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Abstract- An optical fibre sensor for detection of volatile organic compounds (VOCs)
has been implemented. This device is based on a vapochromic material presented in
the form of bright red powders, which suffers reversible changes in its optical
properties when exposed to some organic vapours. The sensor head consists of a
nano interferometer doped with the vapochromic material, built onto a cleaved ended
multimode optical fibre by using the Layer by Layer Electrostatic Self Assembly
Method (LbL). A reflection scheme was used, so the intensity modulated reflected
signal is registered in order to study its response. Changes up to 3 dB in the reflected
optical power were measured.
Index terms: optical fibre sensor; gas sensor; vapochromic material; Layer by Layer

I.INTRODUCCTION

In last few years, many researching groups have been focusing their attention to the
development of sensors towards detection of VOCs. Some of the most important targets for
these devices are environmental applications, electronic noses, food or chemical industry [1].
They can help to determinate whether or not the fermentation process of alcoholic beverages
is completed [2], or if the concentration in air of a chemical product is below the safety level
for workers in a factory. Most of these sensors are polymer-based electronic devices: the
amount of the VOC in the ambient and its reactivity with the polymer determine the
sensitivity of the sensor. For example, in other works it have been used resistive sensors [3] to
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measure swelling of the polymer; capacitive sensors [4, 5] to measure changes in polymer
permeability, just to mention a few.
In this context, fibre optic sensors are a good alternative to electronic ones: some of these
electronic sensors need to be heated at 400 ºC to operate [6], and all of them need to be biased
to work, so, as an electric signal is required, they are not recommended in environments
where there is an explosion risk, as chemical plants. Besides, electromagnetic signals can
produce severe interferences to electronic sensors, impeding them to operate properly. In
order to solve these problems, optical fibre sensors shows passive nature, immunity to
electromagnetic noise, small size and light weight, durability, remote operation or capability
of multiplexing several sensors in one fibre. The most common operation principle of these
sensors is the modulation of the light intensity produced by the substance to be detected [7].
The sensing element can be either the fibre itself or an external material fixed to the fibre; in
any case, ate least one optical property of the sensing material, such as the colour, the
refractive index or fluorescence, should depend of the monitored substance in the surrounding
environment.
In this work, a vapochromic complex, whose optical properties suffer changes in presence of
volatile compounds, is used as sensing material. Following the LbL method, ionic doped
monolayers with this complex are deposited onto the cleaved end of an optical fibre, giving
rise to a nano-cavity sensitive to alcohol solvent vapors.

II.VAPOCROMIC MATERIAL

Organometallic chemistry is a discipline that has been growing in interest in last few decades.
It is well known that organic compounds are based on the ability of carbon to form bounds
with other carbon atoms; this property in transition metals such as gold, silver or palladium, is
studied by organometallic chemistry, developing complex with interesting applications [8].
For the preparation of suitable detector of VOCs, it is necessary to find a complex able to
change some properties in presence of organic solvents. Changes in colour or in refractive
index are easy to monitor with simple scheme consisting of a light source and an optical fibre
device. Although there is a great number of complexes showing solvatochromism (change in
absorbance properties when dissolved in different liquids), for the construction of VOCs
sensors, it is more important other property, the vapochromism. This term was present firstly
by Nagel and Mann and co-workers [9] to describe complexes that change the colour in
presence of VOCs.
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There is a family of complexes of general formula [AuAg(C6F5)2L]n, where L is a ligand
molecule that can be pyridine, 2,2’bipridine, 1,10 phenantroline, ½ diphenylacetylene and
other ligands [10,11], which change from different colour as orange or red to white in the
presence of coordinating solvent as acetone, methanol or ethanol. In these cases, the
polynuclear structure of starting compound [Au2Ag2(C6F5)4(C6H5N)2] disappears and a new
anion-cation derivate is formed as a consequence of the solvent coordination to the silver
centre, creaking both the gold-silver bounds and the gold-gold contacts, which are responsible
of the initial colour. On the contrary, the final cation-anion structure shows white colour (see
figure 1). Some fibre optic sensor based using this family of complexes, were characterized
for VOCs detection [12]. Although a big quantity of solvent is necessary to provoke this
effect completely, small ones in vapour phase can produce enough change in the refractive
index to be detected.
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Figure 1. Molecule of the vapochromic material and its reaction in presence of organic
vapours. Atoms size and chemical structure are idealized to make it more legible.

