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Alcohols detection by a polymeric sensing film
deposited on a long-period fiber grating
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In this paper, we report the construction and characterization of a sensor to detect volatile organic compounds, particularly alcohols. The
sensor was fabricated by depositing a polydimethylsiloxane sensing film on the surface of a long-period fiber grating (LPFG). The LPFG
spectrum, which was taken as the sensor response, was measured in a Teflon chamber, where different concentrations of methanol, ethan
propanol, and butanol samples were injected. Spectral shifts to lower wavelengths were observed for the last three samples. However, a shi
to higher wavelengths for the case of methanol was observed, which was attributed to the fact that its refractive index is smaller than the
one for PDMS. Therefore, curves of the sensor response in function of concentration were performed using different analysis techniques:
analysis in a fixed wavelength, analysis in a fixed spectrum amplitude, and spectral analysis through principal components analysis (PCA)
method. The results showed a regular behavior of the responses according to the molecular weight of the samples. A discussion of the use ¢
each technique was performed.
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1. Introduction concentration [13]. Results for the detection of trichloroethy-
lene, 1,1-dichloroethylene, and benzene have been reported.

Studies of volatile organic compound (VOC) detection has  On the other hand, a research paper has also reported the
been of interest in science due to its multiple applicationsuse of PDMS as sensing film deposited on an LPFG cou-
such as quality control of food and beverages [1], cosmetipled to a ring cavity composed of fiber Bragg gratings (FBG)
industry, drug or explosive detection [2], and so on. There{14]. In this setup, sensor responses for xylene, trichloroethy-
fore, it is important to develop devices or systems that catene, cyclohexane, and gasoline have been obtained. The best
detect the presence of VOCs. Although there is a varietyesponse was obtained for xylene, whereas the other sam-
of sensors to detect such compounds [3-5], long-period fibeples presented a response with significant fluctuations, espe-
gratings (LPFG) have been studied since they enable remotgally the sample of gasoline. Furthermore, VOC detection
measurements to be performed, they are immune to electréras been reported by using different materials, such as zeo-
magnetic radiation and, it is possible to use them in highlylites or calixarenes as the sensing film deposited on an LPFG
noisy environments or in places where there are explosioproduced with a CO2 laser [15]. These materials present re-
risks. In particular, LPFGs are devices that can couple lighsults of interaction with isopropanol and toluene at very low
radiation of the modes propagating in the core of an opticatoncentrations (49.5 ppm for isopropanol and 1.1 ppm for
fiber into the modes propagating in the cladding of this fibertoluene).

