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An unsymmetrical squaraine-based chemosensor SH, has been
synthesized, and its sensing behavior towards CO, gas was detailedly
described by UV-vis and 'HNMR spectroscopies in DMSO. Results indicated
that the extremely sensitive “naked-eyes” CO, gas detection can be
operated in the presence of excess [BusN]F (TBAF) and easy to recycle.
These properties enable SH, to act as a CO, and F controlled “OFF-ON-
OFF”

mechanism was proposed to illustrate how the receptor SH, works as a

switch. Combining theoretical analyses, a plausible sensing

CO; sensitive and selective colorimetric probe in the present system.

With the constantly increasing and complicated of anthropogenic
activities, the rising levels of atmospheric carbon dioxide (COz)l,
mostly induced by the over-consumption of carbon-based fossil
fuels energyM, leads to and aggravates a series of natural disasters
including the greenhouse effect, a rise in sea levels as well as a
probable expansion of subtropical deserts’. As such, the exploration
and development of appropriate technologies for CO, capture and
sequestration (CCS)6 has become an urgent challenge over the
world, especially at the mainly anthropogenic CO, emission sources
(e.g., electricity and heat generation, transportation sector,
industrial sector, etc.)’. Therefore, it is important to develop low-
cost, sensitive, resettable sensors that can be used to quantitatively
monitor the CO, concentration in the industrial processes and as a
safeguard against their notorious effects on global climate change.
Compared with traditional methods®’ for gas detection, prevailed
optical-based chemosensors have been widely explored in virtue of
the outstanding advantage such as technical simplicity, high
sensitivity and real-time detection’®™. Recently, Juyoung Yoon’s
group has detailedly demonstrated a benzobisimidazolium-based
sensor for the fluorescent and colorimetric detection of CO, 122
More recently, the same group has developed a chemical sensor for
carbon dioxide based on a polydiacetylene(PDA-1), which shows
that detection of CO, gas is accomplished either in water solution of
PDA-1 or in the solid state with electrospun coatings of PDA-1

“Institute for Advanced Study and School of Chemistry, Nanchang University, 999
Xuefu Road, Nanchang, Jiangxi, 33031, China, E-mail:
Hongmingwang@ncu.edu.cn.

Electronic Supplementary Information (ESI) available: Details of SH2

preparation,characterization, computational method, FT-IR spectra, Figure S1-S11.

See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Sensitive Off-On-Off Response

Guomin Xia, Yang Liu, Benfei Ye, Jiangi Sun, Hongming Wang*

X 12b . .
nanofibers.”™ In 2014, an anion-activated chemosensor system,

NAP-chol 1, was reported, which permits the dissolved CO, to be
detected in organic media via simple color changes or through
ratiometric differences in fluorescence intensity.12c Moreover,
Tang’s group has reported an AlE-based fluorescent chemosensor
for quantitative detection of CO, gaslg. However, the reversible
optical modulation of chemosensor for the “naked-eye” detection
of CO, gas remains a challenge.

Squaraine dyes are a class of organic dyes showing intense
fluorescence, typically in the red and near-infrared region14 And
they have exceptional high absorption coefficients extending from
the green to the near-infrared region15 Moreover, these
compounds have been extensively used as the signaling units in
chemosensors and chemo dosimeters because of their absorbance,
fluorescence spectra, and fluorescence quantum yields. These
phenomena have been successfully applied to designing sensors for
ion detection™®. But there are few examples designed for CO,
detection.” In this work, we reported a squaraine-based
chemosensor for the “naked-eye” and reversible detection of CO,
gas in the presence of [BuyN]F.
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Scheme 1. The synthesis of receptor SH,.

In fact, researches on the side-product 1,3-orientation squaraine,
compared with the well-known 1,2-substituted squaramide, were
greatly hindered due to its poorer solubility and processibility. But
the stronger H bond donor ability of N-H fragments makes the 1,3-
isomer to be a potential candidate in the field of H bond-based
anion detection. For that reason, we designed and synthesized a
simple unsymmetrical 1,3-squaraine SH, (Scheme 1 and Synthesis of
SH2 in ESI), and the structure was confirmed by NMR, Mass, and
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FTIR spectrometric analysis(See ESI). To our surprise, the green SH,
solution obtained by treatment with 20 equiv of [BusN]F(TBAF) in
DMSO will gradually fade away into a purple in color when exposed
to the air. This apparent change, fortunately, prompts us to
discover a simple, highly sensitive and selective optical
chemosensor for CO, detection, and the discrimination is even by
“naked eyes” and able to be recycled easily at ambient

temperature.
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Figure 1. UV-vis spectra taken over the course of titration of receptor SH,
(30uM) with equivalent TBAF in DMSO. Inset: Their corresponding plots of
absorbance at indicated wavelengths versus additional TBAF.

