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were evaluated. The results showed that 4-AHBI exhibited high sensitivity (limit of detection, 0.08 nM)
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Introduction

As an excellent acylation reagent, triphosgene (bis(trichloro-
methyl) carbonate (BTC)), also called solid phosgene, is exten-
sively employed as basic chemical raw material for the indus-
trial synthesis of medicines, pesticides, spices, dyes and
polymer materials." Besides, triphosgene is also used as
a versatile reagent in the development of modern organic
synthesis strategy.> Compared with traditional acylation
reagents (e.g. sulfoxide chloride, phosphorus oxychloride,
phosphorus trichloride and phosphorus pentachloride), tri-
phosgene presents numerous merits, including low toxic, stable
solid with minimal vapour pressure, accurate measurement,
mild reaction conditions, high selectivity and reliability, low
cost, handy storage and transportation.® Despite these huge
advantages, the daily use and measurement of triphosgene still
needs to be performed under standard safety protocols. The
reason behind this is the easy release of highly toxic phosgene
gas in the potential presence of nucleophiles (e.g. chloride ions,
tertiary amines) and the inhalation of phosgene can result to
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and excellent selectivity for triphosgene over other acyl chlorides including phosgene in CH,Cl, solution.
Moreover, 4-AHBI loaded test strips were prepared for the practical sensing of triphosgene.

serious and sustained respiratory distress.* Therefore, efficient
and reliable method for the sensitive detection and identifica-
tion of triphosgene is specially urgent to protect public health
and security from the accidental leakage in industrial accidents.

Compared with conventional gas/liquid chromatography®
and electrochemical methods® with high cost and compli-
cated sample preparation, fluorescent detection methods are
well developed and widespread due to their low cost, easy
operation and high sensitivity and selectivity.” In the past
decades, numerous fluorescent probes have been reported for
the detection of phosgene.® However, most of them give slow
or no fluorescence response to triphosgene due to the lower
electrophilic property of triphosgene.” In 2018 and 2019,
Song's group reported two 1,8-naphthalimide derived probe
(Phos-2 and Phos-4) for the fluorescent detection of tri-
phosgene through acylation of the amino group based on
intramolecular charge-transfer (ICT) mechanism.'®'* In 2022,
Zhou's group disclosed a rhodamine derived fluorescent
probe (RDM-670) for visual detection of triphosgene through
twice carbamylation reaction.'” Very recently, Kaur's group
reported another 1,8-naphthalimide derived Schiff base
(Probe 1) with hydroxyl and amino groups as nucleophilic
sites for the fluorescent detection of triphosgene.' However,
these fluorescent probes still suffer from some drawbacks,
such as tedious preparation process, easily disturbed by other
acetylating agents and relatively lower sensitivity.

In 2021, we developed an excited-state intramolecular proton
transfer (ESIPT)-based fluorescence probe (P1) for the discrim-
ination between phosgene and triphosgene by simple intro-
ducing a strong electron-donating amino group at the C5'
position  of  2-(2-hydroxyphenyl)benzimidazole  (HBI).**
Compared with unsubstituted HBI, P1 displayed excellent
selectivity for phosgene over triphosgene. For further explora-
tion of the effect of amino group position on the sensing
properties and the aim to develop ‘6S’ (simpleness, speedy,
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selectivity, sensitivity, stability and smart) fluorescence probe,
we synthesized another HBI derived probe (4-AHBI) through
changing the amino group from the C5’ to C4’ position (Scheme
1). To our surprise, preliminary experiments to optimize the
amount of triethylamine (TEA) for the generation of phosgene
showed a decreased fluorescence intensity @386 nm of 4-AHBI
solution with triphosgene (3.5 uM) upon addition of triethyl-
amine (TEA, 0-1 uM) (Fig. S17). This result indicated 4-AHBI
would be a competitive fluorescent triphosgene probe.'>*> The
different detection performance of P1 and 4-AHBI might result
from the different electron density during photo-excitation
process, which changes the acid-base properties of proton
donor and acceptor groups.” Compared with previously re-
ported probes for detection of triphosgene, the prominent
advantages of this methodology include simple structure,
higher sensitivity (limit of detection, 0.08 nM) over the range of
0-0.5 pM and selectivity for triphosgene over other acyl chlo-
rides including phosgene. Furthermore, easily prepared 4-AHBI
loaded test papers were fabricated and display an obvious turn-
on fluorescence emission upon treated with triphosgene.