[6-9]. The propagation characteristics are strongly influenced

by the surrounding environment properties like refractive in-  Since VOCs are important to the industry of food and
dex, hence a sensing film deposited around the fiber can Heeverages, and even for their applications as fuels, this paper
such an environment, which can provoke an increment of theresents an application of a PDMS sensing film deposited on
sensitivity [10]. This interaction can be measured as changethe surface of an LPFG recorded on an SMF-28 optical fiber
in the transmission spectrum of the LPFG. The sensor sdeo detect methanol, ethanol, 1-propanol, and 1-butanol. The
lectivity can be changed by deposition around the LPFG ot PFG was constructed by the point-to-point method through
a sensing film that can be made of different materials, suckhe application of an electric arc, which is a relatively simple
as polydimethylsiloxane (PDMS), due to its interaction with method to implement. The LPFG spectrum was measured
VOC [11], some of the PDMS interesting points are its affin-with a conventional optical power meter, and processed by a
ity to alcohols, reversible sensor response besides some ch&€. The results revealed increments, attenuations, and shifts
acteristics as low cost, simple deposition on the fiber surfacen the LPFG transmission spectra, which may be related to
and its refractive index is lower than that of the fiber, whichvapor concentration. Besides a study on sensitivity related to
allows observing the interaction as spectrum shifts [12]. Cureptical power, wavelength shifts, and spectral analysis per-
rently, there are organic vapor sensors that use the principl®rmed by principal components analysis (PCA) related to
mentioned above and special quartz optical fiber with low OHhe kind of alcohol and its molecular weight was performed.
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Tunable Mecahs;;%rgfnt OSA t_ages, ther_e are the simpl_i(_:ity of the Writin_g,_ _Iow fab_ri_ca-
laser Isolator (et o tion cost, high thermal stab_|I|ty, and the possibility of Wr|t|r_19
m | o) the LPFG on any kind of fiber [16]. The arcs were applied
AN to a portion of a standard optical fiber SMF-28 (Thorlabs,
Inc.), which was previously uncovered in approximately 4
cm long. The fiber was fixed at one end by a linear actuator
(T-LA28, ZABER Technologies, Inc.), which allowed mov-
ing the fiber to apply the electric arcs at constant distances. A
2 gr weight was placed at the other end to tighten the fiber and
PC avoid deformations. Moreover, one fiber end was connected
to a power meter (PM100, Thorlabs, Inc.), which transmitted
the data to a PC to monitor the transmission spectrum of the
FIGURE 1. Experimental setup to measure the sensor response. LPFG in situ during its construction. The polymeric sensing
film was deposited on the LPFG surface by the immersion
technique. The sensing film material was PDMS (Sigma-
Aldrich), previously diluted in chloroform at a concentration
of 0.28 gr/ml. The sensor response characterization was per-
The sensor was developed in three stages: (1) LPFG coformed in a Teflon measurement chamber, where the liquid
struction, (2) polymeric sensing film deposition, and (3) sen-2/cohol samples were injected.
sor response characterization at different alcohol vapor con- The experimental setup, as shown in Fig. 1, consisted of a
centrations. The LPFG was constructed by the point-to-pointunable laser diode (6528-HR, New Focus, Inc.), which cov-
method using electric arcs generated with a fusion spliceered a bandwidth of 100 nm (from 1520 to 1620 nm) to mea-
(S176, FITEL). Among the electric arc technique advan-sure the LPFG transmission spectrum; a Teflon measurement

2. Experimental setup
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FIGURE 2. Transmission spectra at different sample concentrations for a) methanol, b) ethanol, ¢) propanol, and d) butanol.
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FIGURE 3. Calibration curves for the sensor response related to the sample concentration for a) optical power at a fixed wavelength of
1560 nm and b) for wavelength at a fixed optical power of 40.

chamber, where the sensor was placed; and a power met8t Results and discussion

connected to the PC, where the data were stored for anal- o )
ysis. The alcohol liquid samples were injected with a mi- 1he transmission spectra measured for different concentra-

crometric syringe. The samples measured were methandions are shown in Fig. 2 for all the samples: (a) methanoal,
ethanol, 1-propanol, and 1-butanol, which were injected irfP) €thanol, (c) propanol, and (d) butanol. In all the cases,
liquid amounts of 1Qul at a time from 10 to 6Qul for each ~ Only three out of the six_transmission spectra are shown to
one of the samples. For simplicity, the samples 1-propandpresent the spectrum shifts more clearly. These spectra pre-
and 1-butanol will be addressed as propanol and butanol, ré€nted a variation of amplitude, especially in the wavelength
spectively. The concentrations for these liquid amounts weréange from 1520 to 1585 nm. The latter value is precisely
calculated using the equation reported in previous work [17]the peak of minimum transmission. There are no significant
For this case, the calculated concentrations fopllavere ~ changes for wavelengths larger than 1585 nm. The transmis-
as follows, 5600 ppm for methanol, 3900 ppm for ethanol SION variations are different f_or _each sa_mple;_ for instance,
3000 ppm for propanol, and 2500 ppm for butanol. The meal" the methanol case, transmission amplitude increment was

surements were performed at a constant room temperatufPserved, which occurs as a power increase when a constant
(around 25C) with no temperature control. However, it is wavelength is observed. On the other hand, when the power

worth saying that there were no large temperature fluctualS constant, the spectrum changes can be appreciated as wave-
tions. length shifts towards larger values. In the other three sample
LPFG are defined by a periodic variation of the core re-Cases (ethanol, propanol, and butanol), there is an opposite

fractive index in an optical fiber. They couple core guioleolbehaV|or,|.e., the optical power decreases as the sample con-

