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Abstract: A fiber optic sensor for Volatile Organic Compounds (VOCs) detection has been
developed and characterized for some organic gasses. The sensor is based on a novel
vapochromic material, which is able to change its optical properties in presence of organic
vapors in a reversely way. A nano Fabry Perot is constructed onto a cleaved ended optical
fiber pigtail by Electrostatic Self Assembly method (ESA), doping this structure with the
vapochromic material. Employing a reflection scheme, a change in the intensity modulated
reflected signal at 850 nm have been registered. The response of the sensor has been
evaluated for five different VOCs, and a deeper study has been made for vapors of three
different alcohols.
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1. Introduction

It is well known that organic volatile compounds detection is an important aim in sensor
technology. There are many and assorted fields where these kind of sensors are demanded, just to
mention a few, environmental applications [1], electronic noses [2, 3], chemical industry [4] or non
invasive food analysis [5]. For the development of these applications, electronic sensors have been
mostly used. Most of these sensors are based on the VOC absorption of a polymer [6], which depends
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on some factors, such as the organic vapor concentration, the chemical properties of polymer and its
reactivity with the solvent among others. Some examples of these devices are Surfaces Acoustic Wave
(SAW) [7] or capacitive sensors [8], just to mention a couple.

Fiber optic sensors came on this scene just fifteen years ago [9], offering some important
advantages versus electronic ones that have motivated their investigation and development. Their
electromagnetic immunity is one of the most important, because they can be used in high noisy
ambient where the electronic ones have serious operating problems. Besides, they are passive devices,
so no electric power is need in the sensing zone, which is very important in atmospheres with a high
inflammable complex concentration. Other interesting properties are their small size and light weight,
remote operation or capability of multiplexing [10].

Taking advantage of great potential that fiber optic sensors offer, a novel vapochromic material,
whose optical properties change reversely in presence of organic vapors, has been employed to
develop an optical fiber volatile organic compounds sensor. A nanocavity doped with this material is
deposited following the ESA protocol [11], which can be implemented in an automated way, offering a
great reproducibility. Furthermore, this process has been made chemically compatible with the
vapochromic material, so it keeps its original optical characteristics during and after the deposition
process.

2. Experimental Set-up

A multimode optical fiber with core and cladding diameters of 62.5 and 125 um respectively was
chosen to fabricate the sensor. A pigtail of this fiber is cut at one end with a Siemens S46999-M9-A8
precision fiber cleaver. A nanocavity doped with the vapochromic material is deposited onto this
cleaved end; in other studies, this small size has shown very important advantages [12].

The same reflection experimental set up, which is shown in figure 1, has been used for both sensor
construction and response analysis. The sensor head is connected to the port 2 of a directional Y 50:50
coupler, while a light source is connected to port 1land a photodetector is connected to port 3. So, the
optical power from the source goes through port 1 and reaches the sensor head; the reflected optical
power gets the coupler back reaching the detector. Just to reduce insertion loss, all optical devices have
a 62.5 um core diameter.

During the nanocavity construction process, the fiber end is stayed on air. When studying the
response of the sensor in presence of different VOCs, the sensor head is introduced into a chamber
closed hermetically, which dimensions are 9 cm of diameter, 2 cm high, and a volume of 275 cm?,
inside where the organic solvents are injected in liquid phase.

3. Nanosensor construction
3.1. Vapochromic material

The working principle of most chemical fiber optic sensors is based on the modulation of the fiber
guided light intensity produced by a change in the optical properties of a sensing substance [13].
Because of that, for the preparation of detectors of VOCs, complexes able to achieve such changes
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reversely are required. A new chemistry branch, the organometallic one, offers complex compounds
with some interesting and particular properties.
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Figure 1. Experimental set-up arranged in order to register the nanocavity construction and the
variation in the reflected optical power when exposed to VOC:s (fiber optic solid line), and to record
the absorbance spectra (fiber optic dotted line).

