically
transparent layer. This layer is electron-dense (Fig. 5) and hides all the
structures observed optically. Microtrichia (thorn-like structures,
approx. 5 pm in height — inset in Fig. 5) are a dominant feature of the
internal surface. As can be seen, the microtrichia are arranged in an
ordered but not completely regular pattern (average mutual distance is
11 pm). In many other insects, such structures are used to lock the hind
wings to the elytra, as in the Asian ladybeetle (Sun et al., 2018).

Outer surface of elytra is black and covered with two different types
of microtrichiae (Fig. 6(a) and (b)). One type is transparent and covers
most of the body, which looks greyish (grey zone) due to the scattered
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radiation. The other type is pigmented and densely covers four distinct
areas producing characteristic black patches. However, in thermal
infrared, the whole body looks quite uniform.

On grey elytral zone there is also an array of shiny black, quite
smooth, microlens-like protrusions, surrounded with hairs (compare
optical and SEM images in Fig. 6(c), respectively). The microlenses and
BBs have a well-defined mutual orientation, which was observed by
simultaneously illuminating the elytron in transmission and reflection
(Fig. 7). As observed before (Fig. 4), the BB occupies the centre of an oval
zone, while the microlens is at its rim, directly facing a hemolymph-
filled channel.

The elytron directly beneath the surface (procuticle 200-pum thick) is
well organized, as in all coleopteran (van de Kamp and Greven, 2010;
van de Kamp et al., 2016). It is layered and possesses a number of
laminae that envelope the BBs and microchannels (Fig. 8(a)). It is
interesting to note a number of tiny hairs covering the internal surface of
the blackbody (Fig. 8(b)). At the moment, we can only speculate about
their biological function, because this can be revealed only by physio-
logical investigation of live specimens, which we didn’t have at our
disposal. However, from purely physical point of view, we note that
hairs increase the absorbance of the black body wall due to enhanced
scattering and trapping of radiation.

3.2. Radiative properties of M. asper funereus

We used thermal imaging to evaluate radiative properties of elytra.
An elytron was placed in front of the reference cavity (with absorbance
higher than 99% (Prokhorov, 2012)) and observed with a thermal
camera (operating within the 8-14 pm wavelength range). In thermal
equilibrium (room temperature), the elytron completely disappears
from thermal image (Fig. 9(a)) and becomes visible only when heated by
the laser beam (Fig. 9(b)). The same is true for both the outer and inner
sides, along the entire, highly curved, elytral surface. Thus, we may
conclude that the high directional emissivity (higher than 99%) is
constant along the surface and has the characteristics of a Lambertian
source.

It is interesting to note that the emissivity of both black and grey
areas of elytra is the same. This is because the wavelength of thermal
radiation is close to characteristic dimensions of hairs covering the

Fig. 3. (a)3D reconstruction of M. asper funereus from a stack of MictoCT images. (b) frontal, (c)axial and (d) longitudinal cross sections of insect showing air filled

space between elytra and the rest of the body.
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Fig. 4. (a) Optical image of inner elytral surface of M. asper funereus in its natural state, exhibiting its original pigmentation. Enlarged portion in (b) shows
blackbody-like (BB) structures (spherical-looking, with a black spot in the centre — red arrows). (¢) Transmission optical image of elytron reveals a system of channels,
branching from the central channel and surrounding each BB. (d) Elytron bleached in peroxide reveals a network of smaller channels, connecting the BB to the main

microfluidic channels.

Fig. 5. SEM image of inner elytral surface of M. asper funereus with an array of
microtrichia, enlarged in the inset.

elytra. That is why both types of hairs efficiently scatter the radiation
and enhance the probability of radiation being absorbed.

3.3. Modelling of M. asper funereus elytron

3.3.1. Blackbody array

Based on the anatomical features described in section 3.1, we were
able to design a model of M. asper funereus. We took the oval zone of
Fig. 4 as an elementary unit, composed of a layered blackbody sur-
rounded by walls with microchannels. Blackbody is enclosed between
two layers, one containing microlenses and the other covered by
microtrichia.

We used 3D, open-source, computer graphics software (Blender, free

under GPL) to visualize the elementary unit of M. asper funereus elytra.
Fig. 10(a) and (b) show two aspects of an elementary cell, so that the
spatial relations between the microlenses, walls with microchannels and
blackbody are clearly seen. Microlenses focus radiation directly into the
elytron and microchannel filled with hemolymph (primarily water), as
confirmed by ray tracing (Fig. 11) within a quite large angular range
(—20° to +20°).

We made a more exact finite element modelling of IR wave propa-
gation in the cuticle. To do that, we needed complex refractive indices of
chemolimph and insect cuticle at thermal infrared wavelengths. Che-
molimph is mostly composed of water and we used the data from Hale
and Querry (1973) — complex refractive index was averaged ton=1.2 +
i - 0.0343, within 3-5 pm, and n = 1.35 + i - 0.13, within 8-12 pm.
Optical constants of insect cuticle at thermal infrared are not very well
known and we used data extracted from Shi (2018) — within 3-5 pm
complex refractive index was n = 1.57 + i - 0.005 and within 8-12 pm, n
= 1.57 4+ i- 0.1. The absorption of melanin was not taken into account
because it is found only in a thin superficial layer of elytra, its concen-
tration is low, compared to that of chitin, and its absorption maximum is
at UV.

Within the 8-12 pm window, radiation is efficiently absorbed in the
superficial layers of the cuticle due to the very high absorption coeffi-
cient of chitin (see Fig. 12(b)). The situation is more interesting within
the 3-5 pm window, where the absorption as an order of magnitude
lower (Shi, 2018). There, the radiation is indeed focused onto the
microchannels (Fig. 12(c)), while the multilayer structure of the BB
efficiently reflects and expels the radiation from the central cavity.
Within this spectral range, radiation penetrates deep and heats the in-
ternal structures of cuticle (Fig. 12 (c)). If there is a constant flow of
hemolyph through the cuticle (Unruh and Chauvin, 1993) heat will be
convectively transferred to the central cavity of the blackbody. That is
why we propose that tiny hairs lining the cavity might function as



D. Vasiljevic et al.

200 ym
S

grey zone
(a)
Black, lens-
like
structures

Journal of Thermal Biology 98 (2021) 102932

©

Fig. 6. SEM of the outer surface of the M. asper funereus elytra: (a) an edge between grey and black areas (red arrows indicate microlens-like protrusions); (b)
enlarged SEM image of black scales. (c) Lens-like structures and hairs on the outer surface of M. asper funereus. Optical image is on the left and SEM image on the
right. The captured area with lens-like structures is from the grey zone of the elytra.

200 pm

BB microlens microchannel

Fig. 7. Optical microscope image of elytron, simultaneously illuminated in
reflection and transmission. Microlenses can be seen as black circular areas,
blackbodies are doughnut-shaped zones within the network of channels.

sensilla, signalling the insect to search for a cooler place - which is a
behavioural characteristic of this particular insect.

It seems that cuticular microlenses function like the cornea of an
ommatidium, i.e. they focus radiation onto the sensitive layer. The ar-
chitecture of M. asper funereus is well organized for the purpose.

3.3.2. Array of microtrichia

As can be seen from micro-CT images (Fig. 3), there is a thin (less
than a millimetre) air-filled gap between the elytra and the insect body
(see scheme at Fig. 13). Thermal energy is radiatively exchanged be-
tween those layers, thus filling the gap with infrared radiation. For the
part of radiative energy propagating at grazing incidence, gap behaves
as a hollow waveguide (such as those used for 10.6 ym CO» lasers —
(Komachi et al., 2000)) with microtrichie as subwavelength scattering
(diffractive) structures. In such waveguides, radiation propagates in a
whispering-gallery manner.

In the following we will analyze their possible role in thermal radi-
ation exchange of M. asper funereus. For the purpose of better under-
standing, we will treat microtrichie as a forest-like structure of almost
conical protuberances on an otherwise flat surface. Each cone is 4.4 pm
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microchannel

- 100 plﬁ '

Fig. 8. (a) Cross section of M. asper funereus elytron with clearly visible blackbody with microchannels on both sides. (b) Enlarged image reveals the hair-like

protrusions lining the internal surface of the blackbody.

