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A B S T R A C T

In this paper, novel salicylidene fluorescent sensors (1, 2, and 3) were successfully synthesized by the one pot
condensation reaction and coated onto filter paper to produce fluorometric paper-based sensor array. The
compound 1, 2, and 3 paper-based sensor arrays exhibited rapid fluorescent signal in response to exposure to 15
different VOC vapors. A smartphone was used as an alternative device to monitor the appearance of fluorescent
signals. The images photographed using the smartphone camera were analyzed for RGB values by a conventional
image-processing program. The ΔRGB data set (3 fluorophores× 15 VOC vapors× 4 repeats) from fluorescent
images of 15 VOC vapors analysis have been statistically categorized by using principal component analysis
(PCA) into 15 clusters with 100% discriminating accuracy. The proposed sensor array showed high potential as a
portable electronic nose (e-nose) system for VOC vapors discrimination.

1. Introduction

Volatile organic compounds (VOCs) are either subtracted from in-
spired air (by degradation and/or excretion in the body) or added to
alveolar breath as products of metabolism [1]. They do not include
carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or
carbonates and ammonium carbonate [2]. They are found everywhere
both in indoor and outdoor environments because they are essential
ingredients in many products and materials. Consequently, VOCs may
have short- and long-term adverse health effects on humans, e.g. ner-
vous system impairment, asthma and cancer [3]. The measurement of
VOCs level both in indoor and outdoor environments has been im-
portant and may be applicable to simply diagnose some acute and
chronic diseases such as lung cancer from analysis of a patient's breath
[4a,4b]. Nowadays, many efforts have been made to actively develop
techniques for detecting and identifying volatile organic compounds
(VOCs) in indoor and outdoor environments and in acute and chronic
disease diagnostics [5a–d]. In order to determine VOCs at very low
levels of concentration, there is high necessity/need for the

development of highly sensitive and selective devices [5a–d]. Although
the detection of very small amounts of VOCs can be achieved by using
standard analytical techniques [6] such as GC or GC-MS, these techni-
ques require specialists to operate and take long time to analyze are
expensive and cannot be portable [7a,7b]. Therefore, simple, rapid and
economic devices which can on-site analyze VOCs are highly de-
manded. As a result, a portable electronic nose (e-nose) system based on
mobile sensors has been prevalently designed and developed [8a,8b].
The electrochemical [(5a)], color [9a–e], and fluorescent modes
[10a–e] applied for the VOCs detection and identification of sensor
array have been continually reported [11]. However, their applications
are still limited only to identify amine compounds, and are applied to
more number of sensors to discriminate VOCs [12a–f]. A real need for
the development of high-performance portable VOC sensor arrays
therefore still remains. Fluorescent technique has more advantages due
to its high sensitivity and selectivity, more safety, high-throughput
analysis, low cost, enabling portability, and simplicity to end-users
[13a,13b].

Salicylidene fluorophores containing benzene, nitrophenol,
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naphthalene, pyrene and bisphenol A have been reported to give high
sensitivity and selectivity via an excited state intramolecular proton
transfer (ESIPT) process and a Schiff base process towards fluoride
detection [14a–f]. However, most salicylidene derivatives have not
been studied to be the fluorescent paper-based sensor arrays for VOC
vapors detection. In this work, we reported the effectiveness of the
fluorescent paper-based sensor arrays embedded with novel ben-
zothiazole-salicylidene derivatives for detecting VOCs. The sensor ar-
rays generate different fluorescent signal profiles as exposed to VOC
analysts, which lead to the detection and qualitative recognition of the
15 different VOC vapors. Novel benzothiazole-salicylidene fluorophores
used for fluorescent paper-based sensor arrays for VOCs were shown in
Fig. 1. Numerical data of fluorescent signals to VOC vapors were con-
veniently collected by a smartphone in the form of images and further
analyzed by principal component analysis (PCA) program to identify 15
VOC vapors.