Experimental section
Materials and instruments

All reagents and solvents were obtained from commercial
suppliers and used without further purification. 'H and *3C
NMR spectra were recorded on a Bruker 400 spectrometer in
DMSO-d6 containing tetramethylsilane (TMS) as an internal
standard. Fluorescence emission spectra were collected by
Hitachi F7000 fluorescence spectrometer (slit width = 2.5/2.5
nm). UV-vis absorption spectroscopy measurements were per-
formed on Thermo Evolution 260 Bio at room temperature.
High-resolution mass spectra (HRMS) were obtained on Agilent
Technologies 6530 Accurate mass Q-TOF LC/MS with ESI as ion
source. Elemental analysis was performed on a Vario PYRO
cube Elemental Analyser.

Synthesis of 4-AHBI

4-Aminosalicylic acid (0.15 g, 1.0 mmol) and o-phenylenedi-
amine (0.11 g, 1.0 mmol) were mixed and stirred in poly-
phosphoric acid (85% phosphorus pentoxide, 15 mL) at 160 °
C over a period of 6 h.*® Then the reaction mixture was cooled
to room temperature and diluted by saturated NaHCO;
aqueous solution to pH 8-9. The precipitation were collected
and further purified by column chromatography (ethyl
acetate: petroleum ether = 2:1) to give 4-AHBI (0.11 g, yield
50%) as a brown solid. "H NMR (400 MHz, DMSO-d6) 6 (ppm):
12.97 (br, 1H, NH), 12.67 (br, 1H, OH), 7.66 (d,J = 8.8 Hz, 1H,
Ar-H), 7.52 (s, 2H, Ar-H), 7.19-7.17 (m, 2H, Ar-H), 6.23-6.21

OH
NH, o] PPA H HA
@[ * RN J60°C 6h N>—<\ PENH
NH, OH  160°C,6h 7 2
-
4-AHBI

Scheme 1 Synthesis of 4-AHBI.
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Fig. 1 Fluorescence intensity of 4-AHBI (10 uM) in different solvents
without (black) and with (red) triphosgene (3.5 puM). a: CHyClp; b:
CHCls; c: MeOH; d: EtOH; e: MeCN; f: acetone; g: EtOAc; h: DMF; i
DMSO.

(m, 1H, Ar-H), 6.14 (d,J = 2.0 Hz, 1H, Ar-H), 5.66 (s, 2H, NH,).
C NMR (100 MHz, DMSO-d6) 6 (ppm): 160.29, 153.69,
152.97, 127.55, 122.38, 106.59, 101.37, 100.57. HRMS: [M +
H]": caled for Cy3H;,N30: 226.0975, found: 226.0975. Anal.
caled for C;3H;;N;O0: C 69.32, H 4.92, N 18.66; found C 69.51,
H 4.89, N 18.73.

Analytical procedure

4-AHBI stock solution (1.0 mM, 10 mL) was prepared in CH,Cl,
(containing 0.5 mL of DMSO) in a 10 mL volumetric flask for
UV-vis and fluorescence titrations. The stock solutions of tri-
phosgene (0.1 mM) and relevant analytes ((COCl),, CH;COCI,
SOCl,, TsCl, DCP, HOAc, POCl;, SO,Cl,, and HCI) (5 mM) were
also prepared in CH,Cl,. Phosgene were prepared by mixing
triphosgene (1.67 mM in CH,Cl,) and triethylamine (0.1 mM in
CH,Cl,). The test solutions were prepared by dilution of the
stock solutions. For detection of triphosgene in solutions: 20 puL
4-AHBI stock solution (1.0 mM) was added in 2.0 mL of CH,Cl,
in a 5 mL centrifuge tube, then triphosgene stock solution (0-
100 pL) was added. Similar procedure were employed for
detection of relevant analytes. All solutions were kept for 30 min
before the UV-vis and fluorescence testing.
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Fig. 2 UV-vis absorption (solid) and fluorescence (dash) spectra of 10
uM 4-AHBI (black) and the mixture of 4-AHBI and 3.5 uM triphosgene
(red) in CH,Cl,. Inset: photograph of 4-AHBI (left) and the mixture
under 365 nm UV-light (right).
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Fig. 3 (a) Fluorescence spectra of 10 uM 4-AHBI upon addition of

triphosgene (05 uM), Aex = 357 nm, slit width = 2.5/2.5 nm; (b) plot of
the fluorescence intensity at 386 nm as a function of triphosgene (0-5
uM). Inset: linear correlation between fluorescence intensities at
386 nm and triphosgene (0-0.5 pM).

