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ABSTRACT

Natural photonic structures found on the cuticléngkcts are known to give rise to astonishingcstinal colours. These
ordered porous structures are made of biopolyngersh as chitin, and some of them possess the pyojpechange
colour according to the surrounding atmosphere amitipn. This phenomenon is still not completehderstood. We
investigated the structure found on the cuticlehef male beetléloplia coerulea (Scarabaeidae). The structure, in this
case, consists in a 1D periodic porous multilagside scales, reflecting incident light in the blliee colour variations
were quantified by reflectance spectral measuresnasing water, ethanol and acetone vapours. A ARestng matrix
formalism was used for modelling light reflection the photonic multilayer. The origin of the remattcolour changes
has to be tracked in variations of the effectivieactive index and of the photonic structure dimens. This remarkable
phenomenon observed for a non-open but still ponousdtilayer could be very interesting for vapournsiag
applications and smart glass windows.

Keywords. Beetle scale, natural photonic crystals, photobandgap materials, structural colour, iridescence,
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1. INTRODUCTION

Physical colours in living organisms are known ® froduced by various natural photonic structite®ne of the
taxonomic classes presenting the most striking @k@sris insects: butterflidBsmothg, weevil§™, longhorn§’, etc. The
porous structures found on the insect cuticle adered at the wavelength scale and made of biopaiyre.g., chitin).
Some of them have the property to change coloumvihe surrounding atmosphere composition is matfifie It is
also well known that their impregnation with liquicater or ethanol may give rise to colour chafid&¥ and is often
used in entomology in order to distinguish pigmenteolours from physical colours. The colour chamga be very
quick and is due to modifications of the photortimicture. The property of changing colour in thegemce of water
vapour is termed hygrochromism.

One example is the male bedteplia coerulea (Fig. 1) also known as the cerulean chafer bektleelongs to
the Scarabaeidae family and is often found in sumifinem May to July) on herbs along watercoursed sswamps in
South Europe. The male possesses circular scalesing its wings which are mainly made of chitinside the scales, a
photonic structure consisting in a periodic poraustilayer gives rise to a blue-violet iridescemtaration*>* The
structure is enclosed by an envelope whose thiskisegbout 100 nm. One scale has a diameter oft &@oum and is
3.5 um thick. The female displays a pigmentary tmistv coloration. In 2009, Rassattal."™ demonstrated that the blue-
violet coloration of the male turns to emerald grednen soaked in water.
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Figure 1. Photograph of théoplia coerulea male beetle. Its blue-violet coloration has a ptajrigin. (colours available online)

In this paper, impregnation experiments Hdplia coerulea scales were first performed with liquid water,
ethanol, acetone as well as toluene and the caloanges were observed using optical microscopy. piinpose of
impregnation experiments was to confirm the serisitiof the photonic structures to direct contadéthwiquids, as it
was highlighted in previous repbtt Then, the modifications of the reflectance speutinduced by the presence of
water, ethanol and acetone vapours were investigateng a sealed measurement cell. In spite offabe of being
located inside scales, the non-open but still pprahotonic structure is an interesting candidatete study of colour
changes induced by variations in the surroundingpaphere.

This remarkable effect observed in tHeplia coerulea structure could be very interesting in order tabekate
new sensing concepts and devices through a biomcinagproach. From that approach, a better optinoizaand
emergence of novel bio-inspired optical serfsot$™>!"and smart glass windowWs® are anticipated. Indeed, the
structure could easily be synthesised by nanofatioic method¥. However, the origin of the colour changes in sach
enclosed porous structure is not understood antbHaes tracked in microscopic physicochemical pimesica.

2. MATERIALSAND METHODS
2.1 Optical characterisation of colour changes

For impregnation experiments, a droplet of liquiis{illed water, absolute ethanol, acetone or todyevas deposited
using a micropipette (0.5 pl) on one single elytrblicroscope observations were performed using m@us BX61
optical microscope combined with an Olympus XC5Meea and an Olympus BX-UCB light source.