In this work, the gold-silver complex with pyridine ligands, has been employed for the
detection of some VOCs. This material is present in form of bright red powders, and shows
fluorescence at 575 nm when illuminated with light at 385nm.

III.EXPERIMENTAL SET-UP
The multimode optical fibre chosen has core and cladding diameters of 62,5 μm and 125 μm,
respectively, and the end of which was cut with a Siemens S46999-M9-A8 precision fibre
cleaver. The small size of the sensor head implies enormous advantages: just to mention a
few, it shows low cross-correlation to temperature, robustness, reproducibility, fast response,
and offers the possibility of using optical sources with low coherent length, etc. Furthermore,
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it make possible to use an interrogating/detection scheme similar to the used in intensity based
sensors.
The experimental reflection set-up employed is shown in figure 2. A Y coupler 50:50 was
used to connect the system. This device has also a 62.5 μm core diameter, in order to avoid
insertion loses.
Vapochromic
Deposition

Photodetector/Spectrometer

Interrogating
Signal

Port 3
Y 50:50 Coupler

Port 2

Organic Vapors
Injection

Port 1

Figure 2. Set-up implemented to analyze the response of the fibre optic based sensor.

The sensor head is connected to port 2 and the other two ports are connected to the 850 nm
LED source (port 1) and to the photodetector, 675RE from RIFOCS Corporation (port 3).
When measuring the reflected optical power during the nanocavity construction, the sensor is
stayed on air. In order to study the response of the device when exposed to VOCs, the sensor
head is introduced into a hermetically closed chamber (diameter: 9 cm, high: 2 cm, volume:
275 cm3), where different VOCs are injected in liquid phase.

IV.NANOSENSOR IMPLEMENTATION

a. Layer by Layer method

The LbL method is a technique that is been used for deposition of several materials [13]; in
the field of optical devices, it offers the possibility of building up two-beams Fabry-Perot
nanocavities on fibres, with lengths less than a micrometer [14]. Simplicity and
reproducibility are the most remarkable advantages offered by this method respect to other
deposition techniques employed to implement optical fibre sensors such as, for example, dip
coating [15-17] or Langmuir-Blodgett [18].
The LbL process has an iterative nature, so involves some steps: firstly, a substrate (in this
case optical fibre), is cleaned and chemically treated with a mixture of sulphuric acid and
hydrogen peroxide (3:1), inducing also a superficial negative charge density; then, the
substrate is alternately dipped into solutions of cationic and anionic polymers, assembling
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each time a nano film positively or negatively electrically charged with the previous one fixed
(that is oppositely charged). The composition of each layer and the chemical variables of the
polymeric solutions determine the final coating properties. The basic synthesis process is
summarized in figure 3.
PAH+

PAA-

Cladding

REPEAT

Core

Charged Substrate

PAH+

Figure 3. Main steps of the LbL method deposition process. Symbols are idealized and
not intended to represent exactly the polyelectrolyte chains.

In this work, a solution of PAH (poly allylamine hydrochloride) was used as the polycation,
and PAA (poly acrylic acid) as the polyanion. These polyelectrolytes are a good choice to
develop nanostructures due to their ability to get their optical properties chemically modified
by, for example, varying the pH [19, 20]. The resulting multilayer structure built up at the end
of an optical fibre, behaves as a homogeneous optical medium, as each monolayer thickness is
in same scale (nanometric) than the wavelength of the source used. The layers thickness
obtained are below coherent length of LEDs, so the can be employed instead of LASERs as
optical sources, reducing the cost of the final sensor system.
As previously commented, the layer structure of the coating forms a two-beams
interferometer nanocavity on the optical wavelength scale [21]. With the set up described in
figure 2, the evolution of the nanocavity can be registered just monitoring the reflected optical
power each time a monolayer gets deposited, giving these measures a response similar to a
Fizeau interferometer.