Table 1 Comparison of reported probes for triphosgene detection

Linear range

Probes (nM) LoD (nM) Ref.
Phos-2 0-3.6 0.2 10

Phos-4 0-14 1.9 11
RDM-670 0.6-1.5 0.42 12

Probe 1 0-2000 1150 13
4-AHBI 0-0.5 0.08 This work

Preparation of 4-AHBI loaded test papers and detection of
triphosgene

Filter paper strips (0.5 x 2.5 cm) were dipped in the 4-AHBI
stock solution (1.0 mM), then removed and dried under air. The
dip-dry process was repeated for 3 times. The completed dried
strips were dipped in solutions of triphosgene (3.5 pM) and
various analytes (50 uM) and then removed and dried under air.
The fluorescent response to each analytes was imaged under
365 nm UV-light.

Results and discussion
Investigation of solvents

Initially, different organic solvents were utilized as the reaction
medium to investigate the solvent effect on the response of 4-
AHBI to triphosgene. The organic solvents we chose and studied
were CH,Cl,, CHCl;, MeOH, EtOH, MeCN, acetone, ethyl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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acetate (EtOAc), dimethyl sulfoxide (DMSO) and N,N-
dimethylform-amide (DMF). As depictured in Fig. 1 and S2,} in
polar solvent (CH,Cl,, MeCN, acetone and EtOAc), 4-AHBI
exerted weak fluorescence emission at 424-450 nm and a new
emission peak appeared at 386 nm with the addition of tri-
phosgene. The most obvious fluorescence changes was found in
CH,Cl,. In polar protic solvents (methanol and ethanol) and
aprotic solvents (DMF and DMSO) as well as CHCl;, the emis-
sion peaks of 4-AHBI appeared at 377, 425, 444, 441 and 440 nm
and no obvious changes were found with the addition of tri-
phosgene. These results indicated that the fluorescence prop-
erty of 4-AHBI was greatly affected by the solvent'” and further
theoretical study of the solvation effect is undergoing in our
group. Therefore, we chose CH,Cl, as the solvent for the fluo-
rescence detection of triphosgene.

Optical property

The optical properties of 4-AHBI before/after addition of tri-
phosgene were investigated by UV-vis absorption and fluores-
cence spectroscopy. As shown in Fig. 2, the maximum
absorption and emission peaks of 4-AHBI were located at 335
and 437 nm. Very low fluorescence quantum yields (2f = 1.6%)
was calculated with quinine sulphate as the reference (¢f = 54%
in 1.0 M H,SO,) (Fig. S31). With the addition of triphosgene, the
absorption peak slightly red-shifted to 344 nm and obvious
turn-on fluorescence emission was found at 386 nm. In addi-
tion, the nonfluorescent solution of 4-AHBI changed to bright
blue under the irradiation of 365 nm UV light (inset of Fig. 2).

Spectral response study

The fluorescence response characteristics of 4-AHBI towards
triphosgene was carried out. As shown in Fig. 3, when different
concentrations of triphosgene (0-5 uM) were added, the fluo-
rescence intensity of 4-AHBI solution showed a regular increase
at 386 nm with the maximum excitation at 357 nm. Excellent
linear correlation between fluorescence intensities at 386 nm
and triphosgene concentration was found over the range of 0-
0.5 uM. The limit of detection (LoD) for triphosgene was
determined to be 0.08 nM (LoD = 30/k, where ¢ is the standard

/ Addition of triphosgene

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Timels

Fig. 4 Time-dependent fluorescence intensity at 386 nm of 4-AHBI
(10 pM) treated with triphosgene (3.5 uM), Aex = 357 nm, Ay = 386 Nm,
slit width = 2.5/2.5 nm.
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Fig. 5 (a) Fluorescence spectra and (b) fluorescence intensities at
386 nm of 4-AHBI (10 uM) treated with triphosgene (3.5 uM) or various
analytes (50 uM) for 30 min: (1) blank, (2) triphosgene (3.5 uM), (3)
(COCI),, (4) CH3COCL, (5) SOCL,, (6) TsCL, (7) DCP, (8) HOAC, (9) POCls,
(10) SO,Cly, (11) TEA (20 uL, 0.1 mM in CH,Clp), (12) phosgene (tri-
phosgene (20 uL, 1.67 mM in CH,Cl,)/TEA (20 pL, 0.1 mM in CH,CL,)),
(13) HCL Aex = 357 nm. Inset: photograph of these solutions under
365 nm UV-light.
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Scheme 2 Proposed mechanism of the interaction between 4-AHBI
and triphosgene.

deviation of the blank experiment, and k is the slope of the
relationship between the intensity and the triphosgene
concentration (Fig. S47).