At the beginning, the affinity of receptor SH, toward envisaged
anion (added as the tetrabutylammonium salt, TBA) was
investigated by UV-vis spectroscopies. As shown in Figure 1, the
absorption spectrum of the free receptor SH, (30uM) displays a
characteristic absorbance band centered at 445 nm in DMSO (the
black line). Upon equivalent fluoride addition, the absorption band
of receptor for SH, undergoes a significant red shift (~80nm), and
the bright-yellow solution turns into a purple in color (peak at
525nm). These spectral changes, obviously, give rise to an isosbestic
point localized at 483nm in the absorption spectra. In the presence
of 20-fold F ions, the original absorption band at 445nm
bathochromically shifted to 655 nm, and the SH, solution turns
immediately green in colour (Figure 2). To our best knowledge, the
fluoride-induced colorimetric effects, similar to the report of
Taylorls, are ascribed to the enhanced acidity of the N-H fragments
in the receptor SH,. In other words, such a fluoride-detected system
works in a stepwise deprotonation mechanism according to the
equilibrium SH,+ F S SH + HF and SH™ + 2F S s¥+ HF,", Further
UV-Vis spectroscopic examination reveals that receptor SH, exhibits
a highly selectivity for the F” anion over other envisaged anions (see
Figure S1-54).

Unexpectedly, when the SH, solution obtained by treatment with
20.0 equiv of F" ions was exposed to the air in an open cuvette, the
intensity of the spectral feature at 655nm was seen to decrease,
while the signal at 525 nm was observed to increase in absorption
spectra without stirring as time goes on (Figure 2a). The isosbestic
points localized at 558 nm and the green color returns into a purple.
Given a comprehensive consideration, we built a hypothesis that
the atmospheric CO, gas responds to the discolor process in the
present system. So that, increasing volumes of pure CO, gas
(injected by tiny sampler) was bubbled into the SH, solution with
20-fold F" ions addition in a sealed cuvette, a corresponding trend of
the absorption spectra, as expected, was observed in comparison to
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that exposed to the air, and the final spectrum was nearly
overlapped with that of 5-fold F ions added (Figure 2b).
Furthermore, it’s worth noting that bubbled with only about 10ul
of CO, gas, the mixture was already saturated and no additional
changes in the UV-Vis features were observed. The CO, detection
limit of this system was calculated to be about 15.6 ppm (see ESI),
which is lower than previous report.1za Additionally, such response
is quite fast and can be repeated for cycles without any change in
the spectral profiles (Figure 3). These properties enable SH, to act
as a CO, and F controlled “OFF—-ON-OFF” switch. By alternating the
addition of CO, gas and F’, the switch could be reversibly performed
at least for eight cycles (Figure 3).
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Figure 2. UV-vis spectra taken over the course of titration of receptor SH,
(30uM) with excess TBAF in DMSO (a) then exposed to the air in a open cuvette
without any stirring and (b) then bubbling with different volumes of CO, gas in a
sealed cuvette. Inset: Their corresponging plots of absorbance at indicated
wavelengths versus time or additional volume of CO, gas.
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Figure 3. Reversible switching the absorption (Aas) of receptor SH, by repeated
addition of TBAF and CO,. More details see Figure S10.
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In order to explain the electronic spectra mentioned above,
theoretical calculation for the geometrical optimization of SH,, SH’
and S* was performed at the density functional theory (DFT) level.
And also, time-dependent density functional theory (TD-DFT)
calculation was performed to investigate the excited states based
above optimized structures. From Figure 4, the HOMO orbitals of
SH,, SH and s” are located mainly in phenetole and squarate
group to form a m orbital, while the LUMO (rt*) orbitals are located
mainly on nitroaniline and squarate group, respectively. For SH,,
the peak at 445 nm in UV-vis absorption spectrum has a major
contribution from HOMO (1) to LUMO (mt*) transition, which is
assigned as charge transfer from phenetole to nitroaniline. In fact,
the SH™ and S* have similar excited states transition. The peaks at
525 and 655nm in UV-vis absorption spectrum of SH™ and S are
also assigned as HOMO (m) to LUMO(mt*) transition, respectively.
From Figure 4, the two-step deprotonation will results the level of
HOMO orbital to increase largely leading to the redshift of the
largest absorption peak.

270 — 2,46 —— 1.86 ——
. F 2.01
294 L, 2.30
. 3.87 ——
564 -4.76 ——

AP R g0

Figure 4. HOMO—-LUMO energy levels of SH,, SH and Sz'(unit:eV).
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Figure 5. "H-NMR taken over the course of titration of receptor SH; (5.0mM) with
TBAF followed by CO, in DMSO-ds.