2. Experimental

2.1. Reagents and apparatus

2-Hydroxy-5-methoxybenzaldehyde, 5-nitrosalicyladehyde, 5-bro-
mosalicyladehyde, 2-aminobenzothiazole were purchased from Tokyo
Chemical Industry (TCI). All other reagents were non-selectively pur-
chased from Sigma-Aldrich, Fluka, Merck or RCI Labscan and used
without further purification. Generally, solvents such as acetonitrile,
dichloromethane and ethanol were reagent grade and were stored over
4Å molecular sieves before use. All reactions were carried out under N2

atmosphere. Additionally, silica gel 60 F254 thin layer chromatography
(TLC) was used for following the progress of a reaction.

2.2. Analytical instrument

The 1H and 13C NMR spectra were performed for benzothiazole-
salicylidene derivatives 1, 2, and 3 on a Bruker Avance Spectrometer
(400MHz, 100MHz for 1H and 13C) using tetramethylsilane as the in-
ternal standard. The number of absorption signals in the 1H NMR
spectra was designated as follows: s/singlet; d/doublet, t/triplet, dd/
double doublet, q/quartet, m/multiplet. Infrared spectra was performed
with a Thermo fisher scientific instrument (model Nicolet 8700) using
KBr pellets. High resolution electrospray ionization mass spectra
(HRMS) were acquired on a Bruker maXis using acetonitrile as a solvent
in the positive ionization mode. Melting points were measured using a
Thomas Hoover capillary instrument and their values were not subse-
quently corrected. Fluorescent spectra were measured on a Hitachi F-
2500 fluorescence spectrophotometer. UV-Vis absorption spectra were
measured on a Perkin Elmer ltd, lambda 35/fias 300 UV-vis spectro-
photometer. Fluorescent intensity in multisampling was recorded on
EnSpire multimode plate reader, Perkin-Elmer.

2.3. Synthesis of compound 1

5-bromosalicyladehyde (200mg, 0.995mmol), 2-aminobenzothia-
zole (165mg, 1.1 mmol) and ethanol (5 mL) were introduced into a
sealed tube (100mL) under N2 atmosphere and the reaction mixture
was stirred for 3 h at 78 OC. After the reaction mixture was cooled

down, the precipitated solid was filtered off and washed with cool
ethanol (3×15mL) which was purified by recrystallization with
ethanol. Compound 1 was obtained as an orange crystal (205mg, 62%
yield), mp: 188–190 °C; δH (400MHz, CDCl3) 12.24 (1H, s), 9.22 (1H,
s), 7.99 (2H, d, J=8.0 Hz), 7.86 (4H, d, J=8Hz), 7.64 (1H, d,
J=2.4 Hz), 7.56–7.48 (1H, m), 7.41 (1H, t, J=8.0 Hz), 6.98 (1H, d,
J=12.0 Hz); δC (100MHz, CDCl3) 168.4, 166.0, 160.9, 151.5, 137.9,
135.7, 134.8, 126.9, 125.5, 123.3, 121.8, 119.7, 111.3; HRMS-ESI m/z
calcd for C14H9BrN2OS: 334.9677 [M+H]+, Found: 334.9742 [M
+H]+.

2.4. Synthesis of compound 2

2-Hydroxy-5-methoxybenzaldehyde (200mg, 1.31mmol), 2-ami-
nobenzothiazole (210mg, 1.40mmol) and ethanol (5 mL) were in-
troduced into a sealed tube (100mL) under N2 atmosphere and the
reaction mixture was stirred for 3 h at 78 OC. After the reaction mixture
was cooled down and the precipitated solid was filtered off and washed
with cool ethanol (3×15mL) which was purified by recrystallization
with ethanol. Compound 2 was obtained as a red crystal (268mg, 72%
yield), mp; 144–146.5 OC; δH (400MHz, CDCl3) 11.86 (1H, s), 9.25 (1H,
s), 7.97 (1H, d, J=8.0 Hz), 7.85 (1H, d, J=8.0 Hz), 7.50 (1H, td,
J=1.2, 8.4 Hz), 7.39 (1H, td, J = 1.2, 8.4 Hz), 7.11 (1H, dd, J=4.0,
8.0 Hz), 7.05–6.95 (2H, m), 3.02 (3H, s). δC (100MHz, CDCl3) 169.1,
167.1, 156.6, 152.6, 151.5, 134.7, 126.7, 125.3, 123.7, 123.0, 121.8,
118.7, 117.8, 115.7, 115.2, 55.9; HRMS-ESI m/z calcd for
C15H12N2O2S: 285.0692 [M+H]+, Found: 285.0778 [M+H]+.