(a)

(b)

Fig. 9. (a) Thermal image of M. asper funereus elytra positioned in front of a blackbody. Emissivity is the same and they cannot be discerned. (b) When heated, the

elytron becomes visible.

in diameter at its base and 3.8 pm in height. An observer looking from
above will see an arrangement like that in Fig. 14, schematically drawn
using the section of Fig. 5 as a template. Looking from the side, as if
sitting on the substrate, densely overlapping cone projections, even for a
small number of microtrichia surrounding the central one, are observed.
Thus, for the large number of microtrichia on the elytron, the radiation
propagating close to the surface has a high chance of hitting a cone and
being absorbed. This is a purely geometric optic analysis — in the
following we will present a wave optics perspective.

Upon closer inspection of the spatial distribution of microtrichia
(Fig. 5), we can see that it is neither regular nor completely random
(rods in the chicken retina are arranged in a similar fashion (Jiao et al.,
2014)). It is characterized by a ring-like Fourier transform, as in Fig. 15
(a). The spatial frequency of the prominent ring-like structure is 0.1/pm,
corresponding to the average 10-pm distance between microtrichia
(Fig. 15(b)). The amplitude of the Fourier transform goes to zero as the
spatial frequencies approach the central Fourier peak. This is a

characteristic of hyperuniform point distributions, which were shown to
behave as a complete photonic bandgap structure (Florescu et al., 2009).
The slight ellipticity of the Fourier transform observed here is possibly a
consequence of the ellipsoidal profile of the elytron.

For thermal radiation entrapped between the elytra and the body, A
2-dimensional hyperuniform system behaves as a random full-bandgap
photonic crystal. This can be inferred from the ring-like Fourier trans-
form (Fig. 15(a)), which can be understood as a superposition of sinu-
soidal gratings with a 10-uym period oriented in all directions along the
plane substrate. Under grazing incidence, gratings behave as Bragg re-
flectors, blocking the propagation of radiation with the wavelength:

A=2d/N

where d is a grating period, N is an integer, assuming the normal angle of
incidence. For the 10 pm average period of microtrichia and N = 2, the
Bragg wavelength is 10 pm, right in the middle of an 8-12 pm atmo-
spheric window. Additionally, for N = 4, the Bragg wavelength
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Fig. 10. (a) A semi-transparent 3D model of M. asper funereus elytron pre-
senting internal structures hidden within the elytron (mt — microtrichia, mc —
microchannels, ml — microlens, bb — black body, ha - hairs) (a) with micro-
lenses and hairs clearly seen; (b) top view displaying alignment of microlenses
and microchannels. The microchannel completely surrounds the blackbody and
is connected to it via even smaller channels.

Chitin (n = 1.57) Chitin (n = 1.57)

water (n = 1.351)

Fig. 11. Ray tracing through a microlens and microchannel (blue rays are
incoming at normal incidence, while red and green rays obliquely, at +20° and
—20°, illuminate the elytron). Calculations were done at 3 yum, where refractive
indices are as indicated in figure.

corresponds to another window at 3-5 pm, but we were not able to check
this experimentally.

4. Discussion and conclusions

The search for highly absorbing structures is a long-standing one and
many structured materials have been engineered so far (Mizuno et al.,
2009), but only the vertically aligned nanotube array (VANTA black)
(De Nicola et al., 2017) approaches the emissivity of a blackbody. In line
with the research on silicon photonics for NIR silicon devices (Milosevic
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Fig. 12. (a) A model of M. asper funereus elytron used in FEM analysis (grey
colour corresponds to chitin and purple to water). Distribution of thermal IR
radiation inside M. asper funereus blackbody-like cuticular structure calculated
by FEM. Two spectral windows were analysed: (b) 8-12 pm (image at 10 pm is
shown) and (c) 3-5 pm (image at 4 pm is shown).

Insect body

Grazing incidence

thermal radiation microtrichie

clytron

Fig. 13. M. funereus elytron and body with air filled gap acting as a hollow
waveguide for grazing incidence thermal radiation.

et al.,, 2019), here we show that natural, less complex structures can
achieve similar results owing to their forest-like structure and intrinsic
curvature (Leonhardt and Tyc, 2009). A clever arrangement of hyper-
uniform disordered structures efficiently competes with highly
advanced nanotube structures. In contrast to artificial VANTA black
material, which is fragile and complex to manufacture, the natural so-
lution is robust and simple.

At this point, we are not able to estimate how important the role of
microtrichie is. We must stress, however, that the amount of the radia-
tion entrapped between elytra and the body is non-negligible due to
Fresnel reflections and waveguiding. Simple calculation shows that, for
the refractive index used in this study (n = 1.57) and normal incidence,
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Direction of
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Fig. 14. (a) An arrangement of conical structures seen from above and drawn using Fig. 2 as a template. Inset in the upper right corner shows part of the SEM image
used as a template. Side-on view is shown at the bottom of this figure. (b) Top view of a microtrichia 3D model illuminated obliquely from the right (red arrow) shows

that microtrichia preclude the propagation of light.

4.99% of radiation is reflected, while for grazing incidence almost all
radiation is reflected. Between those two extremes, due to uniform
angular distribution of thermal radiation, it is clear that more than
4.99% of thermal radiation is entrapped and waveguided between body
and elytra. More detailed answer to this question will be given in further
studies.

In the interests of brevity and focus, several other elytral features
that might be effective in thermal IR had to be left out of the scope of this
paper. First of all, the chitinous lamellae of M. asper funereus have a

characteristic dimension of 4-5 pm with the corresponding Bragg
wavelength of 8-10 pm. Each layer contains well-oriented microfibrils
that certainly introduce birefringence, and the orientation of microfi-
brils is different in each layer (Supplement file). The exact value of the
refractive index of chitinous structures is not very well known, in
particular in the thermal infrared, and it is therefore difficult to make the
correct theoretical calculations and numerical simulations. Thirdly, in-
terfaces between each layer are rough and scatter radiation, so that the
layers may act as planar waveguides to additionally absorb the
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Fig. 15. (a) A Fourier transform of the image in Fig. 2 depicting the arrangement of microtrichia. Note the ring-like pattern with slight ellipticity. (b) Scanning along
two orthogonal directions (see dotted lines in (a)) shows a pronounced peak at spatial frequency close to 0.1/pm, corresponding to the average 10-ym distance

between microtrichia.

radiation. Finally, microtrichia can act as transmission gratings for non-
obliquely impinging radiation and diffraction orders can be coupled into
layers as planar waveguides.

From a theoretical point of view, it is quite difficult to treat inher-
ently random structures (such as those of M. asper funereus) using exact
methods like FEM, RCWA or FDTD. For large structures, periodic
boundary conditions have to be introduced, thereby violating inherent
randomness. If a random structure is to be simulated, computer memory
requirements become extremely large and computational time intoler-
ably long.

We performed other measurements that have revealed the excellent
thermal insulation properties of this particular insect. By laser-heating
one side of an elytron we observed that, in thermal equilibrium, the
other side was approximately 20 °C lower in temperature. It is difficult
to discern the contribution of radiative dissipation, with respect to other
processes (convection and conduction) (Supplement file). However, the
M. asper funereus elytron could be an excellent model to design similar
thermally insulating materials.

Furthermore, taking into account that M. asper funereus lays its eggs
in and emerging larvae feed on decaying wood (a saproxylic way of life),
similarly to pyrophilous insects (Klocke et al., 2011), it is important for
an insect to detect dead trees. Thermal fingerprint of a decaying wood is
different, compared to healthy specimens, primarily due to the reduced
amount of water. (Pitarma et al., 2019). Based on the structures and
properties we have observed, we postulate that a number of infrared
detectors on the elytron is used to detect the infrared fingerprint of wood
and discriminate between healthy and decaying tree trunks. Even
though the number of elytral IR detectors (approx. 400) is small, it is still
a useable one, if compared to that of FLIR ONE Gen3 smart-phone, cli-
p-on thermal cameras (60 x 80 IR pixels). By making this comparison we
emphasize the “ingenuity” of evolution, in no way endorsing any
particular IR camera.

It is well known that Coleoptera elytron has a complex layered
structure with number of cavities, trabeculae, channels and pores (Sun
and Bhushan, 2012). Research mostly dealt with mechanical signifi-
cance of internal architecture of elytron (Du and Hao, 2018), and to a
lesser degree with thermal effects (Le et al., 2019). By studying available
literature we may say that many of structures might serve similar role in
thermal radiation management, due to their characteristic dimensions
being close to the wavelength of thermal radiation.

