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Squarylium-based colorimetric hydrogen sulfide (H,S) chemosensors (SQ1, SQ2, and SQ3) were developed, and
their detection properties were systematically characterized. SQ1 exhibited rapid and high resolution H,S sens-
ing properties through significant color changes detectable by naked-eye with limit of detection as low as
7.2 ppb. SQ1 also showed excellent selectivity for H,S detection over other relevant anions and nucleophiles.
Sensing mechanisms of SQ1 were investigated based on spectroscopic and 'H NMR analyses with quantum cal-
culations. Furthermore, SQ1 showed an efficient response to H2S under versatile conditions in the solution, solid,
and dyed fabric states, which suggests applicability of SQ1 to simple, low-cost, and practical H,S sensors.

© 2020 Published by Elsevier B.V.

1. Introduction

Hydrogen sulfide (H,S) is a water-soluble and colorless gas with a
bad order of rotten egg that is usually produced by the decomposition
of organic compounds or from byproduct of farming, waste manage-
ment, and petroleum refining [1]. H,S has been regarded as an environ-
mental pollutant due to its corrosive, toxic and detrimental effects, in
particular damage to environment and biological systems of human
bodies [2]. Abnormally high concentration of H,S damages pipelines
and catalysts and ceramic membranes used in syngas separations [3]
or causes various diseases such as liver cirrhosis and Alzheimer's dis-
eases [4]. Recently, with growing concerns on public safety and health
care, precise detection of H,S for environmental monitoring or medical
diagnostic purposes has attracted significant attention in environmental
and biological industry.

Traditional methods for the detection of colorless H,S gas include
gas chromatography (GC) [5], electrochemical analysis [6], and
metal-induced sulfide precipitation [7], plasma-atomic emission
[8], and surface-enhanced Raman scattering [9]. However, because

* Corresponding authors.
E-mail addresses: dwjung@Kkitech.re.kr (D. Jung), wslee@kitech.re.kr (W. Lee),
jonghkim@ajou.ac.kr (J.H. Kim).
! These authors (Ha Lim Noh and Byeong M. Oh) contributed equally to this work.

https://doi.org/10.1016/j.saa.2020.118457
1386-1425/© 2020 Published by Elsevier B.V.

these methods not only require extensive sample preparation and
complexed, high-cost, and stationary instruments but also have
low temporal resolution they are not compatible with rapid, portable
and high-resolution detection. More recently, to overcome these
limitations, fluorescent chemosensors have been developed for the
detection of H,S [10]. However, preparation of most of these fluores-
cent chemosensors possesses complexed and multi-step synthetic
routes and observation of fluorescent emission change requires ad-
ditional UV excitation light source, which impedes their feasibility.
Thus, development of simple but highly sensitive naked-eye-based
H,S sensory system for the effective detection of H,S is highly desir-
able for the practical applications. Squarylium dyes and derivatives
are 1,3-disubstituted compounds which can be synthesized from
one-step reaction between squaric acid and two equivalents of vari-
ous types of electron donating moieties. A lot of efforts have been
made to develop various squarylium derivatives due to the simple
synthetic process and their appealing optical merits such as sharp
and intense absorbance and fluorescence in the visible to near-
infrared region. As a result, in recent years, squaraine dyes have
been extensively used in optical data storage, solar cells, non-linear
optics, and chemosensors [11]. Motivated by such simple synthetic
process and unique optical properties of the squarylium dyes, we
have turned our attention to the application of squarylium deriva-
tives to the H,S detection. In particular, we focused on the naked-
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Scheme 1. Synthetic step for SQ dyes.

eye-based colorimetric changes of squarylium derivatives in re-
sponse to H,S. In this work, we developed three squarylium
chemosensors (SQ1, SQ2, and SQ3) for the detection of H,S, revealed
sensing mechanism, and suggest principles for the efficient
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Fig. 1. Changes in UV-Vis absorption spectra for (a) SQ1 (1.0 x 10~% M), (b) SQ2
(2.5 x 107* M), (c) SQ3 (5.0 x 107> M) upon addition of H,S. Insets are photographs of
SQ dyes solutions showing color changes after H,S addition.

detection. More importantly, SQ1, showing excellent sensing resolu-
tion with a limit of detection as low as 0.211 uM, exhibited excellent
colorimetric response to H,S under versatile conditions including so-
lution, solid sates and dyed textiles, which suggests practical appli-
cation of SQ1 to the H,S sensors.