Variations of reflection factérspectra (often incorrectly called “reflectance ctpa) due to the presence of
water, ethanol and acetone vapours in the surragnalimosphere were investigated using a sealedunegasnt cell
(Fig. 2). In the cell chamber, an insect wing wked as well as a cup of liquid. Spectra were theasured during the
vaporisation of the liquid (right at the placemehfthe cup, after 20 min, 40 min, 1 h, 3 h and 4hh an Avaspec ULS
2048-2 fibre optic spectrometer and an Avalight Xémon lamp. Measurements were performed at 158a@mcie in
specular configuration (equal angles of incidere detection). The spot size of the beam on thepEasurface was
about several square millimetres, i.e., coveringiynscales of the elytron. Since measurements wenfermed during
several hours, it was necessary to take the fltionmof the light source into account. For thisgmse, a dual channel
spectrometer platform was used. One spectromesemeth measured the reflected light from the sampléle the other
one simultaneously measured light reflected ordtffasor.

" The reflection factor is the ratio between theisity reflected by the sample and the intensftgcted by a standard
white diffusor with corrections for the noise. Tlégtor can therefore exceed 100% unlike the reflese.
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Figure 2. Sealed measurement cell in which thecgéin factor variations dfloplia coerulea elytra due to the presence of vapour in
the chamber atmosphere were measured.

2.2 Optical smulation method

We simulated reflectance spectra of the photonigesire using a thin-film code based on a 1D sdatiematrix
formalisnf®?. The code calculates light flow propagation irasfied media made of homogeneous layers. Applying
this method for the investigated photonic structiarelevant since, as we will see, the structuresdot diffract visible
light into diffraction order higher than speculaflection. The reflectance spectra were computedramg unpolarised
visible light at 15°-incident angle.

3. RESULTSAND DISCUSSION

The photonic structure at the origin of the bluelet iridescence of the male beetle scales haadlreeen investigated
by Vigneronet al.'® and Rassaret al.'® For the sake of completeness, we remind here ¢balts of structure
investigations. The wings and the thorax are cal/éyesmall (diameter of about 80 um), flat (thicks®f ca. 3.5 um)
and circular shaped scales (Fig. 3a). The biopalyfmening the structure is chitin whose refractimelex is about
1.562. We note that the ventral scales and those ofetieare greenish-white (for both sexes). In the Isicales, the
inner structure (Fig. 4), enclosed by a very thitosth envelope (thickness of ca. 100 nm) is made sthck of planar
layers separated by spacers. The internal photsiniccture is approximated by a multilayer consgstin a dozen
bilayers with a period of ca. 175 nm, paralleltie buter surface of the scales. Each spacer laysigts in a network of
rods which are locally (i.e., for a set of aboutrt@s) parallel, very ordered and separated byaits. The orientations
of the rods vary within one layer but also from dager to another. In the photonic model, the nekwaf spacers is
replaced by a homogenised layer with an effectefactive index, mixing air and chitin. The strugtuis then
considered as a 1D photonic crystal film. This agpnation is valid because the rods do not leadigh-order
diffraction of visible light (except specular refteon). Indeed, the rod interdistance is too shrallproduce diffraction.
Anyway, the rods cannot be reduced to perfectatiffion gratings due to inhomogeneities (never nioae 10 rods are
parallel). Optical properties were experimentata@cterized by Vigneroet al.*® and Rassaet al.'® They measured a
reflectance peak located at about 460 nm with a MMtarrower than 100 nm when the sample was illutethaat
normal incidence. When the incidence angle wasas®d, the reflectance peak was blue-shifted. dloaiicchanges
due to interaction with liquids and vapours arecdesd here after.
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Figure 3. Colour variations ¢foplia coerulea scales upon impregnation with water (a-c), ethéehd), acetone (g-i) and toluene (j-I).
With these four liquids, the blue-violet scaleshdd beetle turn to green. a,d,g,j) ambient conalid,e,h,k) ongoing colour changes.
These micrographs were taken at the mid-time betwe® ambient conditions and the wet state; ¢,hidt state. The green colour
obtained in the case of toluene (l) is differentfrwater (c), ethanol (f) and acetone (i) becatsseefractive index is quite different.