In conclusion, we have shown that a combination of micron-sized
blackbodies and uniformly random microstructures possesses excellent
properties to manage thermal radiation. The range of potential

applications is enormous and even might even extend from NIR to ter-
ahertz technology.
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Abstract: Under exceptional circumstances, light and molecules bond together, creating new hybrid
light-matter states with far-reaching consequences for these strongly coupled entities. The present
article describes the quantum-mechanical foundation of strong-coupling and experimental evidence
for molding the radiation properties of nanoprobes by strong-coupling. When applied to tracing
and marking, the new fluorometry technique proposed here, which harnesses strong-coupling, has
a triple advantage compared to its classical counterparts such as DNA tracing. It is fast, and its
signal-to-noise ratio can be improved by spectral filtering; moreover, it reveals a specific quantum
signature of the strong-coupling, which is extremely difficult to reproduce classically, thereby opening
the door to new anti-counterfeiting strategies.

Keywords: strong-coupling; light-matter interaction; steady-state and time-resolved fluorescence
spectroscopy; metallic cavities

1. Introduction

Fluorophores possess numerous biomedical applications where they are used as tracers
and markers. For instance, they can be linked to DNA branes in devices aimed at detecting
the presence of viruses in blood samples. Lab-on-a-chip applications of such techniques
present promising applications [1], especially in the times of pandemic, where it offers
possibilities for the fast detection of viruses in airports or other public places. They could
also be used as markers for authenticating the origin of certain manufactured products and
avoiding copies and counterfeits as we propose here. The most significant advantages of
fluorimetry are its extremely fast response time, the sensitivity of the excited states to the
local environment, and the possibility of incorporating fluorophore in a chip/device and
simultaneously measuring many samples for a short time [2].

This article proposes a new fluorescence technique that exploits the strong light—
matter interaction of an embedded nanoprobe within a plasmonic cavity. The signature
of strong light-matter interactions between nanoprobes and cavity modes is typically
detected through changes in the excitation spectrum (electronic or vibrational) of the
coupled system [3-8].
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When strong-coupling occurs, the isolated excited emitter is no longer an eigenstate of
the system but corresponds to a superposition of the higher and lower polaritons, which
evolve at different frequencies, leading to coherent oscillations of the excitation between
the emitter and the cavity mode. On account of these vacuum Rabi oscillations, the emitter
cycles through absorption and emission instead of exhibiting the more familiar exponential
decay process. Amplification of the signal in a resonant cavity therefore plays an essential
role and is accompanied by a specific quantum effect (frequency shift). It presents significant
advantages regarding tracing and marking applications:

- Frequency shifts make it possible to improve the signal-to-noise ratio;
- Frequency splitting constitutes a signature of strong-coupling which is difficult to coun-
terfeit.

The paper is structured as follows. In Section 2, we outline the basic principles of our
proposal, aimed at applying the properties of strongly coupled emitters for authentication
and tracing. In Section 3, we summarize the theory of strong-coupling, and we explain the
transition from the weak to the strong-coupling regimes in terms of Poincaré recurrences.
In Section 4, we describe our experimental set-up. In Section 5, we discuss its specific
advantages regarding tracing and marking. The Supplementary Material contains details
concerning the implementation of our experimental set-up and a theoretical derivation of
the spectrum of emission of the cavity in the strong-coupling regime.

2. Concept of “Quantum Filigran” Based on Strong-Coupling
2.1. Physically Unclonable Functions

A physically unclonable function (PUF) is a physical structure that is widely used as
a unique identifier for various objects. PUFs depend on the uniqueness of their physical
microstructure [9]. Generally, PUF microstructures depend on random physical factors
introduced during manufacturing to create a unique response, or on biologically induced
randomness (cellular noise) during the morphogenesis of natural photonic structures [9,10].
These factors are unpredictable and uncontrollable, which makes it virtually impossible to
duplicate or clone the structure. However, the dependence of PUF on modern colloidal
or biological self-assembly processes makes this approach, in many cases, complicated
and limited. In this article, we offer an entirely different approach that can be used for
authentication and marking based on quantum filigran where uniqueness is achieved by
controlling the light-matter interaction in the strong-coupling regime. The advantage
of the present method, besides its uniqueness, is that it also offers a fast and unique
read-out that could be exploited for different sensing and marking applications at large
scale. The first example of quantum PUF can be traced back to Wiesner quantum money
protocol [11] which is based on the quantum no cloning theorem. Here, we propose a
semi-classical protocol in which quantized light-matter interaction plays a prominent role,
the “quantum filigran”.

2.2. Quantum Filigran

The principle of the filigran used for authenticating banknotes is common knowledge.
In summary, when we submit the banknote to a specific optical excitation (illumination
at normal incidence), a specific response is induced at the level of the filigran (the image
of the filigran becomes visible if we observe it in transparency along the axis joining it
to the source). It is not easy to counterfeit such filigrans, which differ from usual 2D
images by the fact that they are not visible under grazing illumination. Ultimately, it is
this specific response of the filigran that explains why it is a useful tool for authentication.
Our goal, roughly expressed, is to conceive quantum filigrans based on the specific optical
response of well-chosen fluorophores, in the quantum strong-coupling regime. The scheme
of principle of our idea is depicted in Figure 1: a solution containing fluorophores is
placed inside a tunable Fabry—-Pérot cavity; a fluorophore is resonantly excited by a laser
source and absorbs a photon at a wavelength of 440 nm. A part of the energy is lost in
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Figure 1. Scheme of Quantum Filigran experiment. The blue arrow represents the light emitted by the
laser, resonant with the peak of absorption of the fluorophore (440 nm). The green arrow represents
the emitted photon. Note that in the strong coupling regime, photons are emitted at two possible
wavelengths (530 £ 25 nm), a manifestation of frequency splitting.

This frequency splitting is the signature of quantum strong coupling which is ensured
by placing the fluorophore in a cavity resonant at 530 nm (for more details, see Section 4).
The single photons emitted one at a time by the fluorophores are filtered in frequency
around one of the two emission peaks and collected in a typical fluorescence device consist-
ing of a single photon detector coupled to an acquisition table. The statistical distribution
of the arrival times of the photons emitted by the fluorophore is well-approximated by
a double exponential distribution. As a last resort, this distribution is, as explained in
Section 4), the signature of the presence, at the level of the fluorophore, of two competing
non-radiative processes, a short one and a long one. This specific response of the fluo-
rophore (single photon emission, plus frequency splitting and frequency shift, plus specific
temporal statistics) is extremely difficult to clone by classical methods; it will play the role
of a quantum filigran in our proposal.

3. Fluorophore Coupled to a Resonant Cavity in the Strong-Coupling Regime
3.1. Strong-Coupling with a Perfect Lossless Cavity

Strong-coupling naturally appears if we consider a two-level system (atom, fluo-
rophore) resonantly coupled to an ideal, lossless and isolated, cavity mode. The Hamilto-
nian describing such a system is well-known. It is the so-called Jaynes-Cumming (J-C)
Hamiltonian. It is obtained after performing various approximations (such as dipolar cou-
pling and rotating wave approximation). In an empty cavity, for an atom dipole moment
d = dii; and a perfect polarization and position matching with the mode, the dipolar
interaction is equal to the product —dEj between the dipole moment and the effective
cavity electric field (in the absence of photon). The electric field of the empty cavity is
Ey = Vhw:/(2e9V;), where V, is the cavity volume and w is the cavity mode frequency.
The coupling strength is characterized by ¢ = dEy /i = Q) /2.

hiewo,
2€0VC (1)

hg=d

The J-C Hamiltonian [12] then reads

Hic = hwooto + hwed'a + hg (fra* n a*a) @)
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The parameters of this Hamiltonian are the atomic transition frequency wy, the cavity
mode frequency w,, and the coupling constant g. When a single dipole (atom/fluorophore)
is considered, the state of the system is

() = a(t)le,0c) + B(£)|g, 1c) ®)

where the state |e,0.) stands for dipole in the excited state and no photon in the cavity
and |g, 1) stands for dipole in the ground state and one photon in the cavity. The J-C
Hamiltonian then reduces to a 2 x 2 matrix

N x|Wo &
HJ'C_h{g wc] @

It is worth noting that Hjc is Hermitian. In what follows, we shall consider a nearly
resonant cavity (w. ~ wy so that the detuning J = w. — wyp is small).
The new eigenenergies of the coupled system are [13]

E+ :hwci%h\/ézﬁ-ﬂé (5)

where we defined the so-called vacuum Rabi frequency:

Qo = /48 ©)

At resonance (J = 0), the energy difference between the two modes is minimal and
equal to 71()y. The energy eigenstates are given by

|+) =sinf |e,0c) +cos |g,1¢)
. @)
|—) = cos@ |e,0c) —sinf |g,1¢)

The parameter 0 defines the entanglement strength [3] between the dipole and the
cavity mode (tan 26 = ()y/J). At resonance, entanglement is maximal (6 = 7r/4) and the
dressed states have matter and field components of equal weight. The separation between
two distinct matter-radiation subsystems is then impossible. Far from resonance (6 ~ 0
and 0 =~ 71/2), these states exhibit dominant matter or electromagnetic components. These
polaritonic states inherit dispersion relations from their electromagnetic component. Let
us note that the pair of eigenenergies E+ and eigenstates |+) are only the lowest of an
infinite ladder of pairs. Similar pairs exist for the quantum superposition of states |, e)
and |n. + 1, g) involving the presence of 1. or n. + 1 photons in the cavity, respectively.
Their energy gap at resonance is given by 71Qg+/n. + 1.