. : ' ; centration increases. This behavior is analyzed below.
modes into forward propagating cladding modes. This char From the curves displayed in Fig. 2, the results for the

acteristic is dependent on the wavelength. Therefore the .. L
LPFG transmission spectrum presents a minimum in a Waveqptl.Cal power variations related to the alcohol vapor concen-
length value determined by Eq. (1) [6], tr_atlon at a fixed wavelength value of _15_60 nm were obtained.
Figure 3a) shows these results. Similarly, the wavelength
shifts according to the alcohol vapor concentration at a fixed
Am = (neo — nef) A, 1) optical power of 4QuW are displayed in Fig. 3b). In the case
of methanol, as mentioned above, the optical power increases
where ), is the resonance wavelength between the coras sample concentration does, whereas variations occur in the
propagating modes and the cladding propagating omgs, opposite direction in the other three types of alcohol; that is
is the effective refractive index of the core, anf} is the  to say, there is a decrease in the optical power as sample con-
m — th mode in the claddingA is the period of the LPFG. centration increases. Similar behavior is observed in wave-
In this equation, a variation of the effective refractive indexlength shifts according to sample concentration. Therefore,
of the cladding, which is directly affected by the sensingit is possible to operate the sensor using two different vari-
film, would produce a shift of the LPFG transmission spec-ables, the optical power, and the wavelength. It is more con-
trum. Therefore, the interaction of the sensing film with dif- venient to operate the sensor with optical power since a single
ferent organic vapors would provoke transmission spectrunconventional photodetector can be used in this case, and the
changes. measurement system can be much simpler, whereas if the
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FIGURE 4. a) Refractive index variations due to the samples at concentrations of 5000, 10000 and 15000 ppm, and b) normalized sensitivity
in optical power for the experimental data at the same sample concentrations as in a).

sensor is operated with wavelength, an optical spectrum arehanges are in the order 6—*, and in the case of ethanol,
alyzer (OSA) is required. On the other hand, curve fittingssuch variations are tiny. This is due to the similarity of both
were performed, where the best fitting was found to be theefractive indexes (Ethanol and PDMS). On the other hand,
one performed with a second-order polynomial. The correfig. 4b) shows the normalized sensitivity change of the op-
spondent correlation coefficients were above 0.9932 in thécal power obtained from the data shown in Fig. 3a) for the
case of the optical power and larger than 0.9890 in the casgame conditions as those mentioned in Fig. 4a). Similar be-
of the wavelength. These values mean that the data dispdravior can be observed, a decrement in the sensor response
sion is relatively small and, thus, it can be said that there igor methanol and an increment for ethanol, propanol, and bu-
a well-defined relationship between the sensor response amanol. Furthermore, it can be observed that as the molec-
the sample concentration. Since the sensor response is ndar weight of the sample increases, the sensitivity also in-
linear, the sensitivity is not the same for any concentratiorcreases since there are different refractive index variations
value, but it can be calculated by the derivative of the refor the same concentration. Consequently, it can be said
sponse related with the sample concentration. The value olthat the change in the refractive index per concentration unit,
tained would depend on the sample measured since the cowhich is related to the intensity variation, may provide in-
centration ranges are different. formation about the kind of sample being measured. There-

One of the main characteristics of an LPFG is its sensitivfore, by using this characteristic, the sensor may classify the
ity to refractive index variations. Therefore, the refractive in-kind of sample under measurement according to its molecular
dex variation (An) provoked by the interaction with alcohol weight. This is especially important when a VOC recognition
molecules was calculated. Such calculation was performeis required to be performed using sensor arrays, since this fea-
using the concentration of the alcohol molecules inside théure can be used together with other sensor parameters such
PDMS sensing film, which depends on the concentration oés steady-state sensor response, transient response, functional
the measured sample in the air, and is given by the partitiogroup, among others in order to increase the effectiveness of
coefficient. This parameter is the relationship between thé¢he array.

concentration inside the sensing fill@'() to that in the air The sensor responses were studied using principal com-
(Cy) and is given by Eq. (2) [17]. ponent analysis (PCA). PCA is a statistical tool to identify
K= & (2)
Cy TABLE |. Calibration curves for each sample in function of sample

The calculations were performed supposing a uniformcencentration (C).

distribution of the alcohol molecules in the PDMS sensing  gample Calibration equation Correlation
film and a linear refractive index variation of the mixture
PDMS-Alcohol, which is a good approximation for low con-

coefficient R?)