2. Experimental section
2.1. Materials

All reagents and solvents were purchased from Sigma Aldrich and
TCI and were used without further purification. H,S solution was pre-
pared by dissolution of NaSH in water. All titration and selectivity exper-
iments in vitro were performed.

2.2. The synthesis of SQ1, SQ2 and SQ3

22.1.5Q1

Squaric acid 3 (0.343 g, 3 mmol) and N,N-dimethylaniline (0.727 g,
6 mmol) were heated under reflux for 12 h in a mixture of 20 ml of n-
butanol/toluene (1: 1/v:v). The reaction mixture was cooled to room
temperature. The precipitated crude products were separated by filtra-
tion and washed with n-hexane and methanol.

Yield 16%; "H NMR (600 MHz, CDCl5) 6 3.22 (s, 12H), 6.81 (d, 4H),
8.43 (d, 4H); mp: 305 °C; LC-MS calcd m/z: 320.38, found 321.2
[(M+1)]*.

The squarylium dyes SQ2 and SQ3 were obtained by a similar proce-
dure using 3-(dimethylamino)phenol and N,N-dimethyl-m-toluidine,
respectively.
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Fig. 2. Limit of detection measurement for SQ1 to H,S.
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2.2.2.5Q2

Yield 92%; "H NMR (600 MHz, CD,Cl,) & 3.16 (s, 12H), 6.14 (s, 2H),
6.41 (d, 2H), 7.86 (d, 2H); mp: 330 °C; LC-MS calcd m/z: 352.38, found
353.1 [(M+1)]™.

2.2.3.503

Yield 25%; "H NMR (600 MHz, CD,Cl,) 6 2.87 (s, 6H), 3.17 (s, 12H),
6.61 (m, 4H), 8.90 (d, 2H); mp: 280 °C; LC-MS calcd m/z: 348.44,
found 349.3 [(M+1)]™.
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2.3. Characterization

An Electrothermal IA900 melting point apparatus was used to deter-
mine melting points. JEOL spectrometer was used to obtain the 'H NMR
spectra by using chloroform-d and DMSO-dg. Agilent 8453 spectropho-
tometer was used to perform the spectral measurements of UV-Vis ab-
sorption. Fluorescence spectra were recorded by JASCO FP-8200
spectrofluorometer. UV-Vis absorption and fluorescence measure-
ments were performed by the addition of analytes to the squarylium
dye solution in 4:1 DMSO:H,0 at room temperature. The color parame-
ters of the dyed PET fabric were obtained using a reflection spectropho-
tometer (Color-Eye 7000A).

3. Results and discussion

Symmetrical squarylium dyes (SQ1, SQ2, and SQ3) were synthesized
using condensation of squaric acid (2) and electron rich units, N,N'-
dimethylaniline, 3-(dimethylamino)phenol, and N,N’-dimethyl-m-
toluidine (1) (Scheme 1). Detailed synthetic procedures are given in
the Experimental section.

First, we carried out spectral studies by monitoring changes in shape
of UV/Vis absorption of the synthesized SQ dyes to examine the feasibil-
ity for the colorimetric detection of H,S. As shown in Fig. 1, solutions of
SQ1, SQ2, and SQ3 exhibited sharp and intense absorption band (Apax)
at 649, 650, and 663 nm, respectively. Colorimetric responses to H,S,
produced from NaSH (a standard source for H,S) [12], were observed
for three dye solutions. As shown in Fig. 1, with addition of H,S to
1.0x 1074 2.5 % 107%,5.0 x 107> M of SQ1, SQ2, and SQ3 solutions, re-
spectively, absorbance of three solutions were progressively decreased,
accompanied by changes in the color of the solutions from light blue to
colorless within 5.0 s. We note that SQ1 solution exhibited detection

75 74 73 72 7.1 70 69 68 67 66 65

Fig. 4. "H NMR spectral change of SQ1 in CDCl; and DMSO-dg/H,0 (4:1, v/v) (a) before and (b) after addition of H,S.
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Fig. 5. (a) Electron distribution of the HOMO and LUMO energy levels and (b) calculated
oscillator strength of SQ1 before and after reaction with H,S.

stability in different pH ranging from 3 to 9 (Fig. S2). Interestingly, it was
found that reactivities or sensitivities of the three dyes are different. Ab-
sorption band at Ap,a.x of SQ1 exhibited completely disappeared with
0.08 equivalent (8.0 uM) of H,S while those for SQ2 and SQ3 were ob-
served at 0.1 equivalent (20 uM) and 0.4 equivalent (14 uM), respec-
tively (insets of Fig. 1). The limit of detection (LOD) of SQ1 was
determined to be 0.211 uM (211 nM) or 7.2 ppb (Fig. 2). Considering
of permission of emission level (PEL) [13] of H,S is 20 ppm, LOD of
SQ1 suggests excellent applicability to the H,S sensor.