2.5. Synthesis of compound 3

5-nitrosalicyladehyde (200mg, 1.20mmol), 2-aminobenzothaizole
(210mg, 1.4mmol) and ethanol (5 mL) were introduced into a sealed
tube (100mL) under N2 atmosphere and the reaction mixture was
stirred for 3 h at 78 OC. After the reaction mixture was cooled down, the
precipitated solid was filtered off and washed with cool ethanol
(3×15mL) which was purified by recrystallization with ethanol.
Compound 3 was obtained as a red crystal (301mg, 84% yield), mp:
231–233 OC; δH (400MHz, CDCl3) 13.10 (1H, s), 9.40 (1H, s), 8.53 (1H,
d, J=4Hz), 8.36 (1H, dd, J = 4, 8Hz), 8.02 (1H, d, J = 8Hz), 7.89
(1H, d, J=8Hz), 7.55 (1H, t, J = 8Hz), 7.44 (1H, t, J = 8Hz), 7.17
(1H, d, J=8Hz). δC (100MHz, CDCl3) 195.4, 166.6, 165.5, 131.7,
129.9, 129.7, 127.1, 125.9, 123.6, 121.9, 119.0, 118.7, 117.6, 77.0;
HRMS-ESI m/z calcd for C14H9N3O3S: 300.0437 [M+H]+, Found:
300.0522 [M+H]+.

2.6. Photo-physical property of compounds 1, 2, and 3

The stock solutions of compounds 1, 2, and 3 (500 μM) were pre-
pared in methanol. 100 μM quinine sulfate in 0.05MH2SO4 was used as
a standard fluorophore. The UV-Vis absorption spectra between 250 nm
to 600 nm were measured using a 1 cm quartz cell at room temperature.
The fluorescent spectra of compounds 1, 2, and 3 and quinine sulfate
were obtained under light irradiation of 380 nm, 410 nm, 310 nm and
345 nm, respectively. The fluorescence quantum yields of compounds
1, 2, and 3 were calculated by comparing to standard quinine sulfate
(Φ=0.54) in 0.1MH2SO4 [15].

2.7. Fabrication of compound 1, 2, and 3 coated papers

The black circle ring for loading sample (5.0 mm of inner diameter)
were printed on Whatman filter paper No.1 by HP LaserJet Pro P1102w
Printer, and it was coated with the 3M adhesive tape on the backside.
Afterwards, 2 μL of the sensory solutions of compounds 1, 2, and 3 in
acetone (1mM) were individually dropped to the filter papers directly
[16]. The fabricated papers were then dried using hair drier [12(c)].

Fig. 1. Structures of benzothiazole-salicylidene derivatives 1, 2, and 3.
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2.8. Detection of VOCs and fluorometric measurements

Each VOC (10mL) was individually added into a TLC developing
chamber with a lid (25mL), and allowed it to reach equilibrium for
60min. After that, the VOC saturated chamber was covered with the lid
having the paper coated with the sensor molecule inside for 5min at
room temperature. The photographic images of the sensory paper sa-
turated with VOC vapor were then recorded under the UV light of
365 nm using i-phone SE with Shutter application of the highest ISO
and medium white balance modes. Each image was converted to TIF
format file and cropped into a circle of 0.065 cm2 areas. The RGB values
of the cropped images were analyzed by Image J program. The ΔR, ΔG
and ΔB values were obtained from a comparison of the RGB values
before and after exposure to VOC saturated vapors. The raw 540 RGB
numerical data (3 RGB values× 15 solvents× 3 sensors× 4 repeats)
were analyzed by Principal Component Analysis (PCA) was performed
by Unscrambler v. 9.7 (CAMO A/S, Oslo, Norway) using full cross va-
lidation method. All variables were setting at 1.0/standard deviations
for their weights.

