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Abstract: Butterfly wing scales containing photonic nanoarchitectures act
as chemically selective sensors due to their color change when mixing
vapors in the atmosphere. Based on butterfly vision, we built a model for
efficient characterization of the spectral changes in different atmospheres.
The spectral shift is vapor specific and proportional with the vapor
concentration. Results were compared to standard principal component
analysis. The modification of the chemical properties of the scale surface by
the deposition of 5 nm of Al,O; significantly alters the character of the
optical response. This is proof of the possibility to purposefully tune the
selectivity of such sensors.
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1. Introduction

Nowadays, the potential applications of photonic crystal type materials in sensing [1] are in
the focus of attention [2,3]. As sensors penetrate the everyday life, the vigorous development
of sensorics tries to cover the need for miniature sensor systems which are capable of making
distinction between vapors of different volatile organic compounds (VOCs) and have fast
response time combined with low energy consumption [3]. Selective chemical sensors based
on photonic nanoarchitectures, like those in the wing scales of butterflies possessing
structural coloration [4] may offer cheap solution to this problem.

Photonic nanoarchitectures are nanocomposites which are capable of interacting in a
spectrally selective way with white light [5]. For color generation in the visible, the
periodicity of optical properties (refractive index) has to be in the range of few 100 nm. This
condition is well fulfilled by several photonic nanoarchitectures of biologic origin [6]. Color
change of such biologic nanoarchitectures may originate from two sources: change of the
refractive index of one, or both of the two optically different materials (refractive index
contrast is needed for the appearance of the photonic band gap [5]), or from the change of the
characteristic dimensions of the elements building up the photonic nanocomposite.
Fortunately, the butterfly wing scales possessing structural coloration are nanocomposites of
chitin and air. This allows for their use as selective chemical sensors for volatile vapors
present in the ambient atmosphere. Due to the fast development of the response signal and
relatively easy optical readout of optical sensors, various materials and setups are under
investigation for fast and chemically selective sensors [7-9]. Among the high variety of
inorganic materials there are also promising biological or bioinspired materials for sensors
[3,10].

Our recent investigations showed that in the case of nine closely related blue
Polyommatus butterfly species the spectral sensitivity of their eyes (sensor) and the dorsal
structural coloration of the wings (measured object) are well tuned for safe mate / competitor
recognition [11]. Based on our noninvasive spectral measurements [12] on numerous museum
exemplars, we showed that the dorsal coloration is species specific and stable in time. The
species of the investigated exemplars can be distinguished based on the dorsal coloration even
in the case of the three violet species appearing to the human eye as similarly colored [11,12].
This clearly shows that the eyes of these butterflies are well tuned for the detection of minor
color differences between the species, and the enhanced spectral sensitivity of the eyes
concentrates on the wavelength range corresponding to the structural coloration. The
compound eyes of the butterflies in certain cases contain four [13] or more [14,15]
photoreceptors which can improve the spectral sensitivity at shorter wavelengths. In the case
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of blue Polyommatus butterflies there are four photoreceptors [13]: three of them are similar
to the photoreceptors in the human eye but there is one additional in the near UV — blue
wavelength region which allows better discrimination of the bluish colors.

Butterfly wing scales containing 3D photonic nanoarchitectures exhibit measurable color
change when mixing in the ambient atmosphere different types of volatile vapors [1,10]. In
the case of the Polyommatine butterflies investigated earlier [11], both the color differences
between the species [11] and the color change caused by the vapors [4,16] originate from the
alteration of the structural color in the same near UV — blue wavelength region and they are
of similar magnitude. Earlier we showed [11] that minor color differences between the
Polyommatine species dorsal side are originated from the slight structural differences of their
photonic nanoarchitectures, all exhibiting the same general layout called “pepper-pot” type
scales [17]. Similarly minor color changes of a butterfly wing could be caused by the changes
of the surrounding vapor mixtures: the refractive index contrast changes between the empty
(chitin — air) and filled (chitin — vapor and condensed vapor - due to capillary condensation in
the nanovoids [4]) state of the structure. These two analogous behaviors suggests the use of
tridimensional color space representation to monitor the changes caused by vapors, as it was
used with success for the species discrimination [11].