For more quantitative study on the different sensitivities of three SQ
dyes, we examined kinetic profiles of the reaction between the SQ dyes
and H,S. To determine the stoichiometry and binding constant of the
SQ-H,S complex, Benesi-Hildebrand (BH) plot was used [14]. As
shown in Fig. 3, all SQ dyes exhibited a linear relationship between
1/ (A — Ap) and 1/ [H,S] indicating 1:1 binding stoichiometry. The as-
sociation constant values were calculated using equation given as fol-
lows:

1 1 1
A—Ag

= +
Kass (Amax _AO) [HZ S] Amax _AO

where Ay is the absorbance of SQ, A is the absorbance obtained with
addition of the H,S, Anax is the absorbance obtained with an excess
amount of hydrogen sulfide, K, is the association constant (M~!),
and [H,S] is the concentration of the added hydrogen sulfide. From
the linear relationship in the plot, the K,s's were calculated to be
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Fig. 6. Photoluminescence spectra for (a) SQ1 (1.0 x 10~ M), (b) SQ2 (2.5 x 10~* M),
(c) SQ3 (5.0 x 10> M) upon addition of H2S.

1.11 x 10° (at 649 nm), 2.27 x 10° (at 650 nm), and 9.66 x 10*
M~ (at 663 nm) for the SQ1, SQ2 and SQ3, respectively, which indi-
cates the 1:1 association between SQ dyes and H,S. These results
imply that superior reactivity of SQ1 with H,S originated from the
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corresponding higher binding constant compared to those of SQ2
and SQ3.

Then, to investigate the origin of higher K55 of SQ1, we explored
the H,S sensing mechanism of the SQ dyes. Rapid decrease of absorp-
tion intensity of SQ1 shown in Fig. 1 suggests a high initial reaction
rate of the nucleophilic attack of the H,S on the four-atoms ring of
SQ1. For detailed characterization of the reaction, we carried out
NMR studies. Fig. 4 compares '"H NMR spectra of SQ1 solution before
and after addition of H,S. With the addition of H,S, the peak from ar-
omatic protons (8.41 ppm) showed up-field shift and separation into
two peaks. These result indicate that electron deficient central
cyclobutene ring of the SQ dyes is susceptible to nucleophilic attack
which can break the conjugation and subsequently induce color
bleaching of the dyes, which is consistent with previous reports
[15]. Fig. 5 shows energy levels and electron distribution for frontier
molecular orbitals of SQ1 obtained by density functional theory
(DFT)-based quantum chemical calculations which were performed
through Perdew-Burke-Ernzerhof (PBE) function of generalized gra-
dient approximation (GGA) level with double numeric states in fron-
tier molecular orbitals. After reaction with H,S at the proposed
carbon of cyclobutene, bandgap (Eg) of SQ1 changed from 1.272 to

(@)

2.613 eV while calculated oscillator strength of SQ1 at 600 nm signif-
icantly decreased after the reaction, which supports the proposed re-
action mechanism. Furthermore, as presented in Fig. 6,
photoluminescence (PL) emission quenching also support the conju-
gation break of the SQ dyes when exposed to H,S.

Considering that the reaction site is located at the carbon of the
cyclobutene of the SQ dyes, it can be inferred that lower reactivity of
SQ2 and SQ3 compared to SQ1 originated from larger steric hindrance
effects of hydroxyl and methyl groups in SQ2 and SQ3, respectively.
The calculated distance between SQ1 and HS (2.322 A) is much shorter
than those for SQ2 (3.251 A) and SQ3 (4.540 A), which is in accordance
with the different relative reactivities (Kss values) obtained from the
experimental results (Fig. 7).