In practice, perfectly lossless cavities do not exist and the criterium to enter the strong-
coupling regime is that the Rabi frequency ()g must be significantly larger than the widths
7c and 7 related to the cavity mode and matter excitation lifetimes, respectively. In other
words, coupling must dominate over dissipative processes. This condition is required to
preserve quantum coherence, as the Rabi frequency describes the rate of coherent energy
conversions between matter and the radiation field in the dressed states. In general,
to increase the coupling g, one needs to select quantum emitters with a strong transition
dipole and to confine the electromagnetic field in a small volume. To decrease 7., high-
finesse cavities are required. The team of S. Haroche (Nobel prize 2012), which is at the
same time a pioneering and a leading team in the domain of strong coupling, developed
high-finesse superconducting cavities cooled down to a few millikelvins, and reached huge
values for the coupling factors g by using, as two-level systems, Rydberg atoms resonant
with the cavity [14]. In our approach, it is rather the Purcell effect [15] that plays a prior role
in increasing the value of g. This explains why we realize strong coupling even at room
temperatures, as explained in Section 4.
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3.2. Strong-Coupling with a Lossy Cavity

In order to phenomenologically describe losses [16] let us now consider the pure state
(3) dynamics described by a non-Hermitian “effective” Hamiltonian A= H]_c + Hjos Where
M6 is introduced phenomenologically and, in the basis {|e, 0;), |g, 1c)}, reads:

- 0 0
Hipss = 1 [0 _i’éc:| (8)
where the parameter 7, is called the cavity decay rate.
The coefficients a(t) and B(t) are obtained by solving the Schrodinger equation with
the non-Hermitian Hamiltonian H = ﬁ]_c + Hoes:

w217 Sl

In order to solve the dynamics of such a system, let us diagonalize the above matrix.
Upon diagonalization, one finds the following eigenvalues:

wotwe 7, O (10)

wr="T7 472

where we defined the quantity:

Q= \/4g2 + (5 +i%)2 (11)

(where § = wp — w, represents the detuning). We are first of all interested in the probability

of finding the atom in the excited state, the survival probability defined as Psur (t) = |a(t)|?,
so we want to find the expression of a(t). Its general expression reads:
a(t) = Ape Wt L A e iw-t (12)

where the constants A, and A_ are determined by the initial conditions «(0) = 1 and
@(0) = —iwg (coming from the fact that f(0) = 0 in Equation (9)):

Al = 1 + 75+176/2

2 20 (13)

It is worth noting that for one excitation (photon), the phenomenological approach is
equivalent to a rigorous dissipative approach using a master equation (see, e.g., Ref. [17]
Chapter 6, especially Section 6.2, entitled “Spontaneous emission: From irreversible decay
to Rabi oscillations”).

3.3. Weak and Strong-Coupling Regime in the Resonant Case wy = w,

In the resonant case, wy = w,, the eigen-frequencies in Equation (10) become:

. QO
where () now reads:
2
_ 2 (e
0= /422 (%) (15)

One can clearly see that two different regimes in the time-domain are possible depend-
ing on the values of g and .:
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(i)  For a small coupling constant, g < %7, Q2 becomes purely imaginary, and the eigen-
frequencies w+ (Equation (14)) are now complex, leading to a monotonic decay of the
amplitude «(t) in time (Equation (12)), known as the weak-coupling regime.

(if) For a large coupling constant, g > %’yc, Q) is real, and the eigen-frequencies w+
(Equation (14)) show a different real part, leading to oscillations of the amplitude ()
in the time-domain, known as the strong-coupling regime.

The general solution will not be considered in detail here but we shall focus on the
(very) strong-coupling regime, i.e., when g > .. A very good approximation of the
solution may be derived in this case by means of power series expansion:

2

Ve
O ~2g— 1
8~ Tog (16)
Wi~ —i% tg 17)
Ay~ 1ii%<1+ 7 >
27 8¢ 32¢2 (18)
~ 1
2
Then, a(t) becomes
at) ~ ef%c%cos(gt) (19)
which gives a survival probability Psyry () = |a(t)]?
_Jey 2 1 _Jey
Psury (t) = €~ 2'cos”(gt) = 5e 2 [1+ cos(2gt)] (20)

One can see in this equation that Py (t) = |a(t)|? oscillates at the frequency Q) = 2g.
These oscillations, also called “vacuum Rabi oscillations”, are characteristic of the strong-

coupling [17].

3.4. Emission Spectrum in the Strong-Coupling Regime

There exists an alternative way to describe the coupling of a dipole to a lossy cavity,
which is conceptually quite different from the ones presented in the previous sections.
This model ([18], Chapter 1, Complement 1A) treats the spontaneous emission of an
atom coupled to a bounded continuum of electromagnetic modes, with a bandwidth 7.
As previously, the atom is modeled as a two-level system with transition frequency wy, and
the continuum is assumed to have a “Lorentzian” density of states (modes) centered on
a frequency w, and with a bandwidth expressed through the Full Width Half Maximum
(FWHM) and from now on taken to be equal to .. In particular, while conceptually very
different, this model predicts the same temporal behavior as the previous ones. Its interest
is that it predicts the distribution in energy of the emitted photons in the continuum which
is an observable that one can measure in practice: the so-called vacuum Rabi splitting.

This model is developed in appendix (Supplementary Material), where we show
that, in the highly strong-coupling regime, the probability of emitting a photon in mode j,
denoted Pemitj(t — +00) = |Bj(t — +00)|? obeys
|gj‘2 n 1 | gj|2

Pemmitj(t — +o00) = !
emit,j 4 [(wj —wo) + g2+ <%)2 4 [(Wj —wo) — 8>+ (%)

- +CT. (21)
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where the cross-term C.T. is given by:
)2
_ &P (wj —wo)* — &%+ (%)

2 [(w; —wo)2 — g2 + (%)2}2 +4(%)’@

CT.

(22)

As seen from Equation (21), in the strong-coupling regime g > 7., the distribution of
emitted photons features two peaks separated by 2g, and of FWHM= 2 x 7./4 = 7./2.
Therefore, an “order of magnitude” condition to be able to distinguish the two peaks is:

e e
29 > 5 = 8> (23)

When this condition is fulfilled, strong-coupling is achieved and the emission spectrum
consists of two non-overlapping Lorentzian distributions respectively centered around
wo — g and wy + g, which is the Rabi splitting previously described in Equations (5) and (6).

3.5. Studying Poincaré Recurrences with a Discrete Model of Evolution

As we show now, the weak- to strong-coupling transition can also be interpreted in
terms of Poincaré recurrences, in the framework of a discrete model which can be tackled
numerically. We have already considered this model in the past, in Refs. [3,19] where we
focused on energy conservation, and also showed its good agreement with the Wigner-
Weiskopff model [20]. In this model, one considers a single atom coupled to N states j with
a “door” distribution centered on the atomic frequency wy and of variable bandwidth ..
They represent the distribution of the e-m modes in the cavity. One can then express the
evolution equation in a matrix form:

a(t) cz)o) §i(ro) ... gn(ro) a(t)
t 81(ro w t
ih% /315() . 1E 1 O . 1313() , 24
:BN(t) gN(I‘()) O WN BN(t)
M

Moreover, one assumes equal and real coupling constants: gj(ro) = g for all modes .