2. Materials and methods

The investigated butterfly exemplars which were used as sensor material were obtained from
the curated Lepidoptera collection of the Hungarian Natural History Museum. For scannin
electron microscope (SEM) imaging usual sample preparation was carried out [18]: a 25 mm
wing piece was cut and fixed on stubs, then coated with 15 nm gold to prevent the charging
artifacts. For vapor sensing measurements we used a home-built setup [16]. This contains a
9.75 cm’ gas flow cell which is an air-proof aluminum box with a quartz window for the
optical reflectance measurements. Through its gas inlet and outlet different concentrations of
volatile vapors were passed. The required vapor concentration was set by mixing the saturated
vapors obtained from gas bubblers containing the pure liquids (from VWR, reagent grade)
with artificial air (Messer, 80% N,, 20% O,, others < 20 ppm). The mixing ratio was set by
computer controlled digital mass flow controllers (Aalborg DFC) so as the total flow of the
mixture was kept at 1000 ml/min. Optical reflectance spectra on the butterfly wing samples
were measured through the quartz window of the gas flow cell with the use of Avantes HS
1024*122TEC spectrometer. Normal incidence illumination was used, while the reflected
light was collected at about 45° of angle of detection adjusted to get the highest reflectance
signal. To obtain the reflectance spectra for 10 to 100% vapor concentration values in 10%
steps, the following process was used. By means of a dedicated Labview code the digital flow
controllers were set to output a succession of pairs: 20 s mixture flow followed by 60 s of
synthetic air flow, to purge the cell. Repeating these pairs with increasing vapor
concentrations we were able to record characteristic spectra for each of the investigated
substances. The 60 s purging time is required to recover the initial reflectance value before
the introduction of the next vapor mixture. Using this measurement protocol high reflectance
signals were obtained while the memory effects were negligible.

To evaluate the vapor sensing data we used the color representation of the Polyommatine
butterflies based on the CIE tristimulus color matching [11,19]. This tridimensional color
space was created using the sensitivity functions of the four photoreceptors occurring in the
eyes of the Lycaenid butterflies [13]. Comparing it with the standard (human) chromaticity
diagram (CIE 1931) which is two-dimensional we expect better discrimination of the vapor
sensing reflectance signals due to the additional visual pigment in the blue — UV range.
Computing the light stimuli in the four photoreceptors, the following quantities were used:

® ,, the spectral irradiance of the light source (in our case, the CIE D65 standard

illuminant)
R, the spectral reflectance of the surface under perception,
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U1ysDi2)>82)> Visy correspond to the CIE color-matching functions; here these represent

the absorbance spectra of UV, blue, green and yellow visual pigments respectively, according
to [13].
For the tristimulus calculations, the corresponding quantities are

700nm

X= [ @R, u,dA,

(D7)
300nm

700nm

Y= j @R b d A,
300nm (1)

700nm

zZ= j D1\ R 18 44
300nm
700nm
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300nm
With these four values (Eq. (1)) we can characterize the effect of an arbitrary reflectance
in the butterfly eye. To visualize it in 3D, we can calculate the four chromaticity values (Eq.
(2)) from which the first three can be plot using the normalization condition of w:

X
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To complete the calculus, the measured wing surface reflectance after each concentration
step of the investigated substance was used in the 300 — 700 nm range. Integration of D65
illuminant, pigment absorbance and wing reflectance was performed with 1 nm resolution.

Control evaluation of the data from the vapor sensing experiments was carried out using
principal component analysis (PCA). PCA is a widespread pattern-recognition technique for
multivariate signals. The basic idea of the PCA is to reduce the dimensionality of the data set
consisting of a large number of interrelated variables, while retaining as much as possible of
the variation present in the data set. This is achieved by transforming the initial set of
variables to weighted sums, called the principal components (PCs), and ordered so that the
first few retain most of the variation present in all of the original variables [20].