Organometallic compounds are polymer chains which monomers are linked by metal transition
atoms, instead of non metallic ones [14]. Metals such as gold, silver or palladium has been used to
synthesize these types of complexes, and have interesting potential applications. In this case, the
organometallic complex suffers a change in their optical properties (refractive index and colour) in
presence of VOCs, which is easy to detect with the set up shown in the previous section.

The term vapochromic was used first by Nagel and Mann and co-workers, and with it palladium-
platinum complexes whose colour changed in presence of VOCs were described [15, 16]. The
vapochromic material employed in this work belongs to a family of complexes of general formula
[Au2Ag2(CeFs)slz2]n, where L can be pyridine, 2,2’bipridine, 1,10 phenantroline, % diphenylacetylene
and other ligands. In presence of coordinating solvents as acetone, alcohols or acetic acid, first, the
polynuclear structure of the starting complex disappears, getting broken the gold-silver and gold-gold
bounds, which are responsible for the initial colour; then, a new anion-cation derivate is formed as a
consequence of the solvent coordination to the silver centres (see figure 2), provoking a change in the
colour of the complex. Some preliminary fiber optic sensors based on this family of complexes have
been already presented and characterized for VOCs detection [17, 18].

In this work, the vapochromic complex is based on pyridine ligands. This product is presented in
form of bright red powders, and shows fluorescence at 580 nm when illuminated with a 380 nm light
source. Although there is necessary an important quantity of organic solvent to induce a full colour
change, in presence of small quantities of solvent in vapour phase, a detectable change in refractive
index is produced.
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Figure 2. Molecular structure of the vapochromic material employed and its reaction in presence of
ethanol vapours.

3.2. Electrostatic self-assembly method

An automated method to fix the vapochromic material onto the cleaved end pigtail is desirable to
obtain reproducible sensors. Among deposition techniques such as sol-gel [19, 20], dip coating [21] or
Langmuir-Blodgett [22], the ESA method offers simplicity and reproducibility [23]. Besides, many
materials have been properly deposited with this technique [24]. When used on fiber optic, Fabry-Perot
nanocavities with lengths bellow a micrometer can be build-up.

The ESA is an iterative method, so it can be easily automated with a programmable robot. Firstly,
the substrate used (in this case fiber optic), has to be chemically cleaned dipping it into a mixture of
sulphuric acid and hydrogen peroxide (3:1) for five minutes, which also induces a negative charge on
the surface of the fiber. After this, a cyclic process begins: the substrate is submerged first into a
cationic polymeric solution, so a cationic monolayer is deposited on the substrate by electrostatic
attraction; then, the substrate is dipped into an anionic polymeric solution. The negative charged
monolayer is diffused into the positive ones [25], yielding into an optically homogenous bilayer; this
means that the refractive index can be consider homogeneous in the assembled bilayer; as the final
deposition consists of n bilayers of homogeneous refractive index, it can be considered as a nanocavity
in stead of a grating. In figure 3 it is shown the basic synthesis process. The polymers employed and
the chemical variables for the charged solutions determine the resulting coating properties.

In our work, a solution of poly allylamine hidrocloride (PAH) was used as the polycation, and poly
acrylic acid (PAA) as the polyanion. The ionization degree of these polymers solved in water can be
modified varying the pH [26], producing also to a change in the properties of the nanocavity structure.
Furthermore, the thickness of the final nano Fabry-Perot cavity obtained following the ESA method is
shorter than the coherent length of LEDs, so this type of light source can be used instead of LASERS,
with the advantages this implies.

These types of interferometric nanocavities have been already used as sensing mechanism in some
optical fiber sensors, changing for example, their length or index of refraction as a function of
humidity [27]. The interferometric response is produced by the two mirrors of the nanocavity (fiber-
film and film-air interfaces). As the bilayers get deposited, the film grows, and hence, the reflected
optical power changes following an interferometric (two beams) pattern. This interferometric
behaviour gets much clearer when depositing more and more bilayers, as for example in references
[30, 32].
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Figure 3. Schematic of the ESA deposition process onto the cleaved end of a fiber optic. The symbols
are idealized and not intended to represent exactly the conformation of the polyelectrolyte chains.