The square matrix M can be numerically diagonalised. The program gives back the
eigenvalues x, and eigenvectors [x,) of M, which can be used to solve a(t) and B;(t), using
the general expression of their solution

a(t)
1(1) N+1 )
‘ =Y culxn)e (25)
: n=1
BN (t)
where the ¢, are given by the initial conditions:
a(t=0)=1 (26)
Bi(t=0)=0 27)

In order to better understand the implications of our toy model, we plotted the survival
probability of the initially excited atom/fluorophore in function of the coupling to the cavity,
varying the parameters of the model. These parameters are: p = 1/Jdw which is the density
of states in the comb (with dw equal to the difference w; — w;_; for i > 1); N is the number
of modes and A the coupling between the “atom” and the “cavity”. N - éw is thus equal to
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the “continuum” bandwidth 7., while the theoretical value of the gamma factor obtained
by applying the Fermi golden rule is denoted . It is equal to 27tA2p.

In Figure 2, we plot the survival probability Py (t) = |a(t)|? obtained with this
numerical method in the weak coupling regime, for two values of the density of modes,
adjusting, however, the coupling constant in order to keep constant the theoretical value
of the gamma factor obtained by applying the Fermi golden rule. Exponential decay is
well observed, in agreement with the Fermi golden rule, but for very long times there
appear large “revival” peaks which are an artefact peculiar to the discretization [3]. Itis a
manifestation of partial Poincaré recurrence due to the fact that when the Hilbert space of
the quantum system is of finite dimension, the Poincaré recurrence time is finite (and its
value is the smallest common multiple of all the eigenfrequencies of the Hamiltonian in
Equation (24)). The Poincaré recurrence time increases when the density of modes increases
as we can check comparing the red and blue recurrences, illustrating that, at least in the
weak-coupling regime, the Poincaré recurrence goes to infinity in the continuum'’s limit.

1Ho(t) s

——p = 5.10°

0.5

10 — - ——=
~log(la(t)) =
- ",f"' T
5 i - - —_— = 104 |
=" ———p=5.10°
= = =Fermi Golden Rule

0 1 1 1 1
0 2 4 6 8 10

0%’

Figure 2. Survival probability in function of time in the weak coupling regime: linear-linear plot
(above) and log-linear plot (below) for two values of the mode density p, respecting the scaling
constraint 277p - A2 = 4 =constant (where v is the decay factor obtained from the Fermi golden rule

and -t the rescaled time).

As can be seen in Figure 3, when we vary the bandwidth, keeping constant the spacing
between the states in the comb, as well as the gamma factor obtained by applying the Fermi
golden rule, the Poincaré recurrence time is constant. This effect is easy to explain in the
weak-coupling regime because “active” resonant modes are then confined in an interval
of width I' around the resonant frequency in agreement with time-energy uncertainties;
therefore, in the broad spectrum regime (N - dw >> 2717), the physics of the system is
unchanged when we vary the bandwidth.
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Figure 3. Survival probability in function of time respecting the scaling constraint p - A> = 7 =
constant but varying the number of modes N.

This is no longer true however if we keep the number of modes constant, even when
we vary the bandwidth (respecting the scaling constraint p - A2 = constant), as already seen
in Figure 2.

When the number of modes is small enough, new fractional Poincaré recurrences
appear, announcing the Rabi oscillations of Figure 4, typical of the strong coupling regime.

As can be seen from Figure 4, fractional Poincaré recurrences appear at the weak—
strong transition (N - dw /vy = ¢/ > 2m). In the strong-coupling regimes the revivals
become indistinguishable from Rabi oscillations. The nature of Poincaré recurrences is
clearly different in the weak- and strong-coupling regimes: in the weak-coupling regime
they are an artefact of the discretization; in the strong-coupling regime, (fractional) Poincaré
recurrences correspond to Rabi oscillations.

2R R 2R
I
O O =

a(t)[*

o
&)

Vel

Figure 4. Survival probability in function of time for various values of 7. /~. In the weak-coupling
regime, the Poincaré recurrence is an artefact of discretization, whereas in the strong-coupling regime
Poincaré recurrences become indistinguishable from Rabi oscillations, typical of a system consisting
of two coupled modes.
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4. Experimental Study
4.1. Experimental Protocol

In order to perform the strong-coupling between nanoprobe and the cavity, we fab-
ricated the plasmonic cavity by combining thermal-sputtering (for metal /Al deposition),
and spin coating (for controlling the thickness of the cavity and for embedding nanoprobes
into the cavity). The obtained cavity has a quality factor of around 70. Later we dis-
solved perovskite fluorophores (commercially available), at the concentration of 0.1 nM.
The schematic structure of perovskite is presented in Figure 5.

Subsequently, 10 microliters of the perovskite solution (dissolved in toluen) were
transferred into polymer solution (polystyrene(PS), volume 2 mL) used for spin coating in
order to place the nanoprobe inside a cavity. The thickness of the cavity was adjusted to
achieve resonance (§ = w; — wy close to zero, where wy represents the Bohr frequency of
the fluorophores in free space).

The details concerning cavity design, sample preparation, and quality factor estimation
are described in Supplementary Materials.

® -0+ 0

,/.

i
y

Pb atoms
[ Cl atoms
Im Cs atoms

Figure 5. Structure of CsPbCl; perovskite is based on crystal structure from ICSD database
201250 [21].

4.2. Results

First, we investigate the fluorescence response of the perovskite outside the cavity.
Figure 6 shows the fluorescence response of the perovskite probes in solution. The excita-
tion wavelength used for fluorescence measurement was 440 nm. The observed emission
spectrum is relatively narrow (for organic and metalorganic compounds), with the maxi-
mum around 530 nm and full width half maximum (FWHM) approximately 25 nm.
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Figure 6. (a) Fluorescence steady state spectrum of perovskite in solution; (b) Fluorescence decay
time response of the perovskite in solution fitted with a double exponential function.

In order to understand better the radiative response, we performed time-resolved
measurements of the emitted fluorescence intensity (Figure 6b). The best fits of experimental
results are obtained with a double exponential function that gave rise to a long decay
time (of ca. 12.2 ns) that is related to the actual lifetime of the probe in this particular
environment, and a short decay time (of ca. 1.6 ns), is associated with different nonradiative
processes that affect the radiative dynamics of the dye. After that, we perform the steady-
state investigation of the perovskite embedded into the plasmonic cavity at two different
temperatures (room temperature 298 K and 10K). The sample was excited from outside the
cavity; the excess energy dw is necessary for creating a complex metastable excited state
that will firstly follow a complicated non-radiative decay process before arriving at the
radiative excited dipole state |e, 0.) considered in Section 3. The steady-state response of
the perovskite within the cavity is presented in Figure 7 and shows the signature of Rabi
splitting that confirms that strong coupling between cavity and probe is achieved. As can
be seen from Figure 7b, the splitting remains observable at room temperature, even though
the height of the peaks diminished by then due to various sources of decoherence that
increase with increasing temperature of the sample. Figure 7a exhibits the typical response
of a Fabry-Pérot cavity.
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Figure 7. (a) Optical response of the cavity with emission spectrum from perovskite fluorophores
in solution (inset); (b) emission spectrum from perovskite fluorophores in cavity—signature of
Rabi splitting.
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After a steady-state fluorescence study that shows the signature of the strong-coupling
through Rabi splitting, the fluorescence time-resolved study reveals the effect of the strong
coupling on the dynamics of the excited state. The theoretical decay time of the cavity is
comparable, in the strong-coupling regime, to the survival time of the excited state |e,0.). It
can be estimated by measuring the width of one of the Lorentzian peaks of Figure 7. By so
doing, we estimate the lifetime of the cavity to be in the picosecond range. The distance
between the two peaks makes it possible to estimate the value of the coupling constant g
from which the ratio g/, is thus predicted to be equal to 5.9, which confirms once more
that we are well in the strong-coupling regime. Results of the measurement show that, as
in the case of the probe in solution, the perovskite radiation dynamics within the cavity
are best fitted with the double exponential functions. Like the energy splitting, the two
decay signatures survive at room temperature (as can be seen from Figure 8. At room
temperature (298 K), the perovskite within the cavity gave rise to a long decay time (of ca.
7.7 ns) that is related to the actual lifetime of the probe within the cavity and a short decay
time (of ca. 0.87 ns) that is associated with different nonradiative processes that affect the
radiative dynamics of the dye. The probe’s lifetime within the cavity is significantly shorter
(37%) compared to the lifetime in solution (decay rate increases). Decreasing temperature
causes the increase of the lifetime of the probe to the value of 8.1 ns (5%), while the short
decay stays unchanged, indicating that non-radiative processes within the cavity are not so
strongly affected by the decrease in temperature.
b)

—— Measurement
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Figure 8. Fluorescence time-resolved measurements of the perovoskite within plasmonic cavity at
two temperatures: (a) 298 K, and (b) 10 K.