Based on the SEM and TEM (Figs. 1(c) and 1(d)) images the general layout of the
photonic nanoarchitectures occurring in the wing scales of the nine Polyommatine species is
very similar, they exhibit only slight species-specific variations in the structural
characteristics [11]. In certain cases these variations generate only minor color differences
between the species, but of sufficient magnitude for a safe species discrimination [11,21].
Using a proper artificial neural network analysis of the reflectance spectra [21] and the
structural data based on the SEM and TEM images [11] the discrimination of the nine species
is possible with more than 90% accuracy. Even if the butterfly individuals were collected
from different places within Hungary and in different years, the structural and spectral
characteristics are similar. For the practical application of butterfly wings as ready-made
vapor sensors this property is essential to provide the constant high quality of the sensor
material. In our recent work [16], we compared the optical sensing properties of the dorsal
wing surfaces of the nine Polyommatine butter)y species using optical spectrophotometry,
and the species with the highest relative spectral change, the Common Blue (Lycaenidae:

y
@)
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Polyommatinae: Polyommatini: Polyommatina: Polyommatus icarus) was selected for further
experiments (see Figs. 1(a) and 1(b)).

3. Results and discussion

Py e
gﬂ‘l’ﬁ?@if{"@

i 0,

Fig. 1. (a) male Polyommatus icarus butterfly and (b) the blue dorsal wing scales of this
species. (¢) SEM and (d) TEM images of the chitin - air nanoarchitecture occurring in the blue
wing scales.

In Fig. 2(a) the reflectance measurements on P. icarus can be seen during the vapor sensing
experiment using a white diffuse standard (Avantes WS-1) as a reference. One can see how
the reflectance spectra of the wing in synthetic air changes if the surrounding artificial air is
replaced by the vapor mixtures of different concentrations. If disregarding the shift in the
spectral position of the maximum, one may observe that the right hand side of the maximum
does not move, while the left hand side, i.e., the blue — UV side exhibits the strongest
alterations. Taking the blue wing in artificial air as a reference (Fig. 2(b)) the relative
reflectance spectra showing the coloration changes during the experiment are obtained. It is
clearly seen that the vapor mixtures in different concentrations cause the redshift and the
slight desaturation of the wings which is the result of the capillary condensation of the vapors
into the wing scale nanoarchitecture. As the vapor concentration is increased the amount of
the condensate also increases, leading to more pronounced modifications of the spectrum. In
our recent work temperature-dependent vapor sensing experiments [4] were carried out and
we showed that the volatile vapors are present as liquids in the nanostructure. This is the
likely explanation for the discrepancy between sensitivity and chemical selectivity to various
vapors of butterfly wings found experimentally [1,10] and the lack of these according to
calculations not taking into account the condensation of the volatiles in nanocavities [22].
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Fig. 2. (a) The alteration of the normalized reflectance spectrum of the Polyommatus icarus
blue wing if the surrounding atmosphere is changed to artificial air — vapor mixtures in
different concentrations. (b) Relative reflectance spectra of the same vapor sensing experiment
when the P. icarus wing reflectance in artificial air flow was used as a reference.

In Fig. 3 the dynamic response can be seen during the vapor sensing experiment.
Increasing concentrations of ethanol vapors were applied from 10% to 100% while the
reflectance change signal in the 450 — 550 nm wavelength range were integrated according to
the maxima in Fig. 2(b). It can be clearly seen that the signal is proportional with the vapor
concentration [1,16] and rises in a few seconds after the vapor exposure (see the inset in Fig.
3). The characteristic response time and also the curve shape of the integrated reflectance
change signal are similar for all applied vapors.
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Fig. 3. The variation of the reflectance maximum integrated in the 450 — 550 nm wavelength

range (see Fig. 2(b)) can be seen during the 20 minute long vapor sensing experiment using

ethanol. The time-dependent signal rises and drops off in a few seconds (the magnified part of
the curve can be seen in the inset) and it is proportional with the vapor concentration.