b. Doping the coating

The multilayer film structure had to be doped with the vapochromic material in order to
obtain a VOC sensitive layer. First, it is necessary to decide in which polymer the
vapochromic material has to be dissolved: PAH has an amine group would give electrons to
silver atoms of the vapochromic molecule, acting as ligand (the same role than pyridine) [22].
The polycation is presented in hydrochloride form, so it has an acid behaviour: to avoid the
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vapochromic molecule degradation, pH is raised to 7 for PAH solution; pH of the polyanion
solution is also set at 7, in order to prevent potential problems in the construction of the
structure [23].
Another additional drawback is that the vapochromical material is not soluble in water but in
organic solvents. Some authors dissolved hydrophobic complexes in an organic water-soluble
solvent, yielding to a hydrophilic mixture [24]. In this case, the vapochromic material is
solved in ethanol, and this is diluted in pure water: final solution shows the same colour and
fluorescence that presented the material in form of powders, and hence can be added to the
PAH solution.
The solute concentration for both polycation and polyanion solutions is 10 mM, and the
proportion between the vapochromic complex and ethanol is 1 mg/ml; 600 μl of this solution
are added to 20 ml of water, mixing it with the PAH solution, yielding the final polycationvapochromic mixture.

c. Nanocavity construction
A multilayer structure of form [PAH+(Vap)/PAA-]n, where n indicates the final number of
bilayers, was built up onto a cleaved ended pigtail optical fibre; a total of 25 bilayers were
deposited. Just to prevent the interference of ethanol traces in the final nanostructure, the
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sensors were 1 hour at 50ºC (see figure 4.a).
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Figure 4. (a) Detail of a sensor head after the curing process. (b) Construction curve of
the sensor for the polycation (square points) and polyanion (rhombus points).

The experimental results obtained during the build up of the multilayer structure process are
shown in figure 4.b: the curve represent the relative optical power for each polymer layer. The
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interferometric phenomenon has been monitored, so a nanocavity has been constructed at the
end of the fibre. There are no differences bigger than 0.05 dB between each layer, so the
structure has an adequate uniformity.
An increase in layers thickness can be observed counting the number of monolayers per
period: to complete the first one, 26 monolayers are needed, for the second, 14, and for the
third, just 10. These means that layers get thicker and the reason could be the vapochromic
material bounded to the polycation chains.

V.RESULTS AND DISCUSSION

a. Spectral analysis

Spectral study has been used to measure vapochromic fluorescence characterise registering
the emission spectra, and sensor response to different VOCs. To realise this analysis, the same
reflection set-up shown in figure 2 has been used, connecting a CCD Spectrometer PC2000
connected to port 2, a LED at 385nm to port 1 when measuring the vapochromic material
fluorescence; finally, a white light to source is used as optical source to study sensor
absorbance spectra.
The fluorescence measurements are done to ensure that the vapochromic material is fixed in
the sensor head: as this material shows fluorescence at 575 nm when is excited with a light
source at 385 nm, if the sensor head is illuminated with a led at this wavelength, a
fluorescence signal would confirm that the vapochromic material is successfully doping the
nano cavity.
After dissolving the complex first in ethanol and then in water, the final solution maintain the
colour of the powders and fluorescence; when the PAH solution is added to the vapochromic
one, it loses its colour and becomes transparent, and when it is excited with a light source at
385 nm, the fluorescence peak emission changes to 525 nm. This confirms that there is an
interaction between the polycation and the vapochromic complex; as there is still
fluorescence, the vapochromic complex has not been destroyed by the acid behaviour of the
PAH solution. These spectra can be observed in figure 5.
A valley in the absorbance spectra of the sensor around 530nm would corroborate that there is
vapochromic material doping the interferometric structure, as it would be due to the
fluorescence emission from the vapochromic complex. This will be shown in next section.
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Figure 5. Reflected fluorescence spectrum from the vapochromic complex solutions,
when using a led at 385 nm.

a.2. Absorbance spectra
In all cases, the absorbance will be expressed in relative units defined by the formula:

⎛ S − Dλ
A = − log⎜⎜ λ
⎝ Rλ − Dλ

⎞
⎟⎟
⎠

(1)

where Sλ is the optical power received from the sample, Dλ is the optical power of the dark
reference signal, and Rλ is the optical power measured from the reference signal, all of them
at wavelength of λ.
Figure 6 shows the optical absorbance of the nano cavity when exposed to three different
organic vapours: concentrations for each case are 86.10-3mol/l for ethanol, 125.10-3mol/l for
methanol and 40.10-3 mol/l for isopropanol. In case of ethanol and methanol, the curve is
quite similar in shape, but the methanol one has bigger amplitude; a valley in amplitude
around 525nm can be observed, near from the fluorescence emission of the vapochromic
complex solved with the polycation, confirming definitely that there is vapochromic product
doping the interferometric cavity. This phenomenon is also presented with isopropanol, but is
not so noticeable: the absorbance spectrum for isopropanol is almost flat and has the lowest
amplitude.
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Absorbance spectra of the sensor head for each VOC after 40 minutes exposure.

Ethanol and methanol can be discriminated only by information from the amplitude, but they
both show a different spectra shape compared to the isopropanol one; figure 6 also shows that
there is a wide spectral region where the optical interrogating signal could be used, which
gives the system an important degree of flexibility and the possibility of implementing a
sensor network.
The absorbance spectra is register 40 minutes after the VOC is introduced to chamber where
the sensor is, which is longer than results reported in other VOCs sensors [25]. This is could
be because of several factors as the curing applied to the sensor head, the doping process, the
complex reaction time, but the most important, is the time needed by the VOC to get
evaporated inside the chamber. This last effect can be inferred from the following figures by
seeing the almost instantaneous recovery time of the sensor once the chamber is open. The
influence of these factors is under study and will be shown elsewhere in further works.

b. VOC assembly analysis
The first step in the measuring process is the injection of the organic solvent into the chamber
where the sensor is placed; after some minutes, the VOC gets vaporized and the atmosphere
inside the chamber becomes saturated, starting the adsorption process at the nanocavity
surface, producing changes in its optical properties, and so, altering the reflected optical
power collected. Once this signal is stabilized, the chamber is opened and the optical power
recovers its original value. This cycle has been done twice for ethanol (86 10-3 mol/l) and
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methanol (125.10-3 mol/l), showing that the response is repetitive and that it could be used to
discriminate between these vapors. These results are shown in figure 7.
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Figure 6. Comparison between the response of the sensor for ethanol and methanol.

c. VOC individual analysis
The response of the sensor for different concentrations of ethanol and methanol vapours has
been studied discriminately: figure 8.a shows the ethanol sensor response with concentrations
of 21.5.10-3 mol/l, 43.10-3 mol/l and 86.10-3 mol/l. From this figure, it can be observed that the
optical reflected power level does not differ much between them, only 0.3 dB, being time
response the main difference between each measure: as the concentration decreases, the
optical reflected power begins to fall later, and needs more time to get stabilized. This gives at
least three possible alternatives to distinguish among concentrations: it is possible to measure
the optical reflected power at one certain time since the ethanol is introduced to the chamber;
another possibility consists on registering the time that the sensor needs to get its lower level,
and finally, the fall slope can also be used as parameter to discriminate between
concentrations.
Figure 8.b shows the sensor response when it is exposed to different methanol concentrations.
The methods shown above are able to discriminate between different concentrations in this
case too. It is remarkable that the sensor has been used for one month, and no degradation in
the doped nanocavity and neither variation in its behaviour were observed.
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Temporal response of the sensor when exposed to different ethanol (a) and methanol (b)
concentrations.

VI.CONCLUSIONS
An optical VOCs sensor has been experimentally implemented. This device is based on a
vapochromic material which can detect some VOCs and determinate the concentrations of
their vapors. The technique employed to make it is LbL method, which offers a high
reproducibility and a very efficient use of the vapochromic complex, opening the way to
further investigations to improve it. Using a cleaved ended multimode fibre, the fabrication
process takes only one day. The instrumentation necessary is very simple and the optical
source is a LED, so the total cost of the sensor system is very low.
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