3.3. Nanocavity construction

In previous studies we reported that the vapochromic material can be deposited applying the ESA
method [29]. Although the sensing material is not soluble in water, a polymeric solution doped with
vapochromic material can be obtained eventually, just dissolving it in ethanol. To prevent the
vapochromic material degradation, it is added into the PAA solution, which is less reactive than the
polycationic one. The pH of both polymeric solutions is 8; on one hand, an acid destruction of the
vapochromic material is avoided, and on the other, if the solutions are set at the same acidity,
construction problems in nanocavity are avoided.

The polycation and polyanion solutions are 10mM, and the proportion between the vapochromic
complex and ethanol is 1mg/100 ul; 500 pl of this solution is added to 20 ml of water, mixing this last
solution with the anionic polymer. With these relative amounts, the optical properties of the
vapochromic material in solution are similar than in solid state.

The nano Fabry-Perot cavity consist of 25 bilayers build up at the end of a cleaved optical fiber
pigtail. The structure is defined by the form [PAH/PAA (Ethanol+Vap)],, being n the number of
bilayers (25 in this case). To cure the sensor, it was kept during 24 h at room temperature, in order to
get the remaining ethanol in the sensor head surface evaporated.

With the set up shown in figure 1, the growing of the nanocavity can be followed, just registering
the reflected optical power each time that a monolayer is deposited onto the end of the optical fiber.
These measures will give a response similar to a Fabry-Perot interferometer [30], as can be seen in
figure 4.The light source employed to monitor the growing of the nanocavity is a LED at 850 nm.

Some information about the size of the nanocavity can be inferred from figure 4; when the
interference depends on the size of the cavity, the distant between two maximums or minimums of
interference is half the wavelength the cavity is being excited with. In this case, half a period of
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interferometric response is registered until bilayer number 25, which means that the length of the
nanocavity is about 250 nm (a quarter of the wavelength used to excite it) [31].
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Figure 4. Construction curve of the nano Fabry-Perot for the polycation (PAH") and the polyanion
(PAA") doped with the vapochromic material.

4. Characteristics of the sensor

Although the ambient factors sensitivity of the sensor has not been performed in this study,
previous results obtained in our group with sensors developed using the ESA technique and the
vapochromic material, showed that the response of the device has neither thermal or humidity
correlation [17, 18]. Even in more complex sensing schemes and more suitable to be sensitive to
temperature than in this case, it is showed that the cross sensitivity to temperature is negligible in the
whole spectrum [32].

The characterization of the sensor has been made from two different points of views. First,
analyzing its spectral response, and secondly obtaining the evolution of the reflected optical power
from the sensor in presence of different VOCs, as in previous related works [18, 33].

4.1. Spectral analysis

Spectral study has been used with two different purposes. First, to measure the fluorescence of the
vapochromic complex once it get fixed onto the cleaved ended fiber, by the emission spectra; and also
to register the absorbance spectra of the sensor when exposed to different VOCs. This spectral analysis
has been implemented using the reflection set up shown in figure 1. In this case, an USB2000-UV-VIS
Miniature Fiber Optic Spectrometer purchased from Ocean Optics Inc. was connected to port 3, a LED
at 380 nm was to connected to port 1 when measuring the fluorescence of the sensing complex, and in
order to get the absorbance spectra, a white light source was connected to port 1 instead of a LED.



Sensors 2006, 6 584

A. Vapochromic complex fluorescence

The fluorescence of the vapochromic material at 585 nm when illuminated with a 380 nm light has
no sensitive purposes. It is used only to have an evidence that the optical properties of the
vapochromic material have suffer no degradation during the deposition process, and that it has been
successfully deposited onto the sensor head. In figure 5, the fluorescence of the vapochromic complex
in different states is shown; there is a parasite fluorescence peak provoked by the optical fiber around
430 nm, but does not infer the one of the vapochromic complex.
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Figure 5. Fluorescence of the vapochromic material, exciting it with a 380nm LED, in different states.