Then, for a thorough insight into the underlying mechanism of the
CO, gas recognition in the present system, 'H NMR studies were

This journal is © The Royal Society of Chemistry 20xx

subsequently carried out. The family of '"H NMR spectra taken on
titration of SH, (5.0 mM) with TBAF followed by CO, gas in DMSO-dg
is displayed in Figure 5. Upon TBAF addition (Figure 5b-5e), the
signal of Hc proton underwent an upfield shift while others nearly
unchanged, which that the first N-H
deprotonation is of the (2-methyl-4-nitro-) phenylamino segment.
Furthermore, a new typical signal at 16.44 ppm corresponding to
HF, species19 could be observed in the presence of 5.0 equiv. of F°
ions (Figure 5f). All C-H protons (Ha-He) shifted upfield clearly on
removal of the first proton (Figure 5e) and, in particular, the second
proton (Figure 5g) in the presence of TBAF. Such distinct '"H NMR
responds are ascribed to the effect derived from the through-bond
propagation onto the aromatic framework of the electronic charge
generated on N-H deprotonation. Bubbling with enough CO, gas,

remained reveals

the signals of all C-H protons of aromatic framework returned and a
new proton signal at 9.26 ppm, which was confirmed to be HCO3
(Figure S6), was observed in Figure 5h. Results of "4 NMR titrations
are well consistent with those obtained from UV-vis titration
experiments. Based on UV-vis and '"H NMR spectroscopic analyses,
a tentative sensing mechanism in the present system was detailedly
illustrated in Scheme 2. Upon fluoride addition, the receptor SH,
undergoes a stepwise deprotonation in DMSO according to the
equilibrium SH, + FF s SH + HF and SH + 2F s S* + HF,.
However, the strong nucleophilic green s* was extremely unstable
when exposed to the CO, gas and then it attacked CO, at the
carbonyl to form intermediate S-C00”. Unfortunately, the putative
CO, adduct S-CO0” was not stable at ambient temperature and
immediately decomposed to form the original purple SH and
bicarbonate ions in the presence of ambient moisture®’. In order to
give an explanation for this reaction mechanism, DFT calculation
was carried out.
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Scheme 2. Proposed CO, sensing mechanism based on the receptor SH, in the
presence of excess TBAF.

The initial step is the first-deprotonation from SH, by F ion to form
SH™ anion. The energy barrier and reaction energy for this process is
5.31 kcal mol™ and -16.73 kcal mol™, respectively. The second-
deprotonation process was carried out with energy barrier of 3.17
kcal mol™ and reaction energy of -14.52 kcal mol™ to produce s*
respectively. The low energy barrier and heat release for both
deprotonation process shows that the reaction between SH, and F°
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is easy and fast, which is agreement with experimental observation.
The following step is the addition of SH™ ion to carbon dioxide to
afford the carboxylate SH-COO'. The step holds an energy barrier of
7.65 kcal mol™ and endothermic heating of 2.15 kcal mol™, which
indicates the addition of SH™ ion to carbon dioxide is hardly to carry
out. However, the addition of carbon dioxide to s*
exothermic process by 2.65 kcal mol™ with an energy barrier of 1.44
kcal mol® to produce S-C00”. The low energy barrier and
exothermic reaction showed that the addition of carbon dioxide to
s¥is easy to proceed. In fact, the 5-C00?
temperature and able to react with water by decarboxylic reaction
and gives SH and HCO;. The energy barrier and reaction heat of
this reaction are 5.79 and -3.46 kcal mol™ (Figure S11). The low
energy barrier shows that this reaction can carried out very easily.
All above calculation can explain experimental observation that
introducing CO2 gas can result the transform of $* to SH but not
transfer SH to SH,.
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Figure 6. The reaction energy profile of CO, gas with SH, in the presence of [BusN]F
(a: the first deprotonation step; b: the second deprotonation; c: the addition of CO, gas
to SH’ d: the addition of CO, gas to S* ) (unit for energy: kcal mol™; unit for bond
length:A).

Conclusions

In conclusion, we have detailedly demonstrated here a squaraine-
based chemosensor for the “naked-eye” detection of CO, gas in the
presence of TBAF. The system features an operational simplicity,
exceptional sensitivity, fast response times; and is able to repeat for
cycles. These properties enable SH, to act as a CO, and F controlled
“OFF-ON-OFF” switch. Furthermore, the underlying mechanism for
fluoride-dependent CO, gas detection in the present system is
particularly depicted by means of spectroscopic and theoretical
analyses.
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