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a b s t r a c t

We have synthesized self-assembled photonic crystals (PCs) based on polystyrene nanospheres having
average diameters of 250 nm. Samples were obtained by drop-casting technique and subsequent self-
assembly on pre-treated glass substrates to increase the surface wettability. Films showed a very good
reflectance band with a maximum at 600 nm. We studied the reflectance peak changes as a function of
time in presence of vapours of different alcohols. Specifically, we investigated methanol, ethanol, 1-
propanol, isopropanol and n-butanol in order to test the potentiality of the system as optical gas
sensor for volatile organic compounds (VOCs). We found a considerable redshift of the reflectance band
in the presence of the alcohols that cannot be explained only on the basis of the different refractive index
of the solvents. We attributed this behaviour to a cooperative effect due to an increase of the effective
refractive index and to a swelling process of the polystyrene nanospheres induced by the contact with
the alcohols. A different behaviour was found for water due to the hydrophobic properties of the surface
of the polymeric photonic crystals. This property was exploited to test the polystyrene PCs for the
measurement of the relative concentration of ethanol vapour in a closed volume exploiting different
ethanol/water concentrations for a possible use as breathalyzer. The estimated limit of detection (LOD) of
ethanol vapour for our system was 2% (vEthan/vtot) corresponding to 1167 ppm.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Environmental pollution such as the poisoning of drinking wa-
ter and the air contamination is a huge problem for human and
planet health [1,2]. Between the most common contaminants an
important role is represented by heavy metals [3e6], inorganic
artment, University of Rome

Prosposito).
gases and volatile organic compounds (VOCs) [7], which come from
industrial processes or from the use of pesticides and fertilizers in
agriculture. These chemical toxic compounds, once released into
the environment (in water, air or soil) do not remain confined to
restricted areas, but easily expand into larger areas. Thus, every day
we are exposed to pollutants through the air, water and the food
[8,9], causing serious allergies and pathologies like asthma or in
some cases worse diseases such as cancer.

As mentioned, VOCs are a class of toxic compounds, which have
high vapour pressure at room temperature and are very common as
contaminants [10]. If a proper ventilation of indoor spaces is not
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provided, the volatile compounds stagnate and people can be
exposed to high VOCs concentration for long times, with dangerous
risks for health. In fact, data from various samples in the United
States show that within residential and workplace environments,
people are exposed to many different kinds of VOCs [11]. Alcohols
are a class of VOCs, of which the most common are methanol,
ethanol, 1-propanol, isopropanol and n-butanol. Each of these al-
cohols causes different deleterious effects on the human body by
contact, ingestion or inhalation. For instance, 100ml of pure
methanol can lead to death if ingested [12], isopropanol causes
serious eye irritation and it may lead to drowsiness or dizziness
[13], n-butanol is harmful if swallowed and it causes skin irritation
and serious eye damage [14]. Additionally, vapours and liquids of
these alcohols are highly flammable with obvious risks on work
safety. For all these reasons it is extremely important to be able to
detect the presence of even small amounts of these contaminants
and to this end, it is essential the development of devices with the
ability to detect their presence. Usually, devices to detect VOCs are
solid-state multisensor systems, often referred to as electronic nose
[15]. These electronic devices can be made up by conducting
polymers [16,17] or semiconducting metal oxides [18e22], which
are both based on a conductivity change after the exposure to the
gas. These types of solid-state sensors are difficult to produce and
expensive, hence, the development of innovative and low cost
sensors based on different detection mechanisms is highly
demanded.

Optical sensors [23e27], in which the presence of contaminants
results in a change of optical properties (phosphorescence, fluo-
rescence, Raman scattering, reflectance, and transmittance) are an
attractive alternative both for the absence of electrical signals,
which can be dangerous in specific environments, and for their
potential high sensitivity. Recently, gas sensors based on Photonic
Crystals (PCs) have been studied since they are easy to realize and
less expensive than others solid-state sensors [28e32]. PCs are
devices formed by microstructured dielectric materials with peri-
odic spatial modulation of the dielectric function (DF) that pro-
duces photonic band gaps or stop gaps [33]. When a visible light
beam hits a PC, some frequencies cannot propagate inside the band
gap, since the light, interacting with the microstructures, has a
destructive interference and the relative frequencies are reflected
[34e36]. Consequently, the density of allowed photonic states can
be strongly affected in the spectral region of the stop band and
peculiar photonic properties has been reported leading to photonic
crystal lasing [37,38]. The photonic band gap can be determined by
optical measurement such as reflectance, where the maximum of
the reflected wavelength is related to PC microstructure and the
specific refractive index (RI) of the material [39]. The working
principle of the PC based sensors is a change of the reflectance peak
energy and shape induced by a change of the RI of system
[27e33,40e42].