We notice that (i,l) are not totally green is daetetone and toluene evaporation. (colours avaitafline)
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Figure 4. The internal photonic crystal structuréha origin of the blue-violet coloration bioplia coerulea is made of chitin layers
separated by rods and air voids. The thicknessteeabd layerl; and the chitin slad, are 140 nm and 35 nm, respectively, leading
to a Bragg mirror period af; + d, = 175 nm. The air void; and rodb, widths are equal to 85 and 90 nm, respectivelg. Th

refractive indices of ait,;, and chitinngp;;,, are taken to be equal to 1 and %56

3.1 Interaction with liquids

In 2009, Rassast al.* highlighted that the colour d¢doplia coerulea male beetle turns to green when soaked in water.
They measured a shift of reflectance peak positiom 450 nm (ambient conditions) to 530 nm (wettejtaat an
incidence angle equal to 15°. They explained thiswr variation by the replacement of air (refraetindex equal to
1.00) by liquid water (refractive index equal t®3). in the voids of the nanostructure, leading noirecrease in the
effective refractive index. This phenomenon was alestrated to be reversible.

Here, impregnation experiments of the beetle soats performed using droplets of 0.5 ul of distliwater,
absolute ethanol, acetone and toluene. The colmmges were observed by optical microscopy (Fig\W& notice that
the beetle wings are hydrophilic, at the contrarpther insects, especially butterffedhe colour changes take place
with all of these four liquids and are similar:tjagter the droplet is deposited, some scalesntigtéurn to green. Then,
the other scales gradually (i.e., scale by scale) to green. Within one minute, the cuticle swefag totally green,
except in the cases of acetone and toluene (Bigln3fact, acetone and toluene evaporate faster the colour change
process. However, some scales can be found totdugneen before acetone and toluene completelyceasp In the
case of toluene, the observed green colour (Figis3tifferent from the ones obtained for waterg(Fdc), ethanol
(Fig. 3f) and acetone (Fig. 3i) because the rdfradndex of liquid toluenem(,ene = 1.50) is quite different from
those of waterr(,4ter = 1.33), ethanol{,tyano; = 1.36) and aceton@f . on. = 1.36).

The key challenge is to explain how liquids infilie through the scale envelope and, possibly, ce@a in the
voids of the structure. We notice that, among tbales whose colour instantly changes, some scateglaarly
damaged. We propose that all scales turning ifgtimngreen are damaged. Regarding the gradua#ipging scales, no
porosity could be observed in the scale envelop&BMW analysis. Of course, micropores (i.e., poréh & diameter
smaller than 2 nm) could be present. They coulomaliquids to fill air voids in the nanostructurie, spite of the fact
that they are too small to be observed by SEM. Aaopossibility is that the chemical compositiortled insect cuticle
(not only chitin but also other macromolecules liketeing) could lead to permeability of the envelope.

3.2 Interaction with vapours

The differential reflection factor spectfaR in the presence of distilled water (Fig. 5a), dltoethanol (Fig. 5b) and
acetone vapours (Fig. 5c) were measured. Thegalcelated fromAR = R — R,, whereR is the spectrum measured
from scales in contact with vapour during a perdddime T (0 min, 20 min, 40 min, 1 h, 3 h and 4 h) ajgdis the
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spectrum measured just after the placement ofigéltcontaining cup in the measurement cEIH 0 min) in ambient
conditions (about 45% of relative humidity and 2R°Che temperature was very stable during the éxgens (less
than 2% variations). Indeed, it was recently dertratesd that the colour of insect wings depended atstemperatufé&
4 The measured colour changes were found to besible
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Figure 5. Differential reflection factor spectx® = R — R, collected in the presence of (a) water, (b) ethand (c) acetone vapours.