As we showed earlier the butterfly wing sensor is chemically selective [4,16], i.e. it
provides characteristic reflectance signals to different vapors. To illustrate this, one can plot
each reflectance spectra measured in a vapor environment using the tridimensional color
space [11]. At this point we use reflectance curves corresponding to the highest signal at each
concentration. In this way every sort of vapor in the plot will line up on a trajectory in the
chromaticity diagram (Fig. 4(a)). Figure 4(a) was constructed using each individual spectrum
measured in the concentration range from 10 to 100% (relative concentration) for each of the
seven test vapors used and for artificial air, too. Every chromaticity point (with x, y, z
chromaticity coordinates — as it can be seen in ‘Materials and methods’) in the 3D visual
space of the butterflies [11] (Fig. 4(a)) corresponds to a reflectance spectrum measured at a
certain concentration of one of the test vapors used. The location of each point is decided in a
similar way as it is done for the usual human visual space (CIE 1931), with the difference that
due to the fourth visual pigment of P. icarus, the visual space is not 2D — like for humans —
but 3D.
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Fig. 4. (a) The result of the vapor sensing experiments in the 3D chromaticity diagram using 7
vapors at 10 concentrations. One can see the lower concentrations on the right and the higher
concentrations on the left (the point corresponding to artificial air is labeled by red circle). (b)
90° rotated version of the 3D chromaticity diagram. One can see that the chromaticity points
fit well onto a plane slightly different from the diagonal plain passing through the vertical
edges facing the viewer.

Figure 4(a) was generated for the best visibility of the vapor sensing trajectories. While
rotating it around the z axis, one can observe (Fig. 4(b)) that nearly all data points are
clustered in a tilted plane. To keep the further investigations simple, a transformation was
made to extract the 2D information of the vapor sensing data set by fitting a plane to the
chromaticity values (x, y, z) in the 3D visual space and determining their local coordinates
(x’, y’) in this 2D basis. These obtained local coordinates were plot as it can be seen in Fig.
6(a). It has to be pointed out that if the human visual space would be used — without taking
into account the fourth visual pigment of the butterflies, than the spectral trajectories of Fig.
4(a) would look like in Fig. 5. In this case the chromaticity points of the seven vapors are
clustered at the < 50% concentration range which shows that the minor color differences
caused by the low vapor concentrations cannot be analyzed using the human visual space.
This is similar to the unsatisfactory separation of the colors of the Polyommatine butterfly
species in the human visual space [21].
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Fig. 5. The results of the vapor sensing experiment in the human, two-dimensional
chromaticity diagram (CIE 1931). The chromaticity points of the low vapor concentration are
clustered which shows the deficiency of the human visual space to discriminate low
concentration vapors.

The butterfly chromaticity diagram results were obtained using as a hypothesis that the
butterfly visual sensors have high selectivity at wavelength domains [13] where the small
changes in wing coloration occur when mixing different vapors into the atmosphere
surrounding the wing. As the butterfly eye has to be able to detect minor color differences (in
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the blue range of the visible spectrum) for a successful mating, the fine tuning of the effect
induced by the condensed vapors and its detector / analyzer should provide the highest
possible selectivity for vapor sensing, too. As a verification and to analyze the obtained
spectra, we applied PCA which is a pure mathematic evaluation method without any
biological relation. In our case the input data were the reflectance signals of the P. icarus
wing in Fig. 2(a) with 4.5 nm resolution, 69 rows in total, measured in 10% steps from 10%
to 100% vapor concentration, which means 10 columns. The experiments were carried out for
7 vapors, so the input array contained 70 columns and 69 rows. The optimal number of PCs
were two, which resulted 90.4% cumulative percentage of variance, which means that the
second component retains over 90% of the original information. Using the same labeling as in
Fig. 6(a), a trajectory is drawn for every vapor. The two graphs: one generated using the 3D
butterfly visual space (Fig. 6(a)) and the other one produced by PCA (Fig. 6(b)), appear to be
highly congruent.

The congruence of the curves obtained by PCA and using the visual space of the
butterflies shows that both ways of evaluating the experimental data offer the same
performance. This is an interesting finding as one of the methods - the PCA - is a complex
man-made mathematical algorithm, while the butterfly eye and the associated visual space is
the result of biologic evolution — developed together with the photonic nanoarchitecture
responsible for the blue sexual signaling color, to enhance the success rate in mating
encounters of butterflies. It is remarkable that these two very different ways of evaluating
minor color differences give very similar results.
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Fig. 6. (a) 2D transformed version of the 3D chromaticity diagram containing the results of the
vapor sensing experiment. The red circle shows chromaticity point of the initial wing
reflectance in artificial air from which the different vapor concentrations can be found right to
left in ascending order. (b) The results of the PCA using the same vapor sensing data set.