3. Results and discussion

3.1. Synthesis of salicylidene derivatives (1, 2, and 3)

A series of salicylidene derivatives (1, 2, and 3) were synthesized via
the one-step condensation reaction of salicylaldehyde derivatives and
2-aminobenzothiazole with high yield (62–84%) [17]. Indeed, the re-
action of 2-aminobenzothiazole with various salicylaldehyde can be
considered as one of the green chemistry process due to the utilization
of ethanol solvent possessing little or no toxicity to the human health
and environment (Scheme 1) [18]. The chemical structures of com-
pounds 1, 2, and 3 have been confirmed by 1H NMR, 13C NMR and FT-
IR techniques as shown in supporting information (Fig S1-S9). Ob-
viously, 1H NMR spectra showed the characteristic imine proton signals
of compounds 1, 2, and 3 at 9.30, 9.30 and 9.40 ppm, respectively. In
addition, the presence of the HRMS-ESI molecular ion peaks [M+H]+

of compounds 1, 2, and 3 atm/z 334.9742, 285.0778 and 300.0522,
respectively, corresponded to the proposed molecular structures as
shown in supporting information (Fig. S10-S12).

3.2. Photo physical properties of compound 1, 2, and 3

The photo-physical properties of compounds 1, 2, and 3 are sum-
marized in Table 1. The UV−Vis absorption spectrum of each com-
pound in methanol displayed the maximum absorption wavelength
(λmax) ranging from 310 to 410 nm with two major absorption bands
corresponding to the π−π* and n−π* transitions. The maximum
emission wavelength of each compound was observed in the range
between 460 and 560 nm (Fig. S13–S15). The absorption and emission
spectra of compounds 1 and 2 exhibited remarkable red-shift phe-
nomenon in comparison with those of compound 3. This could be ex-
plained by the effect of electron withdrawing nitro (–NO2) group on the

decrease in the extent of π conjugated system. The fluorescent quantum
yields of all compounds were very weak in methanol media, especially
that for compound 3. We expected that the electron-withdrawing nitro
group enhanced the excited state intramolecular proton transfer
(ESIPT) process in protic solvents [19a,19b], resulting in low fluor-
escent quantum yields of compound 3 in methanol.

3.3. Preparation of compound 1, 2, and 3 coated papers

Compounds 1, 2, and 3 were successfully coated on filter papers
with the simple process stated previously (Fig. 2). On the exposure of
VOCs vapor, the fabricated paper coated with compounds 1, 2, and 3
exhibited fluorescent emission that can be observed by naked eye under
UV light at 365 nm. Compounds 1, 2, and 3 fabricated on the papers
were stable upon storage at least four weeks in the dark at room tem-
perature when exposed to the UV light of 365 nm.

3.4. Fluorescence responses of compounds 1, 2, and 3 to VOCs

Earlier research mainly focused on luminescent properties of sali-
cylidene derivatives towards volatile solvents in liquid phase [20].
However, the best of our knowledge, there is no published paper re-
porting their detection of VOCs in gaseous phase. Therefore, the com-
pound 1, 2, and 3 coated papers were prepared and tested against a
wide range of VOCs vapor, i.e. hexane, toluene, benzene, diethyl ether,
dichloromethane (CH2Cl2), chloroform (CHCl3), tetrahydrofuran (THF),
ethyl acetate (EtOAc) acetone, acetonitrile (MeCN), dimethylforma-
mide (DMF), dimethylsulfoxide (DMSO), 2-propanol, ethanol (EtOH)
and methanol (MeOH). Upon exposure to UV light at 365 nm for 5min,
the spots of compounds 1, 2, and 3 coated on the paper exhibited a
difference in fluorescent emission responses, which was attributed to
the different interactions of the sensoring compounds with the VOCs
tested (Fig. 3). Specifically, the enol-imine group in compounds 1, 2,
and 3 form intramolecular (O−H) hydrogen bond, which is highly
sensitive to local polarity and local hydrogen bond to their oxygen
atoms. In polar protic solvents such as methanol, the enol (-OH) group
of compounds 1, 2, or 3 formed double intermolecular hydrogen bonds
with the hydroxyl (-OH) group of methanol and caused the enol-imine
group to tautomerize into the keto-enamine group (Scheme 1S in sup-
plementary data) [21]. The excited state intramolecular proton transfer
(ESIPT) process that was accounted for this tautomerization wasScheme 1. Synthetic route to compounds 1, 2, and 3.