R are the spectra measured from scales in contétivapours during a period of tiffeandR is a spectrum measured just after the
placement of the liquid cup in the measurement(@e# 0 min). (colours available online)

Two phenomena that could explain these observati@mne investigatéd 1) the physical adsorption of vapour
in the air voids of the nanostructure and 2) thelléwg of the structure.

If a thicknesse of water vapour physisorbs on the void surface, shmulated differential reflection factor
spectraAR (Fig. 6a) are similar to the experimental oneg.(B). In this caseAR = R — R, and R is the spectrum
simulated for the photonic structure model describg Rassaret al.'® using a physisorbed water vapour thickness
varying from 0 to 3 nm, anfl, is the spectrum simulated without physisorptierr=(0 nm). The maximal physisorbed
water thickness value we choge=t 3 nm) was experimentally observed on hydrophilidaes®. Only simulations for
water 1,,.:er = 1.33) are shown. The results for ethanol and aeeto, ;4n0 = 1.36 andn ..;one = 1.36) are very
similar to those for water. A Bruggeman’s effectimedium approximation was used in order to evalttadeeffective
refractive index in the spacer layers (mix of aimter and chitin). No capillary condensation wappmsed in the
modelling because the observed nanostructure poeg®o large to be considered as mesoporesp@es giving rise to
capillary condensation). Furthermore, capillarydmmsation within the porous structure would resuihodifications of
the reflectance spectra which would be too impdriartomparison with the experimental differensalectra (Fig. 5).
Only a few nanometres thickness of physisorbed wapeems to be enough to explain the colour variati
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The swelling of biopolymers (i.e., an increasein&sdue to water contact has already been obsémegratin
(bird feather®2%) and in chitin (longhorn beetf®and bristle wornfd). In these cases, hydrogen bonds are disrupted in
the polymer due to water infiltration, leading toiacrease of the nanostructure size.

A swelling experienced by thidoplia coerulea structure could also explain the measured colbanges since
the variations of the reflectance spedt®aare similar (Fig. 6b) to those measured by spewtoy (Fig. 5). In this case,
AR = R — R, andR is the spectrum simulated for Rassaral.’s structure modél whose dimensions were multiplied
by 1+ a. « is termed the swelling factor. A value @ 0.01 leads to differential spectra similar to mead ones. This
value @ = 0.01) is rather low. For instance, swelling fadtothe case of the longhorn was estimated 00.08.

We postulate that the origin of the colour variaias probably a combination of these two phenomeea
physisorption and swelling. Furthermore, in botlsesa simulated differential spectra are shiftedaf@dut 25 nm) in
comparison with experimental ones. This can beapt by the origin of the insects which is diffgrédrom the
specimens used by Rassairél."®, leading to slight colour differences due to didtiferences in structure dimensions.

4. CONCLUSION

The structural blue-violet coloration of théoplia coerulea was demonstrated to be modified when impregnated b
water, ethanol, acetone and toluene liquids oromtact with vapours of these liquids. In spite efrly non-open, this
porous photonic structure presents this remarkataperty of changing colour in the presence ofitiqur vapour. The
structure at the origin of the colour changes 1gperiodic porous multilayer (i.e., a repetitidncbitin layers and rod-
like spacer layers), which is enclosed by a 100tick envelope.

Two possible origins of the observed effect weneegtigated: physisorption of vapour on the surfatéhe
nanostructure pores and the swelling of the stracta both cases, the variations of the speatfidestance simulated by
a thin-film code were similar to measured ones.

This effect is very interesting in order to develip-inspired sensors and smart glass device$yeaphotonic
structure could easily be produced by nanofabooatiethods.