The duration of the radiative process, estimated by measuring the width of the
Lorentzian emission curve, is quite smaller than the duration of the non-radiative part
of the decay process. Among other consequences, the probability that two photons will
be emitted at the same time goes to zero, and we are thus always operating in the single
photon regime. Due to the coexistence of the (long) fluorescence timescale and of the
(short) timescale of the photon emission process, it is impossible for us to put into evidence
specific signatures of the strong-coupling such as Rabi oscillations, without speaking about
the entanglement between the dipole and the field inside the cavity. However, frequency
splitting is directly observable with our device. It constitutes an authentic signature of
the quantum strong-coupling, which offers promising perspectives regarding tracing and
marking as we shall explain now.

5. Tracing and Marking in the Strong-Coupling Regime

Fluorophores are widely used for tracing and marking [2,22-24], but it is uncommon
to let them operate in the strong-coupling regime. Recently, strong-coupling has been
exploited for potential quantum chip applications using fluorophores attached to oligonu-
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cleotide strands and embedded into the cavity [25]. These DNA or RNA oligonucleotide
strands offer the possibility of putting the probe in a particular position within the cavity,
and/or to link it with a plasmonic nanoobject (for instance a golden nanosphere) playing
the same role as an external cavity [26-28], but this advantage comes with the relatively
high cost of design and purification of oligonucleotides associated with the aging problem
(stability of oligonucleotide probes within the cavity). In our approach, combining cavity
design, spin coating, and specifically chosen fluorophores, we reach the strong-coupling
regime without resorting to DNA strands. Another advantage of this regime is that it
increases the signal-to-noise ratio, due to the fact that the frequency of the emitted photons
differs from the resonance frequency of the cavity, and from the excitation frequency of
the laser as well, which makes it easy to filter out the noise at those frequencies, by us-
ing well-chosen frequency filters (as we described in the previous section). The use of a
resonant cavity also grandly amplifies the signal, which is a well-known manifestation of
the Purcell effect [15]. In summary, our approach reduces noise and increases the signal,
directly benefiting the signal-to-noise ratio.

6. Conclusions

In order to prevent counterfeiting, and to be able to authenticate their own manu-
factured goods, certain brands hide specific DNA branes in their products (clothes for
instance), since they are difficult to imitate and can be revealed through DNA sequencing.
We propose to use fluorophores in the strong-coupling regime described in the previous
sections to realize the same goal. The present manuscript describes the quantum foundation
of the strong-coupling and the experimental study of radiation dynamics in the strong-
coupling regime. It also highlights how these dynamics can be harnessed in tracing and
authentication, due to their unique response and simple detection requirements. The spe-
cific signature of strong-coupling is difficult to counterfeit (it also requires good overlap
between the cavity resonance and absorption/emission spectrum of the probe), and it is
easy to reveal because it needs a basic fluorescence device, is widely commercialized, and
is versatile and fast to operate compared to DNA sequencing, for instance. It should be
emphasized that instead of using expensive lithography techniques or time-consuming self-
assembly processes, the new PUF that we propose here is solely based on the light-matter
interaction. It constitutes a compromise between quantum encryption, 4 la Wiesner [11],
and classical encryption. This approach opens a large field of potential applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app12189238/s1, Figure S1: Two-level system in a cavity.
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Abstract: Nano-optics explores linear and nonlinear phenomena at the nanoscale to advance fun-
damental knowledge about materials and their interaction with light in the classical and quantum
domains in order to develop new photonics-based technologies. In this perspective article, we review
recent progress regarding the application of nonlinear optical methods to reveal the links between
photonic structures and functions of natural photonic geometries. Furthermore, nonlinear optics
offers a way to unveil and exploit the complexity of the natural world for developing new materials
and technologies for the generation, detection, manipulation, and storage of light at the nanoscale, as

well as sensing, metrology, and communication.
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1. Introduction

It has been known for a long time that colors in nature are not designed for beauty
but are of the utmost importance for communication. Structural colors belong to a special
class of colors that have no chemical origin, but they arise from the interaction of light with
structures, such as periodically arranged materials [1,2]. Structural colors are ubiquitous
colors among insects, fish, and birds. In addition, they are a main topic of research in fields
such as biophotonics and biomimetics. In this perspective article, we demonstrate the
interest and impact of nonlinear optical studies of photonic structures. We highlight the
benefit of nonlinear optical techniques for revealing the details of structured matter at the
nanoscale and its interaction with light. We also emphasize that the control of structural
colors is essential for various applications in materials science. After introducing the readers
to basic concepts of nonlinear optics and natural photonics, we present different cases of
natural photonic structures (sometimes combined with artificial materials) investigated by
nonlinear optical techniques.

2. Basics of Nonlinear Optics

Nonlinear optics is a part of optics that studies light propagation in nonlinear media.
In such media, the polarization P has a nonlinear response to the electric field E. Such
optical behavior usually occurs at a high intensity of light, such as the one generated by
a laser.

In the linear regime, when an electromagnetic wave interacts with some materials, e.g.,
a medium containing electric charges, a dipolar type of interaction appears between the
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dipoles in the medium and the incident electromagnetic fields at a frequency w [3]. This
interaction can be described by an induced polarization P;,q4 that is linear with the electric
field E of the incident light and acts as the source of radiation:

Pina = xVE, )

with x(1), the linear susceptibility that is related to the refractive index. The response can
be modelled by a classical harmonic oscillator, yielding a linear complex refractive index of
the medium that scales with w [3].

However, in the case of high-intensity incident electromagnetic fields, such as laser
light (Figure 1), the harmonic oscillator response is not sufficient anymore to describe
the observed phenomena [4-7]. The oscillations become anharmonic, i.e., they do not
respond linearly to the incident electromagnetic wave. In the nonlinear regime, the induced
polarization P;,q4 is expanded in a Taylor series as a function of the total applied electric
field. The induced polarization is then written as [7]:

Ppg =PV +P® 4 pB) 4. = yWE 4 y@EE 4+ YO EEE+ ... )

with P(l), the linear part of the induced polarization; P(Z), the second-order nonlinear
response; and P(), the third order nonlinear response. x(!), x(2), and x(%) are the linear, the
first nonlinear, and the second nonlinear susceptibilities, respectively. The latter two quan-
tify the second-order and third-order nonlinear optical response. Since all susceptibilities
are related to the refractive index, a nonlinear complex refractive index is obtained.

Linear
regime

MNonlinear
regime

A, Nonlinear
regime

0
E——»
Figure 1. Depending on the intensity of the incident electric field (E), the electric polarization (P)
will respond linearly or nonlinearly. As long as the intensity of the electric field is small, the electric
polarization is linear to the electric field intensity. This case corresponds to the linear regime. When
the intensity of the electric field is high, P is not proportional to E and the regime is nonlinear.
Reproduced from Verbiest, T., Clays, K., and Rodriguez, V., 2009. Second-order Nonlinear Optical
Characterization Techniques: An Introduction, with permission from Taylor and Francis Group, LLC,
a division of Informa plc.

One of the advantages of nonlinear optical techniques is due to the nature of the non-
linear susceptibilities, which are tensors of third and fourth rank, respectively. Especially,
second-order nonlinear optical effects, which are described by the third-rank tensor x(2),
have extremely interesting symmetry properties. In general, x(?) is a third-rank tensor
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with 27 components, but the number of independent and nonvanishing components is
dependent on the symmetry of the medium. All of the components of x(?) will vanish in a
medium with inversion symmetry. On the other hand, any surface where the symmetry
is necessarily broken will typically yield four independent susceptibility components [7].
Since the nonlinear susceptibility directly determines the magnitude and phase of the
nonlinear response, the measured response can serve as a means to evaluate the symmetry
of the sample.

In addition to the optical properties of matter that can be probed by linear techniques,
much more information is available by exploiting the interaction of matter with higher-
intensity laser beams. Multiphoton (including two-photon) excitation fluorescence is
certainly the most used nonlinear optical technique. In the case of two-photon excitation
fluorescence (TPEF), high-intensity photons illuminate a sample [7]. Because of this high
intensity, two photons simultaneously interact with the sample, following different selection
rules from the photons in the linear light-matter interaction regime. Since two photons
are absorbed initially and give rise to only one emitted photon, the resulting photon has
a higher energy than each of the two absorbed photons. Multiphoton absorption and
fluorescence originate from a third-order nonlinear optical response [7].