Very recently, these types of sensors found also another
important application as breathalyzers [28,29,43]. The breathaly-
zers are devices able to detect the presence of ethanol in drivers'
breath. This perspective is very fascinating since the World Health
Organization valued that more than one million people die annu-
ally in road crashes and the majority of these are due to driving
under the influence of alcohol and drugs [44,45]. To prevent road
accidents, it is important to be able to determine a drunk driver
quickly, accurately and in a non-invasive way. The two most widely
used types of breathalyzers are: the disposable ones, which are very
cheap but have the disadvantages to be strongly sensible to change
of temperature and humidity, and the more expensive and so-
phisticated ones, which need a constant recalibration [46]. Even in
this case, optical devices based on PCs can be of help in this field for
their low cost, easy of fabrication and adequate sensibility if
appropriately developed.
In this paper, we have synthesized good quality PCs based on

opal filmswith commercial polystyrene (PS) nanoparticles by drop-
casting on pre-treated glass substrates. The opal films presented a
very good reflectivity band with a maximum around 600 nm. We
studied time-dependence of reflectance peak of photonic crystals
in the presence of different alcohol vapours. We tested PCs samples
as alcohols gas detectors with methanol, ethanol, 1-propanol, iso-
propanol and n-butanol as analytes. Moreover, we used PS PCs to
measure the relative concentration of ethanol in a closed volume
exploiting different ethanol/water concentrations (vEthan/vtot). The
estimated LOD of our system is 2% of ethanol.

2. Experimental

2.1. Materials

Polystyrene nanospheres (mean nominal diameter D¼ 250 nm)
were purchased fromMicroparticles GmbH. The beads are dispersed
as colloids in water solution with concentration of 2.5% wt. The
investigated VOCs were produced by evaporation of high purity
solvents, specifically methanol, ethanol, 1-propanol, isopropanol
and n-butanol that were purchased from Sigma-Aldrich and used
without further purification. The substrates for the sample depo-
sition were commercial Corning® glass slides (2.5� 2.5 cm2). Sub-
strates were previously treated with the following procedure. They
were immersed in a solution H2SO4/H2O2 (3:1, volume ratio) for
10min, then in a solution of NH4OH/H2O2/H2O (1:0.6:0.8, volume
ratios) for 5min in ultrasonic bath, and finally in HCl/H2O2/H2O
(1:2:7, volume ratios) for 5min. As a final step, the substrates were
washedwith deionizedwater and dried by N2 gas. All the chemicals
for the substrate treatment namely sulfuric acid (98%), hydrogen
peroxide (35%, in water solution), ammonium hydroxide (40%) and
hydrochloric acid (37%) were purchased from Sigma Aldrich.

2.2. Photonic crystals synthesis

A microscope BK7 glass slide was used as substrate; a circular
polymeric mask was placed onto the glass to spatially limit the
spreading of the colloidal solution on the surface, to increase the
structural order of the photonic crystals and to enhance the in-
tensity of reflected light. The PCs fabrication starts from colloidal
solution. A volume of 230 ml was spread onto the treated glass,
inside the useful circular area. After deposition, samples were dried
at 25 �C for 24 h in an incubator having a controlled humidity. This
procedure was necessary to have good PCs with a suitable reflec-
tance and a high mechanical stability.

2.3. Apparatus

The reflectance spectrawere recorded by an ellipsometerWvase
32 (J.A. Woollam) at different angles from 30� to 70�. In order to
perform reflectance measurements at normal incidence and with a
specific gas environment we fabricated a suitable sample chamber.
Fig.1reports a schematic drawn of the experimental set-up used for
reflectance measurements at normal incidence. In the supporting
information, in figure SI_1, is reported a photograph of the real
experimental set-up. The sample is mounted on the basis of the
measurement chamber and is coupled with a halogen lamp (DH-
2000, OceanOptics) through an optical fiber. The fiber enables the
optical excitation by means of a specific lens producing a parallel
light beam. The reflected light from the PC is collected back by the
same lens and sent through a second optical fiber to a compact
spectrophotometer (Flame, OceanOptics) which allows the
recording and analysis of the reflected beam. SEM images were



Fig. 1. Experimental set-up for reflectance measurements at normal incidence.