B. Absorbance spectra

In this case, following the set-up shown in figure 1, the USB2000-UV-VIS spectrometer is
connected to port 3, and a white light source is connected to port 1. In order to be consistent in all the
experimental curves, the absorbance will be given in absorbance absolute units, which are defined as:

S,-D
A=-log ~A——~ 1
g[Rl_DlJ ()

where S, is the optical power received from the sample, D, the optical power of the dark reference
signal, or dark noise, and R, the optical power monitored from the reference signal, all of them at
wavelength of A.

As a relative measure, the absorbance spectrum consists of the comparison between two absolutes
values; in this case, the reflected optical power collected when the sensor is exposed to organic vapors
at a certain wavelength (S, — D,), is compared with the reflected optical power registered at the same
wavelength when the sensor is in a VOC — free atmosphere (R, — D,). In both cases, D;, is the reflected
optical power detected when no light is coupled to the system, eliminating so the background noise. It
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is remarkable that the absorbance spectra obtained gives no information about the spectral response of
the device, only about the change that the VOCs provoke on it.

The optical absorbance of the nanocavity when exposed to five different organic vapours is shown
in figure 6. In order to obtain a saturated ambient inside the chamber, the concentrations in each case
were 43 mmol/l per ethanol, 62.5 mmol/l per methanol, 20 mmol/l per isopropanol, 43.5 mmol/l per
acetic acid and 27.81 mmol/l per dichloromethane. The ethanol curve is easily identifiable from the
others because there is only a crossing point with the isopropanol curve, but several wide spectral
interrogating regions available to be used to sensing purposes.

Sensors used in artificial odor recognitions systems must show different sensibilities for individual
organic vapors [2, 3]. In this case, the sensibility to the three alcohols is higher than the one of acetic
acid and dichloromethane, so this device could be combined with other sensors that show other
sensibilities to develop a sensing matrix system.
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Figure 6. Absorbance spectra of the nanocavity when exposed to different VOCs. The measures were
taken after 5 minutes of exposure.

As commented above, there is a wide spectral region where the optical interrogating signal could be
used, giving the possibility of implementing a sensor network based on wavelength division
multiplexion scheme in a straight forward way [10]. As can be seen from figure 6, a low cost LED
emitting at 850 nm is a good choice to study the reflected optical power response when the sensor is
exposed to organic vapors. Finally, it is remarkable that in all cases the spectra got stabilized in less
than two minutes, providing a very repetitive sensor response and faster than others obtained with
previous related implementations [29].

4.2. VOC assembly analysis

Once the sensor response was studied for a wide spectral region, the sensor was excited using a
LED at 850nm, employing the configuration described in section 2. With this set up, changes in the
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reflected optical power were recorded when the sensor head was exposed to different VOCs. After the
optical fiber sensor head was placed inside the chamber, the organic compounds in liquid form were
injected inside the chamber, and after a few minutes, the equilibrium liquid vapour was reached, so the
atmosphere inside the chamber got saturated, and the vapours begun an adsorption process on the
sensing nanocavity surface. This produces a change in the optical properties of the vapochromic
material, and hence, in the reflected optical power. Once the reflected signal is stabilized, the chamber
was opened and the optical power recovered its initial value almost immediately.

The concentrations employed for each VOC were the same that the ones used to study the
absorbance spectra. The results obtained are shown in figure 7. For each vapour, two cycles were
register in order to show the repetitive response of the sensor. If the doping vapochromic material
concentration and the interrogating wavelength are fixed, it is possible to distinguish between different
VOCs. Besides, the longer response time is almost two minutes in case of acetic acid, being shorter
than 20 seconds when the sensitive nanocavity is exposed to isopropanol.