A comparison of this probe with published works for the
detection of triphosgene is listed in Table 1. It can be seen that
a wide range of LoD has been reported and 4-AHBI in this work
showed an acceptable detection limit. This result indicated that
4-AHBI could be potentially employed as an optical sensor for
the quantitative analysis of triphosgene in solution.

Response time

In order to evaluate the response time of 4-AHBI to triphosgene,
the time-dependent fluorescence spectra were performed. As
displayed in Fig. 4, the fluorescence intensity at 386 nm for 4-
AHBI (10 uM) with 3.5 pM triphosgene were recorded. As it can
be seen, after the addition of triphosgene, the fluorescence
intensity increased rapidly in 2 minutes and reached the
maximum within 20 minutes.

30774 | RSC Adv, 2023, 13, 30771-30776
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Fig. 6 Photographic images of 4-AHBI loaded test papers upon dip-
ped in solutions of triphosgene (3.5 uM) or various analytes (50 uM): (1)
blank, (2) triphosgene (3.5 uM), (3) (COCl),, (4) CH3zCOCL, (5) SOCL,, (6)
TsCL (7) DCP, (8) HOAc, (9) POCls, (10) SO,Cl, (11) HCL under 365 nm
UV-light.

Sensing selectivity

The selectivity of 4-AHBI for the detection of triphosgene over
potential interferents were assessed. As shown in Fig. 5, various
competitive analytes including (COCl),, CH;COCl, SOCl,, p-
toluenesulfonyl chloride (TsCl), diethyl chlorophosphate (DCP),
glacial acetic acid (HOAc), phosphorus oxychloride (POCl;),
sulfonyl chloride (SO,Cl,), triethylamine (TEA), phosgene and
HCI, were added to the 4-AHBI solution under the same
experimental conditions. Distinct changes in the fluorescence
spectra of 4-AHBI solution was induced by triphosgene,
compared to negligible changes by the other analytes including
phosgene. Furthermore, the determination of triphosgene in
the presence of these interfering compounds were performed.
As shown in Fig. S5 and Table S1,T the fluorescent intensities at
386 nm were not significantly affected by interfering
compounds at 5.0 uM and good recovery rates were obtained
(77.1-111.4%).

Mechanism study

Based on previously reported literature'>*® and our investiga-
tions, a plausible sensing mechanism is proposed as depictured
in Scheme 2. In CH,Cl,, 4-AHBI shows one main fluorescence
emission band at 437 nm with a Stokes shift 6967 cm™
(>5834 cm ), which indicates the existence of ESIPT process
and the major keto conformer of 4-AHBI in solution. With the
addition of triphosgene, the -OH and imidazole -NH of 4-AHBI
are connected by the carbonyl group, resulting to a block of the
ESIPT process. The blue-shifted fluorescent emission could be
attributed to the ‘enol’ conformer of 4-AHBI. In order to confirm
the proposed mechanism, the reaction mixture was analysed by
HPLC-MS and the sensing product was synthesized and char-
acterised by "H NMR and HRMS. As depictured in Fig. S6-8,}
the dominant sensing product with a molecular weight of

Fig. 7 Photographic images of 4-AHBI loaded test papers upon dip-
ped in solutions of triphosgene. (1): 0 uM, (2): 0.5 pM, (3): 1.0 uM and
(4): 1.5 uM.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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252.0776 should be 4-AHBI-CO (C,4H;(N;0, [M + H]": calcu-
lated 252.0768). These data strongly backed the proposed
mechanism.

Practical strips detection

In order to develop practical applications, simple 4-AHBI loaded
test paper strips were prepared and used for the detection of
triphosgene. As shown in Fig. 6, test strips exhibited non-
fluorescence under 365 nm UV light. After treated with tri-
phosgene, an obvious turn-on fluorescence emission was clearly
observed compared to non-changes with other analytes. More
importantly, 4-AHBI loaded test strips were also effective for low
concentrations of triphosgene (Fig. 7).

Conclusion

In summary, we have designed and synthesized a new 2-(2-
hydroxyphenyl)benzimidazole derived probe (4-AHBI) by intro-
ducing an amino group at the C4’ position. This probe displayed
high selectivity towards triphosgene over other acyl chlorides
including phosgene and sensitivity with a low LoD (0.08 nM)
over the range of 0-0.5 uM. Moreover, practical 4-AHBI loaded
test strips were fabricated and applied to sense triphosgene
with an easily observed turn-on fluorescence emission. With
these exciting results, we believe that this probe would be of
great importance for further development of selective and
sensitive sensors for triphosgene.
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