In second harmonic generation (SHG), the material also interacts with two photons [7].
Unlike two-photon excitation fluorescence, a third photon is instantaneously emitted
(within ca 1071 s) with exactly twice the energy (and, thus, half the wavelength) of the
two initial photons. Since SHG is a second-order nonlinear optical process, selection rules
that are different from TPEF apply: symmetry requirements such as non-centrosymmetric
samples are essential to observe SHG [4-7]. Similarly, third harmonic generation (THG)
corresponds to the instantaneous emission of a single photon following the interaction of
three incident photons [7]. The generated photon has three times the energy and a third of
the wavelength of the three initial photons.

There are multiple advantages to nonlinear techniques with respect to linear optical
techniques [8,9]. An important feature is the increase in imaging depth, which can be
attributed to multiple factors: first, there is a low probability of multiple photons interacting
simultaneously, resulting in a minimal imaging volume at the femtoliter scale by reducing
out-of-focus fluorescence. It is therefore possible to image accurately at different depths,
similarly to confocal microscopes, and to create 3D reconstructions of the investigated
material without the use of a pinhole. Due to the absence of a pinhole, more light can be
collected and thus a clearer image can be formed. This also results in an increase in the
practical resolution as the pinhole of confocal microscopes is often opened to increase the
amount of incoming light to image fluorescing samples. This results in a lower resolution.
Practically, the resolution of a multiphoton microscope was shown to approach 250 nm,
which equals the best possible resolution of the confocal fluorescence microscopy. Another
significant advantage of nonlinear optical techniques is the use of near-infrared excitation
light with wavelengths corresponding to the transparency window of biological tissue.
This leads to an increase in penetration depth, and it is therefore possible to image sensitive
samples without damaging the structure or with minimal damage. Furthermore, most
multi-photon microscopes use femtosecond-lasers as an excitation source, which further
reduces the risk of photodamage. In addition, no sample preparation is necessary. This
constitutes the main advantage over more complicated microscopy techniques such as
scanning electron microscopy (SEM) or transmission electron microscopy (TEM) [10,11].
Finally, another interesting application of multiphoton microscopy is the imaging of the
local polarization anisotropy via SHG, enabling the user to seperately determine the
orientation and degree of organization of each non-centrosymmetric component within a
sample .

3. Introduction to Natural Photonics

Colours in nature originate from chemical or physical properties of matter, light
sources, or combinations of them [1,2]. Chemical colours are caused by pigments. These
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molecules selectively absorb incident light within a given wavelength band. Examples are
eumelanins and pheomelanins, which give rise to brown/black and yellow/red human
skins, respectively [12,13]. Light that is not absorbed by pigments is scattered, giving rise
to colours that an observer may perceive. Physical colours are due to interference between
incident light and a physical structure. Hence, they are often called structural colours, as a
synonym. Structures giving rise to such colours have geometrical dimensions at the micro-
or nanoscale. They encompass optical thin films [14-17], diffraction gratings [18-20], Bragg
mirrors [21-26], chirped multilayer reflectors [27,28], and photonic crystals [29-34], as well
as quasi-ordered [35-40] and randomly disordered [41-44] photonic structures.

Natural photonics is the field of research that studies the interaction between light
and such physical structures in nature. Natural structural colours occur in organisms
ranging from mammals such as primates (including human blue eyes) and marsupials,
fish, or birds such as hummingbirds and pigeons to insects such as butterflies and beetles
(Figure 2) [1,2,45].

This section introduces key concepts and presents some selected case studies from
natural photonics, in the linear regime.

Figure 2. Many examples of structural colours are found in the integuments of natural organisms.

They include the wings of the common morpho Morpho peleides (a), the body of some dragonfly
species (b), the thorax and elytra of the green rose chafer Cetonia aurata (c), the body of the Botany
Bay diamond weevil Chrysolopus spectabilis (d), the integuments of some jumping spider species (e),
the skin of the mandrill Mandrillus sphinx (f), the feathers of the Indian peafowl Pavo cristatus (g), the
head of the mallard Anas platyrhynchos (h), and the body of the neon tetra fish Paracheirodon innesi (i).
Reproduced from from pixabay.com.

One striking example is the case of the male beetle Hoplia coerulea (Figure 3). The
blue-violet iridescent colour of its elytra and body observed in reflection with incident
visible light arises from a photonic structure, namely, a porous periodic multilayer, within
the round scales occurring on its body [46,47].
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Figure 3. The blue-violet colour of the male beetle Hoplia coerulea (a) originates from a multilayer
photonic structure. This porous periodic multilayer (b) occurs in the scales covering the elytra (c)
and body of the insect. Upon UV light illumination, the scales display a turquoise colour through
fluorescence (d). When in contact with water, the scales turn to green (e) and navy blue (f) under
visible and UV lightillumination, respectively. Reproduced from Mouchet, S.R., Lobet, M., Kolaric, B.,
Kaczmarek, A.M., Van Deun, R., Vukusic, P., Deparis, O., and Van Hooijdonk, E., 2016. Controlled
fluorescence in a beetle’s photonic structure and its sensitivity to environmentally induced changes.
Proc. R. Soc. B 283, 20162334, with permission from The Royal Society.

This multilayer is mainly composed of chitin, the building material of insects [1,2].
Upon contact with liquids and vapour, these scales change their colour to green [48-52]:
the spectral reflectance peak red-shifts. This colour change arises from the penetration of
some liquid into the pores of the scales, filling the pores and changing the refractive index.

Furthermore, one-photon excitation fluorescence (OPEF) emission was observed when
the beetle was illuminated with UV light (Figure 3d) [53,54]. The colour of the scales cov-
ering the elytra and body of this insect is turquoise. This phenomenon arises in biological
organisms, the integuments of which contain so-called fluorophores [55,56]. Examples include
birds [44,57-59], insects [60-71], arachnids [72,73], mammals [74], amphibians [75,76], rep-
tiles [77], marine animals [78,79], and plants [80,81] (Figure 2). These molecules emit longer-
wavelength light (typically, visible photons) following the absorption of incident shorter-
wavelength light (typically, UV, violet or blue photons).

Fluorescence emission results from transition between two real electron states with
the same multiplicity of spin. The role, if any, of fluorescence (Figure 4) in visual communi-
cation is unclear [55,56]. Biopterin, the green fluorescent protein (GFP), papiliochrom II,
psittacofulvin, and resilin are examples of fluorophores.

When light emission takes place in photonic structures, the structure may modify the
directionality, the decay time, and the spectral intensity of the emitted light [82,83]. Light
emission can be reduced or even inhibited if the emission wavelength is in the range of the
photonic bandgap of the structure. The decay time of the excited is then increased and can,
theoretically, be infinite. When such light emitted in a photonic structure originates from
fluorescence, this phenomenon is often referred to as controlled fluorescence. The confinement
of fluorophores in natural photonic structures was found in several species [84-88], including
the male beetle H. coerulea [53,54]. Upon contact with water, the peak in the fluorescence
emission spectrum from the scales of this beetle blue-shifts, giving rise to a navy blue colour
(Figure 3d,f). Following the penetration of the porous structure by water, the local density of
optical states (LDOS) is modified, leading to the observed colour change.
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Figure 4. Fluorescence is ubiquitous in the integuments of natural organisms. The integuments

of some jellyfish species (a), some grasshopper species (b), some millipede species (c), and some
greeneye fish species (d) are known for their fluorescent properties. (d) Top (bottom): greeneye fish
under visible (UV) light. Reproduced from from pixabay.com.

The interaction between fluorescent light and photonic structures was also highlighted
in the scales covering the elytra of longhorn beetles Celosterna pollinosa sulfurea and Phos-
phorus virescens [68]. These scales exhibit yellow and turquoise colours under visible and
UV incident light, respectively, with an underlying basal brown membrane (Figure 5a—d),
akin to the beetles Euchroea auripigmenta and Trictenotoma childreni [69,70]. Through scat-
terograms and detailed series of simulations, it was demonstrated that the scales play the
role of waveguides for light emitted by the embedded fluorophores (Figure 5e,f).
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Figure 5. The elytra of longhorn beetles Celosterna pollinosa sulfurea and Phosphorus virescens are
covered by elongated scales, in which fluorophores are embedded. These scales act as waveguides for
the light emitted by the fluorophores. They display a yellow colour under visible light for C. pollinosa
sulfurea (a) and P. virescens (b) (here, observation by optical microscopy). Under UV light, the observed
colour is turquoise in both respective cases (¢,d). Upon illumination with UV light (represented in
magenta), embedded fluorophores mostly emitted within two emission cones (in green) (e) due to a
waveguide effect taking place within the scales (f). Reproduced from Van Hooijdonk, E., Barthou,
C., Vigneron, J.-P,, and Berthier, S., 2013. Yellow structurally modified fluorescence in the longhorn
beetles Celosterna pollinosa sulfurea and Phosphorus virescens (Cerambycidae). J. Lumin. 136, 313-321,
with permission from Elsevier.