ACKNOWLEDGMENTS

The authors thank Yvon Morciaux from the Departnahysics (PMR-LARN, UNamur) for precious helpridg the
development of the measurement cell. This reseaashsupported by the Belgian National Fund for i&ifie Research
F.R.S.-FNRS (Research credit CDR J.00035.13). Salsupported by the F.R.S.-FNRS as Research Fellow.

Proc. of SPIE Vol. 9127 91270U-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/13/2014 Terms of Use: http://spiedl.or g/terms



REFERENCES

[1] Berthier, S., [Iridescences, Les couleurs physigigssinsectes], Springer, Paris (2003).

[2] Kinoshita, S., [Structural Colors in the Realm @tide], World Scientific Publishing Co, Singapo2€@8).

[3] Berthier, S., [Photonique des Morphos], Springarj$2(2010).

[4] Mouchet, S., Vigneron, J.-P., Colomer, J.-F., Vatden, C. and Deparis, O. “Additive photonic colorghe
Brazilian diamond weeviEntimus imperialis,” Proc. SPIE 8480, 848003 (2012).

[5] Mouchet, S., Colomer, J.-F., Vandenbem, C., Dep&isand Vigneron, J.-P., “Method for modeling divei
color effect in photonic polycrystals with form aatropic elements: the case Eiftimus imperialis weevil,”
Opt. Express 21(11), 13228 (2013).

[6] Liu, F., Dong, B. Q., Liu, X. H., Zheng, Y. M. andi, J., “Structural color change in longhorn begtle
Tmesisternus isabellae,” Opt. Express 17(18), 16183-16191 (2009).

[7] Colomer, J.-F., Simonis, P., Bay, A., Cloetens,&honen, H., Rassart, M., Vandenbem, C. and Viagnel.-
P., “Photonic polycrystal in the greenish-white lesaof the African longhorn beetlérosopocera lactator
(Cerambycidae),” Phys. Rev. E 85, 011907 (2012).

[8] Potyrailo, R. A., Ghiradella, H., Vertiatchikh, AQovidenko, K., Cournoyer, J. R. and Olson, Bvofpho
butterfly wing scales demonstrate highly selectiapour response,” Nat. Photonics 1, 123-128 (2007).

[9] Bir6, L. P., Kertész, K., Vértesy, Z. and Baling.Z‘Photonic nanoarchitectures occurring in béltescales as
selective gas/vapor sensors,” Proc. SPIE 7057,0@%2008).

[10]Mouchet, S., Deparis, O. and Vigneron, J.-P., “Urtaxied high sensitivity of the reflectance of pasmatural
photonic structures to the presence of gases gyalivain the atmosphere,” Proc. SPIE 8424, 842205%2).

[11]Kertész, K., Piszter, G., Jakab, E., Balint, Z€rt¥sy, Z. and Bird, L. P., “Color change of Blugtbrfly wing
scales in an air - vapor ambient,” Appl. Sur. 881, 49-53 (2013).

[12]Potyrailo, R. A., Starkey, T. A., Vukusic, P., Gidella, H., Vasudev, M., Bunning, T., Naik, R. Rang, Z.,
Larsen, M., Deng, T., Zhong, S., Palacios, M., @gmnJ. C., Zorn, G., Goddard, G. and Zalubovsky, S.
“Discovery of the surface polarity gradient on @stentMorpho butterfly scales reveals a mechanism of their
selective vapor response,” P. Natl. Acad. Sci US8(29), 15567-15572 (2013).

[13]Vigneron, J.-P., Pasteels, J. M., Windsor, D. Mértesy, Z., Rassart, M., Seldrum, T., Dumont, &pddis, O.,
Lousse, V., Biro, L. P., Ertz, D. and Welch, V. LSwitchable reflector in the Panamian tortoise tleee
Charidotella egregia (Chrysomelidae: Cassidinae),” Phys. Rev. E 7690312007).

[14]Rassart, M., Colomer, J.-F., Tabarant, T. and MigmeJ.-P., “Diffractive hygrochromic effect in tloaiticle of
the hercules beet@ynastes hercules,” New J. Phys. 10, 033014 (2008).