Both in the chromaticity diagram and in the PCA results one can observe the good
separation of the trajectories which represents the chemical selectivity, while the points
representing different vapor concentrations follow each other (from right to left) in ascending
order (of vapor concentrations) show the sensitivity of the sensor. It can be clearly seen that
the good separation of the trajectories is based on their curvature at higher concentrations
which suggests a reversible interaction between the chitin and the vapors. The reversibility
was checked by the recovery of the original color after the vapor sensing experiments (see
Fig. 3). To examine the hypothesis above, we investigated the origin of the color changing
phenomenon caused by the vapors [16]. The main factor responsible for the change of the
relative reflectance signal intensity is the penetration and condensation of vapors into the
nanoarchitecture. This process is governed by capillary condensation [4] and through this the
properties of the surface must have an important role in the evolution of the signal. We have
shown recently that the conformal coverage of the butterfly wings using atomic layer
deposition (ALD) with Al,O; of a few nm thickness results in only slightly different wing
reflectance signal compared to the uncoated wing [23] but it was shown earlier that the
surface chemistry (e.g. wetting properties) of the butterfly wing scale can be tuned very
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efficiently using ALD [24]. Therefore we used a 5 nm Al,O; coated P. icarus wing as a
sensor material to test to what extent the surface chemistry has an effect on the measured
vapor sensing signal under the conditions given in the experimental section. The sample
preparation details of the Al,O; coated wings can be found in [23]. In this way we isolated the
chitin nanoarchitecture from immediate interaction with the volatile vapors, the conformal
coverage was checked by SEM investigation. We performed the same vapor sensing
experiment as specified above. Compared to the results of the pristine wing case (Fig. 6(a))
the trajectories of vapors in the transformed 3D chromaticity diagram were altered as one can
be seen in Fig. 7. There are major differences between the pristine and the ALD modified
case: the coated sample has lower sensitivity and shows moderate selectivity. This is the
result of the surface chemistry alteration inside the nanoarchitecture because the chitin was
passivated by the conformal oxide layer. This is a clear indication that the selectivity and the
sensitivity of butterfly wing sensors must have several components, it is not determined only
by structural factors and refractive index contrast. As the characteristic structural elements of
the photonic nanoarchitecture have dimensions in the order of 100 nm, the 5 nm ALD coating
induces only minor changes both in dimensions and in refractive index contrast between the
filled (chitin) and empty (air) components of the nanoarchitecture, still the response signals to
the different vapors are strongly altered. It is reasonable to assume that these changes are
associated with the surface chemistry of the nanoarchitecture, which may contribute by
enhancing/retarding the nucleation of the first liquid droplets and after the condensation of the
liquid the interaction of the solvent with chitin will differ if the 5 nm Al,Oj; barrier is present,
or not.
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Fig. 7. 2D transformed chromaticity diagram results of the vapor sensing experiment using the
butterfly wing modified with 5 nm conformal AL,O; coating. The red circle shows chromaticity
point of the initial wing reflectance in artificial air flow from which the different vapor
concentrations can be found right to left in ascending order.

The 5 nm Al,O; coating affects the surface chemistry of the sensor which lowers the
sensitivity and selectivity but also changes the character of the optical response. While these
changes are not desirable if sensor applications are targeted, the results clearly show that the
surface modification of the photonic nanoarchitecture of biologic origin is a viable route to
tune its response to the vapors present in the atmosphere surrounding it. Furthermore, it is
worth to note that while in pristine state when increasing the concentration of the vapors from
10 to 100% the longest and the most curved trajectories were found for ethanol, chloroform
and isopropanol, after the ALD coating these vapors show short trajectories with little
curvature. Opposite, water and acetic acid (10% solution in water) in pristine state generated
relatively short and almost straight trajectories, after the ALD coating these two vapors
generated the longest trajectories with a certain degree of curvature.