Fig. 2. Reflectance peaks as a function of incident light angles (red circles). The solid
line (blue) represents the fitting curve obtained with Bragg-Snell's law. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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obtained with SUPRA 35 LEO field emission scanning electron mi-
croscope. Dynamic Light Scattering (DLS) measurements were
recorded by a Malvern Zetasizer Nanoseries instrument (Malvern,
UK) equipped with a 10mW HeNe laser at 632.8 nm wavelength.

2.4. Detection of VOCs by photonic crystals

To investigate the change of the optical properties of the PC as a
function of the environmental conditions we inserted into the
measuring chamber three little jars able to be filled with the spe-
cific solvents. The small containers were filled with a total volume
of 600 ml of the selected alcohol, then we closed the chamber and
we started the measurement collecting the reflectance spectra as a
function of time. We recorded reflected spectrum every 30 s for 2 h.
The analysis was also performed for purewater, to test the response
of the optical sensor in presence of high percentage of humidity and
to understand if water can produce a variation of the reflected
signal independently from the specific investigated solvents. In
order to detect ethanol vapours of different concentrations, we
prepared ethanol/water solutions changing the relative volumes of
the two components. The experimental procedure was the same as
the one used for pure alcohols.

3. Results and discussions

The photonic crystals diffraction behaviour can be described by
a combination of Bragg and Snell's laws [41,47e49] that for an fcc
structure gives:

mlmax ¼ 2

ffiffiffi
2
3

r
D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2eff : � sin2q

q
(1)

where m is the diffraction order, lmax is the wavelength of the
maximum of the diffraction peak, D is the diameter of the nano-
spheres, q is the incident angle of light and neff is the effective
refractive index. For opal structure, the effective refractive index is
[28,48]:

neff : ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fn2p þ ð1� f Þn2m

q
(2)

where np and nm are the refractive indexes of the particles and of
the material between the dielectric spheres (generally air),
respectively, f is the volume fraction (known as filling factor) of the
particles in fcc structure (for an ideal lattice is 0.74). In general, this
kind of optical sensors are based on the effects of a change of neff. If
the dielectric material into voids between particles is changed, nm
and the total effective RI change consequently. If all the other pa-
rameters are the same (specifically the angle of incidence and the
diameter of the spheres), the final effect is a shift of the diffracted
wavelength maximum.
3.1. Optical and structural characterization of photonic crystals

We determined the f value of polystyrene PCs by reflection
spectra at various angles. In figure SI_2 are reported, as an example,
reflectance spectra of the PC at three different angles of incidence
obtained with the ellipsometer set-up. Fig. 2 displays the wave-
length of the measured reflectance peaks (red circles) vs incident
angle while the continuous blue line shows the fitting with the
Bragg-Snell's law (eq. (1)). The PCs behaviour is in good agreement
with theoretical previsions. The values of filling factor and particles
diameter can be derived from fitting parameters. By the analysis,
we obtained 0.72± 0.04 and 245± 5 nm for the filling factor and
diameter, respectively. Fig. 3 shows SEM micrographs of the PC.
Fig. 3(a) is a SEM image of the PC taken perpendicularly to the
external surface, while Fig. 3(b) is a cross sectional SEM image
showing the layers composing the photonic crystal. The sample is a
multilayer composed by around 25 layers. A not perfect packing of
the nanobeads can be easily observed, this arrangement could
explain the value of the filling factor f, which slightly deviates from
the ideal case. By the SEM micrograph analysis of all the particles
present in the picture, we obtained a mean diameter of 244± 7 nm.
Analysing the SEM image we estimated also the polydispersity
index (PDI) of the nanobeads following the indications given in
literature for polymeric spheres [50,51]. We estimated a PDI of
1.002 which indicates a very good monodispersion of our system.



Fig. 3. SEM micrograph of polystyrene PC sample: (a) portion of external surface; (b) cross section.
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These results are in excellent agreement with the results obtained
by the fitting analysis and the DLS characterization presented in the
next chapter.