Selectivity to the specific analyte is a key requirement for efficient
chemosensor function. To evaluate the selectivity of SQ1, various
analytes including H,S, common anionic species such as F—, CI7, I,
HPO3~, PO3~, NO5 and N3 and reactive oxygen/nitrogen species
(ROS/RNS) H,0, were added to the SQ1 solution (2.5 x 10™* M in
DMSO:H,0 = 4:1) and their optical property changes were recorded.
Excellent selectivity of SQ1 to H,S is presented in Fig. 8 by demonstrat-
ing UV-Vis absorption spectral change and ratio of absorbance changes

Fig. 7. Calculated distances between H,S and SQ dyes.
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Fig. 8. (a) UV-Vis absorption spectrum changes in response to various anion analytes,
(b) comparison of absorption ratio for various anions in SQ1 (A and Aq are the
absorbance in the presence and the absence of anions at 649 nm, respectively), and
(c) photographs showing selective colorimetric change of SQ1 in response to the various
anions.

of SQ1 to different analytes. As shown in Fig. 8, when 1 equivalent of dif-
ferent anions were added into SQ1 solution, addition of H,S only exhib-
ited naked-eye-discernable color change by UV-Vis spectral changes
while addition of other anions did not have significant effect on the ab-
sorption spectrum and color changes of SQ1 solution. Furthermore,
upon addition of different nucleophiles (sodium sulfide (Na,S),
thiophenol (PhSH), and glutathione (GSH)) to SQ1 solution, color
changes was observed from Na,S due to the H,S generation and PhSH
addition, as shown in Fig. S3.

Finally, in order to demonstrate the practical application of SQ1 for
H,S detection, we investigated their detection capability in solid state
and in dyed fabric. Solution of Q1 (20 ml, 5.0 x 10™* M) was added
to silica (230-400 mesh, 3 g, white), stirred for 1 min, and dried to pre-
pare blue silica. When the SQ1-silica was exposed to H,S (2 ml,

1.0 x 10~* M), it showed marked color change to light blue with
ultra-fast detection speed (<1.0 s) with ambient stability over 10 days,
as shown in Fig. 9a and Fig. S4. In addition, we also investigated H,S de-
tection properties of solid SQ1 by using SQ1-dyed fabric as shown in
Fig. 9b. SQ1-dyed fabric were prepared by dipping polyethylene tere-
phthalate (PET) textile into SQ1 solution. After drying, the dyed fabric
were exposed to a H,S gas with a total flow rate of 1000 sccm (dry
air:H,S (1000 ppm) = 1:1) in the chamber. Noticeable color change
from blue to colorless was clearly observed. Rapid and naked-eye-
based colorimetric H,S sensing capability of SQ1 in solid states suggest
the potential applicability to cheap, simple but very effective practical
H,S sensors such as optical solid chemosensors. The color change was
measured by applying the commonly used Commission Internationale
de L'Eclairage (CIE) Lab standard among various color quantifications.
The changes in the CIE L*, a* b*, and chroma (C) values, and the hue
angle (H), are shown in Table 1. The three coordinates of the CIE Lab
represent the lightness of the color (L* = 0 yields black and L* = 100 in-
dicates diffuse white; specular white may be higher), its position be-
tween red/magenta and green (a*, negative values indicate green,
while positive values indicate magenta), and its position between yel-
low and blue (b*, negative values indicate blue and positive values indi-
cate yellow). From the coordinate values, the color change (AEab) was
calculated using equation given as follows:

AEab = \/(AL*)Z + (Aa*)Z + (Ab*)z

In general, when the color change value is 5 or higher, observers can
recognize two distinctive colors [16]. The dyed fabric exhibited a color
difference value of 6.69, indicating that before and after gas exposure,
the color of the fabric is perceptible.

4. Conclusion

In summary, we synthesized squarylium-based chromogenic H,S
chemosensors (SQ1, SQ2, and SQ3), systemically characterized the de-
tection performances, and elucidated the sensing mechanism. SQ1 ex-
hibited naked-eye-discernable and rapid colorimetric changes when
exposed to H,S with detection limit of 7.2 ppb. SQ1 featured high selec-
tivity for H,S detection over other relevant anions and nucleophiles. In
addition to the solution environment, versatile detection capability of
H,S in solid state such as SQ1-coated silica and SQ1-dyed fabric suggests
the simple, low-cost, and practical applications of SQ1 to the effective
H,S chemosensors.
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