To try to give a more quantitative comparison of the pristine and after ALD modified
states, one can determine the distances between consecutive concentration steps in the
chromaticity diagram for every vapor. Thus geometric distance will be calculated between the
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consecutive points in Fig. 6(a) and Fig. 7 represented as column-diagrams. Each set of
columns (pristine and modified) is normalized to 1, the total height of the highest column in
the set — corresponding to the total variation of concentration from 0 to 100%. Different
concentration steps are noted with different colors. The ideal sensor would show linear
concentration dependence, so all color segments would have the same width. Figure 8 shows
the column diagrams corresponding to the transformed 3D chromaticity diagram for the
pristine (Fig. 6(a)) and ALD modified (5 nm Al,O; deposition) (Fig. 7) wing. The pristine
butterfly wing has more than five times higher response than the ALD modified wing.
Comparing the column diagrams of Fig. 8§ one may remark that in both sets of
experiments there are vapors which exhibit roughly equidistant steps as vapor concentration
increases: acetone, acetic acid (10 vol% solution), chloroform and with slight deviations
toluene and water, both for the pristine and for the modified wings. Two of the seven vapors:
ethanol and isopropanol, on the other hand, exhibit a less regular increase of response and
marked increase of the alteration as higher concentrations are attained, both for the pristine
and the coated wings. Tentatively this is attributed to the penetration of these solvents into the
volume of the chitin matrix, where they may produce swelling. At higher concentrations the
capillary condensation is intensive — even the larger pores will be filled with liquid — in the
pristine case the condensed vapors will interact easily with the biopolymer (chitin) [25]. After
the ALD deposition the Al,O; layer reduces the swelling changes (acting as barrier against
the volume penetration of the liquid) therefore capillary condensation will be mainly
responsible for the development of the signal. The nonlinearity of the trajectories may be
attributed to the somewhat complex interplay of refractive index contrast modification (as the
concentration of the vapors increases, progressively larger and larger nanopores will be filled
with liquid) and with the onset of swelling that becomes dominant at higher concentration
levels. The detailed examination of this interaction is beyond the scope of the present paper.
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Fig. 8. Normalized column diagrams of the transformed chromaticity diagrams which show the
distances between consecutive concentration steps for the seven vapors using (a) the pristine
butterfly wing (b) and the ALD modified wing. The different colors show the different vapor
concentrations. Note that the pristine wing has more than five times higher response. Both for
the pristine and for the modified sensor the column height are normalized to the highest value
for each sensor used.

Examining the transformed chromaticity diagram result of the pristine sensor (Fig. 6(a)) a
difference can be observed between the lower and higher vapor concentrations. After a
monotone section for < 50% concentration, at certain vapors the plot changes its inclination
from upward to downward. After this, the distances of chromaticity points for consecutive
concentration values may increase (ethanol, isopropanol). In the case of isopropanol this
change occurs at much lower concentrations than for the other vapors. Water and acetic acid
mixture remains close to linear over the whole concentration range. The change in the
inclination of the curves for acetone, ethanol, chloroform, isopropanol and in the vicinity of
100% concentration, for toluene, too, is attributed to swelling effects. As the interaction of the
different solvents with the chitin is expected to be different, it is justified to associate a certain
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fraction of the chemical sensitivity to these different swellings. This interpretation is
supported by the significant reduction of the chemical sensitivity after the ALD coating (Fig.
7).