_ -9
centrations. In these calculations, the partition coefficients Methanol  PCAL = —1x10""C 0.9512
(K) of the alcohols in PDMS were used. In this case, khe Ethanol ~ PCAl=5x 107" C?
value of methanol was estimated from the values in the other +4x10710C 0.9813

samples (ethanol, propanol, and butanol), which are reported prgpanol P A1 = 6 x 10714 C?

in the literature [18]. Figure 4a) shows the calculated refrac- “10

L S . . +5x 107" C 0.9875
tive index variation of the sensing film (PDMs) caused by o

its interaction with the same sample concentration. &he Butanol  PCAl=3x10""C 0.9882
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5.0B-05 the ethanol sensor is around 1400 ppm, which is quite sim-
i ilar to the result obtained in a previous work of our group,

where a value of 1500 ppm was obtained using PDMS [11].
o Methanol We can see that the curves for ethanol and propanol are quite
— similar and for some applications, these two samples may not
A Propanol be discriminated against. However, the PCA method can be
® Butanol combined with some other sensors through sensor arrays to
' ' be able to discriminate between these two samples.

3.0E-05 T

1.0E-05 T

92%)

-1.0E-05 +

PCAl

g 4. Conclusion
-3.0B-05 + T

T, ® In this work, an alcohol sensor was developed using a PDMS
sensing film deposited on an LPFG by the immersion tech-
nigue. The sensor was able to detect the VOCs, particularly
alcohols, through the adsorption of sample molecules into
the sensing film. This VOC detection produced refractive in-
FIGURE 5. PCA resullts for the four LPFG sensors. dex variations in the sensing film, which, in turn, generated
) ~_changes in the transmission profile of the LPFG. The changes
patterns and shapes and can be used in spectral analysis. TR&ne transmission profile can be interpreted as wavelength
advantage of using PCA is that each data point correspondgjfts when a constant optical power is fixed or as optical
to a complete .LPFG spectrum measured for a specific Sayower variations when a wavelength is constant. The sen-
ple concentration. This increases the robustness of the sensgy, response exhibited a behavior that fitted adequately to a
c_haracterizatio_n since it is equivalent to perform the calibrasgcond-order polynomial relation to the sample concentration
tion curves using an array of 400 photodetectors (400 datg;ith correlation coefficients above 0.9932 in the case of the
points in the spectrum for the case of this work), all of themgytical power and 0.9890 in the case of the wavelength. PCA
located 0.5 nm from each other in wavelength. PCA result$egy|ts showed a similar behavior to the other analysis, with
are shown in Fig. 5. We plotted PC1 vs. sample concenye advantage that is not necessary to use a particular wave-
tration. We used the variance-covariance matrix to perforn}ength, but the complete LPFG spectrum. The calibration
the PCA. The variance contained in PC1 was 92%, whichryes were determined and correlation coefficients above
means a high information percentage displayed in this pring 9512 were found. Furthermore, the sensor response curves
cipal component. Notice that all the curves are referenced tQere found to reveal a different behavior for methanol, com-
0 since the initial spectrum was measured at 0 ppm. We obsareq with the other samples (ethanol, propanol, and butanol)
serve that the curve for methanol has a different behavior thaﬂ)r all cases, wavelength shifts, spectral amplitude variations,
that of the other samples (ethanol, propanol, and butanol), §ng pc1 changes. This behavior may be attributed to the fact
moves towards negative values. This is in agreement witht the refractive index of methanol is less than the one of
the behavior shown in Figs. 2, where the LPFG spectrum foppys, whereas the values of the other samples are larger.

methanol shifts to the right, while for the other samples thernerefore, the effects on the adsorption of the alcohol vapor
spectrum shifts to the left. We think that such behavior is dugyglecules must be different.

to the refractive index variation of the mixture PDMS-alcohol

sample. Moreover, the calibration curves for the trendlines

shown in Fig. 5 are shown in Table I, together with their cor-Acknowledgments
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