‘—Ethanol —Isopropanol =— Methanol — Acetic Acid —Dichloromethane‘
1.4 /—- A—
i
1.2 P‘\-l—\l' N ., ——— b=

o 14 A/r""'_'_ /-/"J

)

§ °° I /

T 0.6 -

g 04 7

< ~
0.2 Z =8
° __
_02 T T T T T T T

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (minutes)

Figure 7. Attenuation of the reflected optical power when the sensor head is exposed to different
VOCs and interrogated with a LED source at 850 nm.

The mechanisms governing the response and recovery times are quite different. Regarding rising
times, it is affected by the vaporization process of the VOC and its sorption process by the sensitive
material. On one hand, the organic compound is injected inside the chamber in liquid phase, so it needs
time to get vaporized and to saturate the atmosphere; meanwhile, the vapor molecules initiate an
adsorption process on the surface of the sensing head, provoking a change in the index of refraction of
the vapochromic material, and hence, in the reflected optical power. So, using the experimental set-up
of figure 1, time response depends on both, velocity of the vaporization of the VOC, and on the kinetic
of the adsorption process on the sensor head. Nevertheless recovery time is much shorter because once
the chamber is open, the VOC inside it leaves the chamber almost immediately.

As it can be seen in figure 7, and later on in figures 8 to 10, when the sensor head is exposed
individually to VOCs, the change obtained in the reflected optical power is different for each case in
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terms of attenuation (which depends on the changes in the refractive index provoked by each VOC)
and time response (governed by both the vaporization process and the VOC diffusion Kinetic onto the
sensor head). So, chemical properties of the VOC determine the response for each organic vapor
analyzed, and hence, an individual VOC may be estimated by measuring attenuation and time
response, but never in case of gas mixtures.

From the experimental results presented in figure 7, it is possible to infer that the sensor developed
is sensitive to at least 5 different VOCs, so the sensor head itself can not be used to handle organic
vapor mixtures; but this low selectivity is desirable to perform an artificial odor recognition system, as
has been already demonstrated in several electronic noses.

The sensitive material employed in this work belongs to a family of vapochromic complexes
(whose members only differs on chemical ligands) that have been probed to have sensing properties
similar to the one shown here (fast response to different VOCs and low selectivity). So although it can
not be used to handle VOCs mixtures, it may be used to perform a sensor array system. Data treatment
such neural networks or PCA algorithms for systems based in sensors arrays are well know and have
been used successfully to identify different gas mixtures (odors) from different nature. In this field, the
sensor developed offers a great potential use.

4.3 VOC individual analyse

Finally, the sensor response was studied for different concentrations of ethanol, methanol and
isopropanol vapours in order to complete its characterization. To achieve this, the same process
presented previously was used, but using three different concentrations for each organic solvent.

The response for ethanol concentrations of 54 mmol/l, 43 mmol/l and 21.5 mmol/l are shown in
figure 8, showing in figure 8a the response time when the chamber is closed. In figure 8b, it can be
distinguish the recovery time. The maximum difference in terms of stabilized optical power after each
concentration cycle is of only 0.2 dB, and can be treated with methods already mention in the previous
paragraphs. When working with different concentrations of a single VOC, the time response can be
then used to distinguish between the different samples because the more concentration, the faster is the
time response.

The same tests were implemented for different methanol and isopropanol concentrations, and the
results are shown in figure 9 and figure 10 respectively.

5. Conclusions

An optical fiber nanosensor has been developed doping an interferometry Fabry-Perot based
nanocavity constructed following the ESA method with a novel vapochromic material. The deposition
method was automated, so a high reproducibility is guaranteed. Using a cleaved end multimode fiber,
the complete implementation process takes only one day. The sensor head thus fabricated is able to
distinguish among some VOCs and also can determinate different concentrations individually.
Changes up to 1.44 dB in the reflected optical power were registered in less than two minutes. The
response registered from the sensor in terms of time response and dynamic range for different VOCs
and different concentrations, meet the conditions required to conform a sensor array system, and
hence, it can be potentially used in order to performance an artificial odor recognition system.
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Figure 10. Response of the sensor when exposed to three different concentrations of isopropanol.
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