Table 1
Photo-physical properties of compounds 1, 2, and 3 in methanol Solution.

Compounds λabs (nm) log ε λem (nm) Φ

1 270, 380 4.05, 3.29 550 0.0069
2 270, 410 3.93, 3.60 560 0.0855
3 270, 310 4.13, 3.90 540 0.0008

Figure 2. Preparation of paper-based salicylidene sensors.
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responsible for the decrease in fluorescent intensity on exposure of the
compound 1, 2, and 3 coated on papers to methanol and ethanol (see
Fig. S17(a)-S19(c) in supplementary data) [22]. On the contrary, there
was lower ESIPT generated in polar aprotic solvents by hydrogen bond
with other solvents, thus the fluorescent intensity of the sensoring pa-
pers were maintained upon contact with these solvents. In addition, the
hydrophobic interaction (London) of compounds 1, 2, and 3 with non-
polar solvents helped to stabilize the monomeric form of compounds 1,
2, and 3 from aggregation that caused their fluorescent emission to be
quenched. Therefore, the fluorescent intensity of the sensor spots in
contact with all VOCs except polar protic ethanol and methanol were
still strong emission.

3.5. Evaluation of fluorescent response patterns of compounds 1, 2 and 3 to
VOCs

The 45 fluorescent responses of 3 sensors with 15 VOC vapors were
transformed into images of TIF type with a digital camera, and then the
color of the TIF images was determined and reported to the RGB values
(R= red, G=green and B= blue) using ImageJ software program.
The three-dimensional vectors (ΔR, ΔG, ΔB) of each salicylidene spot on
the image were calculated its RGB values before and after exposure to
the VOC vapors. Histogram plot (Fig. 4) shows the changes in ΔR, ΔG,
and ΔB values of the three sensors upon exposure to various VOC va-
pors. Notably, most of the samples exhibited considerable change in the
red (R) and green (G) values as compared to the blue (B) values. The
images of compound 1 and 3 spots have decreased red and green va-
lues, resulting in the negative values of ΔR and ΔG. Additionally, the
decrease in the R, G, and B values of compound 3 spots are more dra-
matic than that of compound 1 spots for most VOCs except methanol
and ethanol. The images of compound 2 spots, in contrast, have in-
creased R, G, and B values, leading to the positive values of ΔR, ΔG, and
ΔB. These responses were possibly due to the substituent effects that
stablilize or destabilize tautomeric form of compounds 1, 2, and 3 over
another. The electron donating –OCH3 group in compound 2 stabilizes
the enol-imine tautomeric form by strengthening the O−H bond of the
enol, thus reduces the ESIPT and consequently promotes the increased
fluorescent signal intensity [23]. On the other hand, the electron
withdrawing –Br and -NO2 groups in compounds 1 and 3 respectively
destabilizes the enol-imine form by weakening the O−H bond of the
enol [14(e)], driving the tautomerization toward keto-enamine form.
During the tautomerization, the ESIPT process is responsible for the
decrease in fluorescent signal intensities. On comparison of the ΔRGB
patterns among 15 VOCs, it showed that the non polar solvents, i.e.
hexane, toluene and benzene exhibited a subtle change in ΔRGB

patterns, while the polar solvents display a large change in ΔRGB pat-
terns with a remarked change in ΔR values. In particular, the polar
protic solvents, i.e. methanol and ethanol displayed the most unique
ΔRGB patterns on the sensor arrays that allows them to be distinguished
from other VOCs. Therefore, the paper-based sensor arrays of com-
pounds 1, 2, and 3 could selectively detect and identify the presence of
methanol and ethanol as compared with other VOCs. The standard
deviation as depicted by the error bars in Fig. 4, was calculated from 12
measurements (3 sensors× 4 repeats), was small which demonstrates
the precision of this method of measurement.