As the band gap of a photonic crystal type structure is determined by the refractive index
of the building materials, it is worth to try finding a correlation between the chromaticity
diagram trajectories and the refractive index of the liquids. As discussed above, at higher
concentrations there are swelling effects, but the lower range could be linear-fitted. Taking
the slope of the linear fits for the low concentration part (< 50%) of the curves in Fig. 6(a) for
every vapor, one can plot the relation of this slope and of the refractive index of the solvents
in liquid state in Fig. 9. One can observe that there is a satisfactorily linear relationship
between these two quantities. From Fig. 9 the isopropanol has been omitted as it exhibits a
different behavior from the other vapors as can be seen in Fig. 6(a). As discussed above, this
is associated with the swelling of the chitin nanoarchitecture. The acetic acid being a solution
of 10% acetic acid in water has an estimated refractive index, where uncertainties may be
responsible for the deviation from linearity. The other five (pure) solvents, with the exception
of isopropanol, show a linear dependence between the index of refraction and the initial slope
of the trajectories in the chromaticity diagram. This suggests that at lower concentrations the
capillary condensation is the governing process and the swelling of the chitin
nanoarchitecture becomes dominant only at higher concentrations, because of the high
amount of volatile liquid condensed into the nanoarchitecture exhibiting a stronger interaction
with chitin. This is consistent with the results of the simulations [22] and it can be clearly
observed in the chromaticity diagram after the ALD process (Fig. 7): the curvatures disappear
from the vapor sensing trajectories when the Al,O; coating is applied because the isolation of
the chitin from the condensed volatiles does reduce significantly the swelling of the chitin
nanoarchitecture. Therefore, the capillary condensation, i.e., the refractive index contrast
change of the nanoarchitecture is the dominant process which affects the color change of the
butterfly wing.
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Fig. 9. The slopes of the linear-fitted segments of the vapor sensing trajectories are
proportional with the refractive indices of the different volatiles. Acetic acid (10 vol% water
mixture) was left out from the linear fit.

It is worth to be pointed out that chitosan prepared from chitin, and chitosan based
polymer membranes can be used very efficiently for the separation of isopropanol - water
vapor mixtures through pervaporation [25]. This suggests that the chitin based structures may
have a particular affinity towards isopropanol, and this could be the reason for which the
swelling is the dominant process in the case of isopropanol vapors already at low
concentrations. Photonic nanoarchitectures occurring in the wing scales are supposed to show
similar strong interaction with isopropanol, which will affect the color changing
characteristics, therefore the vapor sensing properties of the butterfly wing. In this sense the
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effect of isopropanol cannot be interpreted completely with the capillary condensation or
geometric change of the structure thus it was not analyzed this way.

4. Conclusions

We investigated the chemically selective vapor sensing properties of the photonic
nanoarchitectures in the Common Blue (Polyommatus icarus) wing scales using the spectral
shift of the reflectance maximum of the blue dorsal wing side. The spectra were analyzed
using the three-dimensional chromaticity diagram [11] based on the color vision of the
Polyommatine butterflies, a fully “biologic” approach. Control evaluation was carried out
using PCA — a fully “mathematical” approach — an almost perfect match of the two results
was observed. This clearly shows that the 3D chromaticity diagram is very suitable for the
analysis of the vapor sensing data sets: it can be used very efficiently for the characterization
of the spectral changes produced by the different vapors which results the good chemical
selectivity of the sensor. Good separation of substance specific trajectories was found, with
both methods, using seven test volatiles to show the sensitive and selective vapor sensing
behavior of the butterfly wings. It is remarkable that the two very different ways of analyzing
the same experimental data — the biologic one and the mathematical one — produced almost
coincident results. In a somewhat surprising way this shows that in the wavelength region
where the scales of the males generate structural color the vision of the P. icarus butterflies
equals the selectivity of a sophisticated mathematical algorithm.

We investigated the interaction between the chitin nanoarchitecture and the volatile
vapors. A 5 nm Al,O; coated P. icarus wing was used in the vapor sensing experiment with
the seven volatiles. Reduced sensitivity and selectivity were observed when the chitin was
isolated from the vapors which suggest a reversible chemical interaction (swelling) between
the sensor material and the volatiles in the pristine wings. This interaction is vapor-specific
which in part is the source of the chemical selectivity. The detailed analysis showed that at
lower concentrations the dominant process is the capillary condensation of the vapors into the
nanoarchitecture, while at higher concentrations the chitin swelling becomes dominant for
acetone, ethanol, chloroform and toluene. For isopropanol the swelling is important already in
the low concentration range.

The possibility to tune the response of the photonic nanoarchitectures by the modification
of their surface by well-established materials science methods may offer a wide range of
possibilities to sensitize / desensitize the sensors for certain volatiles and to produce sensor
arrays, which can be very useful in “fingerprinting” the substances to be recognized, which
can enhance significantly the selectivity of the array.
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