3.2. Response of the polystyrene photonic crystal to alcohols

The optical response of the PC to different solvents has been
tested mounting the sample in the measurement chamber and
filling the jars with a specific solvent. The reflectance spectra were
collected continuously as a function of time. Due to the gradual
evaporation of the solvent, the molecules enter within the PC
porosity and determine a change of the effective refractive index
and a wavelength shift of the diffraction peak (specifically a red
shift since the effective refractive index increases). When all the
pore volume is completely saturated, the reflectance peak wave-
length reaches a plateau value and the response of the PC can be
considered as complete. An example of the maximum reflectance
peak redshift registered for ethanol saturated vapour is reported in
figure SI_3. The measured redshift of about 50 nm produces also a
sensible change in the colour of the PC as shown in figure SI_4.
Fig. 4 shows the time dependence of the redshift (difference of the
diffraction peak wavelength with and without alcohol) of the PC in
Fig. 4. Time dependence of the redshift of the selected VOCs and water. All the al-
cohols reach a plateau value in different times depending on their vapour tension,
while water presents an anomalous behaviour.
the presence of the different pure alcohols and water. The slope of
the initial part of the curves is closely related to the vapour tension
of the alcohols. A greater vapour pressure corresponds to a higher
slope indicating that a more volatile alcohol needs less time to
saturate all the space in the chamber and in the pores of the PC.
However, if the alcohols remained in the gaseous phase in the
pores, the change in the effective refractive index of the PC should
be quite small and this could not justify the intense redshifts
measured. Such a high variation can rather be ascribed to a
condensation of the VOCs between PC particles. The process
occurring in the measuring chamber is as follows: the alcohol
evaporating from the little containers fills all the empty spaces and
also condenses on the PC surface penetrating into its pores as a
liquid. We calculated the expected maximum redshift, when the
voids between PC particles are completely filled with a specific
alcohol, by using equation (2) where the factor f is fixed at 0.72
(estimated filling factor for our PC) and nm is the refractive index of
the selected alcohol as reported in Table 1. The values of the
refractive index were extrapolated from different works in litera-
ture (reported in the last column of the table) for a temperature of
24 �C and an average humidity of 45%. The calculated neff. was
substituted into equation (1) and the diffraction peak wavelength
was calculated with a fixed sphere diameter (D¼ 250 nm). The
obtained values were compared to the experimental data and the
results are reported in Fig. 5. The experimental redshifts (yellow
bars) are always greater than the calculated ones (red bars), except
for water where the behaviour is opposite. To justify our results, a
second effect, in addition to the simple change of effective refrac-
tive index, has to be taken into account. Our tentative hypothesis is
based on a possible swelling of PS particles induced by the alcohols.
We estimated the increment of the average sphere diameter
necessary to justify the experimentally measured redshifts and
ascribed this increment to a swelling of the nanobeads induced by
the contact with the alcohol. The percentage increment of the
sphere diameter is reported in Table SI_1 of the supporting
Table 1
Refractive indexes of analyzed solvents at 24 �C and 45% humidity.

Solvent Refractive index Ref. Number

Methanol 1.329 [28], [48], [52]
Water 1.334 [53]
Ethanol 1.361 [28], [48], [54]
2-propanol 1.378 [28], [55]
1-propanol 1.386 [28], [56]
n-butanol 1.399 [28], [40], [56]



Fig. 5. Comparison between theoretical calculation of the redshift (red bars) and
experimental data (yellow bars). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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information, as diameter swelling, for all the investigated solvents.
In order to have an experimental evaluation of the diameter
swelling we performed a Dynamic Light Scattering (DLS) charac-
terization. However, the spreading of the average sphere diameters
shown in figure SI_5 hampered an unequivocal determination of
the swelling itself. We tried to measure the swelling also with a
careful determination of the particle diameter by atomic force
microscopy in air and liquid but the measurement gave not clear
results. On this regard, to have an independent measure of the
swelling we performed measurements on polystyrene bulk sam-
ples (pellets of about 2mm in length) immersed for 4 h in the
different solvents, comparing the bulk weight after and before the
immersion. The results are reported in Table SI_2 as weight
swelling in the supporting information. Although the two mea-
surements are not quantitatively comparable, the measured weight
swelling induced by immersion in the alcohols suggests that our
hypothesis on the increase of the dimension of the nanobeads is
indeed valid. On the basis of these results we can conclude that the
additional redshift registered for all the alcohols investigated can
be tentatively ascribed to a swelling process of the PS spheres.