3.6. Multivariate statistical analyses of the fluorescent responses of
compounds 1, 2 and 3 to VOCs

Variability in fluorescence response patterns can be used to dis-
criminate different compounds. To organize an enormous data set with
many variables (15 VOCs× 3 sensors× 4 repeats× 3 values of RGB),
the principal analysis (PCA) is an alternative tool to reduce di-
mensionality of multivariate data by grouping similar observations to-
gether. PCA is a statistical multivariate analysis to generate principal
component (PC) scores as a data set. Fig. 5 showed that PC1 and PC2
were taken into account for 52% and 25% of the data variance, re-
spectively. The 2D PCA plot clearly shows the high discriminating
ability of the compound 1, 2, and 3 paper-based sensor array towards
15 VOCs. As expected, methanol, which showed the unique ΔRGB
pattern among other VOCs, had the highest PC1 and PC2 scores. To
evaluate the classification accuracy, factorial discriminant analysis
(FDA) was applied on the PC scores to cross validate the discriminating
ability using a leave-one-out technique [24]. The FDA cross validation
gave 100% classification accuracy. The results emphasized the high
effectiveness of the novel salicylidene derivatives 1, 2, and 3 applied on
a fluorometric paper-based sensor array for detection and identification
of VOCs.

Due to the most distinguishable PC score of methanol, the com-
pound 1, 2, and 3 paper-based sensor array have been selected for
testing the real methanol samples. In order to gather more details of the
methanol detection, we have set out to test the effect of concentration
of methanol on color change of the compound 3 spot on paper-based
sensor array. The compound 3 spot was used in this experiment because
it showed the most obvious color change upon contact with methanol as
compared with compounds 1 and 2. To investigate the fluorescent be-
havior of compound 3 towards methanol concentration, a paper-based
sensor array of compound 3 spots was exposed to 6 different con-
centrations of methanol solution in water. Upon exposure to methanol
vapors in water for 5min, the compound 3 paper-based sensor array

Fig. 3. Fluorescent images of Compound 1, 2, and 3 based paper sensory arrays exposed by various vapors of volatile organic solvents under black light of 365 nm.

T. Jarangdet et al. Dyes and Pigments 159 (2018) 378–383

381



showed various color changes, as shown in Fig. 6. As the concentration
of methanol increased, the emission intensity of compound 3 decreased.
This result was attributed to the ESIPT process that was caused by
hydrogen bonding of methanol.

4. Conclusion

A fluorometric paper based sensor array for detecting 15 different
VOCs in the vapor phase with 100% accuracy has been successfully
constructed by using salicylidene derivatives. Principle component
analysis (PCA) of ΔRGB values obtained from images suggested that this
novel fluormetric paper based sensor array has high reproducibility and

Fig. 4. Histogram plot of ΔRGB profile of a fluorometric paper-based sensor array of compounds 1, 2, and 3 after exposure to 15 saturated vapors of VOCs.

Fig. 5. PCA score plot of ΔRGB patterns of the images photographed from exposure of 15 VOC vapors onto fluorometric paper-based sensor arrays of compounds 1, 2,
and 3 (3 sensor× 15 VOCs×4 measurements).
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discriminating ability towards 15 VOCs. Therefore, this portable
fluorometric paper-based sensor array of salicylidene derivatives
showed high potential in analyzing VOC vapors. In addition, compound
3 was also applicable to qualitatively determine the contamination of
methanol in water. Thus, the salicylidene derivatives themselves should
be valuable for the development of electronic tongue for VOC vapors
related food analysis.
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