[15]Rassart, M., Simonis, P., Bay, A., Deparis, O. "igheron, J.-P., “Scales coloration change follogvimater
absorption in the beetldoplia coerulea (Coleoptera),” Phys. Rev. E 80, 031910 (2009).

[16] Vigneron, J.-P., Colomer, J.-F., Vigneron, N. amlse, V., “Natural layer-by-layer photonic struetin the
squamae ofloplia coerulea (Coleoptera),” Phys. Rev. E 72, 061904 (2005).

[17]Kim, J. H., Moon, J. H., Lee, S.-Y. and Park, Bjdlogically inspired humidity sensor based on #ire
dimensional photonic crystal,” Appl. Phys. Lett, @D3701 (2010).

[18]Ghazzal, M. N., Deparis, O., Errachid, A., Kebdili, Simonis, P., Eloy, P., Vigneron, J.-P., De i@ok, J.,
Gaigneaux, E. M., “Porosity control and surfacesgernty of titania/silica mesoporous multilayer atngs:
applications to optical Bragg resonance tuning amalecular sensing,” J. Mater. Chem. 22, 25302-25310
(2012).

[19] Deparis, O., Ghazzal, M. N., Simonis, P., Moucl&t, Kebaili, H., De Coninck, J., Gaigneaux, E. Mda
Vigneron, J.-P., “Theoretical condition for tranggracy in mesoporous layered optical media: Applicato
switching of hygrochromic coatings,” Appl. Phystl.d04, 023704 (2014).

[20] Stavenga, D. G., Wilts, B. D., Leertouwer, H. Ldadariyama, T., “Polarized iridescence of the nhaytred
elytra of the Japanese Jewel bedflarysochroa fulgidissima,” Philos. T. R. Soc. B 366, 709-723 (2011).

[21]Yeh, P., [Optical Waves in Layered Media], Wileydrscience, Hoboken (2005).

[22]Sollas, I. B. J., “On the Identification of Chitby Its Physical Constants,” Proc. R. Soc. Lond.9B 474-484
(2907).

[23] Tamaska, 1., Kertész, K., Vértesy, Z., Balint, Zéun, A., Yen, S.-H. and Bird, L. P., “Color chamsgepon
cooling of Lepidoptera scales containing photor@nagarchitectures, and a method for identifyingdhanges,”
J. Insect Sci. 13(87), 1-5 (2013).

Proc. of SPIE Vol. 9127 91270U-8

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/13/2014 Terms of Use: http://spiedl.or g/terms



[24]Kertész, K., Piszter, G., Jakab, E., Balint, Zsrt&&y, Z. and Bir6, L. P., “Temperature and satorat
dependence in the vapor sensing of butterfly woades,” Mat. Sci. Eng. C 39, 221-226 (2014).

[25]Beaglehole, D. and Christenson, H. K., “Vapor Agsion on Mica and Silicon: Entropy Effects, Layegjirand
Surface Forces,” J. Phys. Chem. 96, 3395-3403 (1992

[26]Eliason, C. H. and Shawkey, M. D., “Rapid, revdesilbbesponse of iridescent feather color to ambient
humidity,” Opt. Express 18(20), 21284 (2010).

[27]Shawkey, M. D., D'Alba, L., Wozny, J., Eliason, &eop, J. A. H. and Jia, L., “Structural color clgan
following hydration and dehydration of iridescenbunning dove Zenaida macroura) feathers,” Zoology 114,
59-68 (2011).

[28] Saito, Y., Okano, T., Gaill, F., Chanzy, H., anddx, J.-L., “Structural data on the intra-crystedl swelling
of B-chitin,” Int. J. Biol. Macromol. 28, 81-88 (2000).

Proc. of SPIE Vol. 9127 91270U-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/13/2014 Terms of Use: http://spiedl.or g/terms