A different mechanism is valid for water. Water shows a small
redshift of 9.8 nm even if its refractive index would produce a
theoretical redshift of 29.5 nm. It has to be underlined that the
vapour pressure of the water is similar to 1-propanol and higher
than n-butanol as reported in Table SI_3 in the supporting infor-
mation. This indicates that the time window of 120min (Fig. 4) is
wide enough to observe the formation of the saturated vapour of
water in the experimental chamber and a full interaction between
water and PC is reached as with the other solvents. However, this
Fig. 6. Hydrophobicity of PC surface: (a) a drop of water shows a small contact area with PC;
particles.
does not happen since, due to the surface nanostructuring of the PC
induced by the nanobeads and the very different surface tension of
water in comparison with alcohols, the PC is highly hydrophobic as
shown in Fig. 6. Consequently, the condensed water on the surface
cannot penetrate inside the porous structure and cannot fill
completely the voids of the PC as for the other alcoholic solvents.
The small effect on the redshift can be ascribed to a thin surface
layer of water or only to a partial filling of the upper pores. This
interpretation is strongly supported by measuring the redshift
induced bywater vapour for different PCs with filling factor varying
from 0.68 to 0.74. In these cases, we found that the water pene-
trates more deeply in the structures having smaller filling factor
(wider space between the spheres) and consequently themeasured
relative redshift was higher. On the basis of these results we may
suppose that water wets only the first 8e9 layers of the entire
photonic crystal composed by about 25 layers or wets, but only
partially, deeper layers giving a reduced effect on the reflectance
redshift with respect to what expected for a complete filling of the
pores.

An important issue of a sensor is the reversibility, i.e. the pos-
sibility to use it several times without damage or reduced response.
On this purpose, we checked the reversibility of our polystyrene PC
optical sensors. When the sensing measurement was finished and
after a waiting time of about 10min with the chamber opened in
order to allow to the solvents to evaporate completely in air, we
checked again the reflectivity. Every time after a complete sensing
cycle, the measured reflectance spectrum recovered its original
shape and intensity, as shown in figure SI_6 for methanol, indi-
cating that our system has a very good reversibility. This property
has been checked for all the solvents with similar results.
3.3. Study of different ethanol concentrations

On the basis of the experimental results and the good agree-
ment as regards the vapours of pure VOCs and the hydrophobicity
behaviour with water, we decided to try our PCs systems for the
measurement of a mixture of two substances, water and ethanol.
Specifically, we studied the response of polystyrene PCs to the
relative concentration of ethanol in water with the aim of
exploiting them as potential breathalyzers. Fig. 7 represents the
sensing test at different ethanol concentrations made by changing
the relative volumes of water and ethanol. The measured redshift
for high concentrations (>70% vEthan/vtot) is almost constant. The
presence of ethanol is so high to saturate completely the voids
between PC nanospheres (the pores are totally filled of ethanol). In
this case, the response of our system is always maximum and the
redshift is about 50 nm, very close to the value of pure ethanol. In
the region up to 70% vEthan/vtot, reported in the figure, the behav-
iour is characterized by a very good linear dependence of the
redshift. In this case the condensation of ethanol is still valid, but its
amount is not enough to completely fill the voids of the PCs. The
(b) a drop of ethyl alcohol spreads on a larger area and goes easily inside voids between



Fig. 7. Redshift of the reflectance band as a function of the ethanol in the range from
0% to 70%.
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redshift gradually increases with the increasing concentration of
ethanol indicating that the solvent fills the PC pores only partially
and proportionally to its concentration. As a reasonable hypothesis
we can consider that the neff. can be written as:

neff : ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:72 n2p þ t n2EtOH: þ g n2water þ ð0:28� t � gÞn2air

q
(3)

where np, nEtOH and nair are the refractive indexes of PC particles,
ethanol and air, respectively. The factor t is the volume fraction that
ethanol occupies in the spaces between the particles. The factor g is
the volume fraction of water inside the PCs voids. Table 2 shows the
relative volumes of ethanol and water inserted in themeasurement
chamber, the percentage of ethanol in liquid phase, the mole
fraction of liquid ethanol in the blend, the mole fraction of ethanol
Table 2
Ethanol concentrations in liquid phase and in vapour phase inside the measuring chamb

Liquid phase EtOH:H2O
(vol:vol)

Percentage of EtOH in liquid
phase

EtOH in liquid phas
fraction)

1: 49 2% 0.010
1: 19 5% 0.025
1: 9 10% 0.052
1: 4 20% 0.110
1: 2.3 30% 0.175
1: 1.5 40% 0.249
1.5: 1 60% 0.426
2.3: 1 70% 0.536
4: 1 80% 0.664
9: 1 90% 0.817
10: 0 100% 1.000

Table 3
PC based sensors for detection of ethanol.