4. Nonlinear Optical Study of Natural Photonic Structures

Harnessing light-matter interaction in a nonlinear regime, researchers and engineers
developed various tools for imaging and spectroscopy analyses of biological
samples [8,62,89-105]. Nonlinear optical imaging and spectroscopy have proved to be
versatile and efficient techniques in biomedical and biological research, with many benefits,
including an increase in analytic depth and a reduction in photodamage, with respect to
classical linear optical techniques [8]. In general, nonlinear optical studies led to a better
understanding of the link between the optical response and geometries of natural photonic
structures that are essential for potential applications of these structures in biomimetics
and quantum technology [9].
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For instance, the multi-excited states character of the fluorophores embedded in
the integuments of H. coerulea were revealed by comparing OPEF spectra with TPEF
measurements [106] (Figure 6a—d).

© b/
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Figure 6. TPEF microscopy and spectroscopy of the scales covering H. coerulea’s elytra. An intense
TPEF response was detected from the elytra of the male beetle H. coerulea with an excitation wave-
length equal to 900 nm (a) and 800 nm (b). TPEF excitation spectra were measured with various
excitation wavelengths (c). Upon contact with water, the emitted intensity decreases and the peak
wavelength red-shifts slightly (the excitation wavelength equals 800 nm). Scale bars: (a) 200 pm
and (b) 100 um. Reproduced from Mouchet, S. R., Verstraete, C., Mara, D., Van Cleuvenbergen, S.,
Finlayson, E. D., Van Deun, R., Deparis, O., Verbiest, T., Maes, B., Vukusic, P., and Kolaric, B., 2019
Nonlinear optical spectroscopy and two-photon excited fluorescence spectroscopy reveal the excited
states of fluorophores embedded in a beetle’s elytra, Interface Focus 9(1), 20180052, with permission
from The Royal Society.

This provided insight into the electron structure of the embedded fluorophores.

Furthermore, local-form anisotropy arising from local-direction-dependent subwave-
length morphology was shown to influence both linear and nonlinear optical responses
(in reflection and emission) thanks to THG spectroscopy [106] . The anisotropy is caused
due to the subwavelength spacers located in the mixed air-chitin layers (Figure 3b). These
spacers are locally parallel.

This finding highlighted the need to take a more accurate model into account for
predicting some of the optical properties of the elytra of this beetle.

Similarly, the yellow and fluorescent elongated scales covering the elytra of the log-
boring beetle Trictenotoma childreni were investigated by nonlinear optical methods, in-
cluding OPEF, TPEF, and SHG microscopy and spectroscopy (Figure 7) [70]. These scales
appear similar to the ones of the longhorn beetles Celosterna pollinosa sulfurea and Phospho-
rus virescens (Figure 5) [68]. They contain fluorophores that give rise to a yellow visual
appearance upon UV illumination. These observations allowed one to highlight the non-
centrosymmetric nature of the fluorophores embedded within these scales [70].
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Figure 7. The yellow and fluorescent scales occurring on the elytra of the log-boring beetle T. childreni
were investigated by nonlinear optical techniques, including OPEF, TPEF, and SHG microscopy and
spectroscopy. The elytra exhibit a yellow colour under both incident visible white (a) and UV (b)
light. This colour is due to the presence of elongated scales covering the elytra (c,d). Under visible (c)
or UV light (d), they appear in shades of yellow. Upon excitation with a fundamental wavelength
of 1000 nm, a SHG (e) and a TPEF (f) signal can be detected from the scales (here observed by
microscopy in false colours). Multiphoton emission spectra of the log-boring beetle’s scales measured
with various excitation wavelengths exhibit SHG peaks at half the excitation wavelengths (thick
lines). TPEF peaks were observed around 550 nm at most excitation wavelengths. Reproduced from
Mouchet, S. R., Verstraete, C., Kaczmarek, A. M., Mara, D., van Cleuvenbergen, S., Van Deun, R.,
Verbiest, T., Maes, B., Vukusic, P., and Kolaric, B., 2019, Unveiling the nonlinear optical response of
Trictenotoma childreni longhorn beetle, J. Biophot. 12(9), 12:e201800470, with permission from John
Wiley and Sons.

So far, various natural photonic structures from different insects, including butterflies
and cicadas, have been investigated for sensing and materials-oriented applications. For
example, corrugated natural photonic structures offer a unique possibility to develop
new sensing platforms by combing corrugation at different scales, plasmonic properties,
and surface-enhanced Raman spectroscopy (SERS) [107-111]. The work of Garrett and
coworkers clearly shows the benefit of natural and bioinspired structuring, which can
be used for different sensing applications (Figure 8) [108-110]. The development of such
novel platforms relying on SERS will lead to the fast and accurate screening of chemical,
biochemical, and pharmaceutical compounds, which is crucial for the growing fields of
proteomics, genomics, molecular medicine, and biophysics, as well as for the development
of assays for the detection of diseases [107,112].
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Figure 8. The structures occurring on the wings of the purple spotted swallowtail butterfly (Graphium
weiskei) coated with a metal thin film were found to be an excellent substrate for SERS, in terms of
biocompatibility and sensitivity [108-110]. G. weiskei (a) exhibit conical microstructures on its wings
(b—d) as observed here by SEM. After coating by gold or silver, these structures can be used to detect
protein binding from direct observation of the modifications in the SERS response. Reproduced from
Garrett, N. L., Vukusic, P., Ogrin, E, Sirotkin, E., Winlove, C. P., and Moger, ]., 2009, Spectroscopy on
the wing: Naturally inspired SERS substrates for biochemical analysis, J. Biophot. 2(3), 157-166.

The work of Stoddart and coworkers highlighted that practical applications of SERS
for sensing depend on the development of manufacturing methods that will be used to
mimic the complex morphology of insect integuments [107]. It pointed out the importance
of biomimetics for the advancement of materials science [107]. In addition, it was shown
that the enhancement of SERS also depends on the aspect ratio of metallic nanoparticles.
The presence of different multiscale groove-like structures presented the possibility of
developing smart surfaces for controlling optical response and wetting properties [113].
Structuring materials have a significant effect on the latter, as was demonstrated both
theoretically and experimentally, specifically at different length scales [114-116] .

Furthermore, the natural photonic structures occurring in the wings of the butterfly
Cymothoe sangaris were used for tuning the upconversion luminescence of nanoparticles
doped with lanthanide (NaYFy : Yb**,Er**) [117]. Upon illumination with a light at
980 nm, both red and green emission bands of NaYF; : Yb3t, Ert could be controlled,
producing different luminescent colours Figure 9. Doping natural photonic structures with
materials including metals and oxides also presents the possibility of using these structures
as templates to design nanocorrugated materials (with complex shapes and geometries) on
demand for various material applications [118].
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Figure 9. The wupconversion Iuminescence of nanoparticles doped with lanthanide

980 laser

(NaYFy : Yb3+,Er®*) was controlled thanks to the natural photonic crystals occurring in the wings
of the butterfly Cymothoe sangaris. With a 980 nm incident light, various luminescent colours were
generated. Reproduced from Gao, T., Zhu, X., Wu, X. J., Zhang, B., and Liu, H. L., 2021, Selectively
Manipulating Upconversion Emission Channels with Tunable Biological Photonic Crystals, J. Phys.
Chem. C, 125(1), 732-739, with permission from ACS Publications.

5. Conclusions

In this perspective article, we presented theoretical key concepts of nonlinear optics
and discussed the results of nonlinear optical studies in the field of natural photonics.
Because nonlinear optical techniques are inherently sensitive to symmetry; the presence of
interfaces; and chirality, they offer a more detailed insight into the molecular properties of
biomaterials . This is crucial for applications in different areas of material science. Even
though, at the moment, nonlinear optical investigations of natural photonics are still at
their infant stage of development, the primary aim of this article is to draw the attention
of the broad material, photonic, and biological scientific communities to the capability of
nonlinear optics, which could be used to forge new horizons in physical, biological and
material research.
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