Smallest detectable concentration of ethanol Ref. Number State of solu

2% (vEthan/vTot) This Work Vapour
0,5% (vEthan/vTot) [57] Liquid
10% (vEthan/vTot) [30] Liquid
10% (vEthan/vTot) [31] Liquid
10% (vEthan/vTot) [27] Vapour
10% (vEthan/vTot) [58] Vapour
20% (vEthan/vTot) [28] Liquid
50 ppm [26] Vapour in n
in vapour phase and the calculated ethanol vapour concentration in
the chamber (in ppm). We calculated the LOD of our system in
presence of ethanol considering the value 3s resulting by the
experimental measurement of the reflectance spectrum of the PC in
presence of pure water. The LOD was estimated to be 2% ethanol
vapour, which corresponds to 1167 ppm. To determine the number
of ppm of ethanol vapour presents in the experimental chamber we
used the molar fraction of ethanol in alcohol/water solution. Spe-
cifically, for the case of 2% themolar fraction of ethanol liquid in the
blend water/ethanol was xEtOH

Liq ¼ 0.01. Using the Antoine's law we
estimated the vapour pressure (P0) of ethanol and water at the
temperature of 24 �C and then we calculated, by means of the
Raoult's law, the partial pressures of ethanol vapour, water and the
air (Ptot¼ 1 atm) inside the measuring chamber. From ideal gas law
we have determined the mole fraction of ethanol vapour and then
the corresponding ppm in the chamber.

In order to compare our results with the results present in
literature, we reported in Table 3 a list of PC based sensors for
ethanol detection recently developed. This table, even if it is far
from to be completely exhaustive, gives a general overview of the
research in this field. The value of 1167 ppm is a pretty good value
compared to other similar systems but rather high compared to
other commercial breathalyzers. However, it has to be considered
that a better response is expected with a PC packed more tightly
(having filling factor f¼ 0.74) where the contribution of the water
to the redshift is considerably less. In addition, the easiness of the
synthesis process of polystyrene PCs and the low cost of production
make these systems valid candidates to be studiedmore carefully in
the next future.

4. Conclusions

We have developed a photonic crystal based on self-assembled
polystyrene nanobeads, which could be used as optical sensor. This
device is able to detect the presence of different alcohols (meth-
anol, ethanol, isopropanol, 1-propanol and n-butanol) by a chang-
ing in the reflectance spectrum induced by the condensation of the
er.

e (mole EtOH in vapour phase (mole
fraction)

EtOH in vapour phase
(ppm)

7.26� 10�4 1167
1.84� 10�3 2962
3.78� 10�3 6067
8.02� 10�3 12827
0.0127 20244
0.0181 28678
0.0309 48643
0.0389 60818
0.0482 74888
0.0593 91342
0.0726 110743

tion Type of device

PS opal film
A porphyrin in a polymer matrix as inverse opal film
TiO2 inverse opal film
TiO2 inverse opal film
PS opal infiltrated with HEMA/AA/PEG200DMA
HEMA/AA/PEG200DMA hydrogel inverse opal
PS opal infiltrated with PDMS

itrogen atmosphere PMMA opal infiltrated with methylcellulose
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vapours inside the pores of the PC. In particular, we detected a
substantial wavelength redshift of the reflectance peak, that we
ascribed to the increase of the effective refractive index of the
system and to the swelling of PS spheres induced by the alcohols.
The PCs showed a complete reversibility with all the solvents tested
indicating that they can be used several times. Such systems pre-
sented a very poor response to the water thanks to the surface
nanostructuring of the PC, which prevents the infiltration of water
inside the pores. On the basis of these properties, we tested the
response of our systems to a mixture of two substances, water and
ethanol, with the aim of exploiting them as potential breathalyzers.
PS photonic crystals demonstrated to be able to sense different
concentration of ethyl alcohol in various water/ethanol solutions,
with a LOD of 2% vEthan/vtot. This limit even if rather high compared
to other commercial breathalyzers, is worthwhile for the easiness
of the synthesis process and the low cost of production and makes
these systems valid candidates to be further investigated.
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