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Abstract: The ability to analyze highly toxic chemical warfare
agents (CWAs) and related chemicals in a rapid and precise
manner is essential in order to alleviate serious threats to
humankind and public security caused by unexpected terrorist
attacks and industrial accidents. In this investigation, we
designed a o-phenylenediamine-pyronin linked dye that is
capable of both fluorogenic and colorimetric discrimination
between phosgene and the prototypical nerve-agent mimic,
diethyl chlorophosphate (DCP) in the solution or gas phase.
Moreover, this dye has been used to construct a portable kit that
can be employed for real-time monitoring of DCP and
phosgene in the field, both in a discriminatory manner, and
in a simple and safe way.

Phosgene is a colorless and highly toxic gas. As one of the
most toxic substances (among the top 10%), this substance
has gained infamy as a chemical weapon agent (CWA) during
the World Wars.[1] Exposure to phosgene has severe acute
respiratory effects, including noncardiogenic pulmonary
edema, pulmonary emphysema, and death.[2] Notably, unlike
other deadly CWAs, phosgene has a unique toxicological
concerns owing to the existence of an unpredictable asymp-
tomatic latent phase that takes place prior to the onset of life-
threatening pulmonary edema.[3] In addition, comparing with
other nerve gas agents, such as sarin, soman, and tabun, whose
production is strictly controlled and prohibited by laws,[4]

phosgene is a widely used industrial starting material.[5] As
a consequence, phosgene does pose a serious threat to public
health safety, not only because of its potential use by
terrorists, but also because of its unexpected release during
industrial accidents. Therefore, a strong need exists to
develop methods for rapid and accurate detection of phos-
gene in a manner that enables distinction between this agent
and other CWAs.

Recently, methods for the detection of CWAs that utilize
fluorescent and colorimetric sensors have attracted atten-
tion.[6] The goals of these efforts have been to enhance
advantageous features of the sensors, including sensitivity,

selectivity, and rapid response time, over those associated
with costly conventional procedures.[7] However, in contrast
to numerous studies that have focused on the development of
fluorescent sensors for nerve-gas agents,[8] only a few have
been targeted at the construction of those for phosgene
detection.[9] Moreover, to the best of our knowledge, no
fluorescent sensor has been described to date that is capable
of discriminating between phosgene and other chemical
warfare agents by utilizing different emission channels.

As shown in Scheme 1b, existing fluorescent sensors for
phosgene/nerve-gas-agent recognition are based on their
nucleophilic substitution reactions (phosphorylations or acy-
lations) with alcohol hydroxyl and amine groups in sensors.
These transformations lead to suppression of photoinduced
electron transfer (PET) quenching of a fluorophore and
promote generation of detectable fluorescent signals (or

Scheme 1. a) Chemical structures of typical nerve-gas agents sarin,
aoman, and tabun, and their mimic diethyl chlorophosphate (DCP), as
well as phosgene. Schematic representation of proposed mechanisms
responsible for detecting nerve-gas agents and phosgene: b) common
strategy based on suppression of PET quenching and resulting
recovery of fluorescence. c) The new approach of this work for
discriminating between phosgene and DCP.
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absorption/color signals). Because their nucleophilic substi-
tution reactivities are quite similar, phosgene and nerve-gas
agents cannot be effectively distinguished by employing
fluorescent sensors that are designed using this strategy.

To this end, in the study described below, we pursued
a new rational strategy. The new approach utilizes an
interesting phosgene-specific cyclization reaction of a sensor
that contains an o-phenylenediamine (OPD).[10] In the newly
designed sensor (Scheme 1c), this reaction alters the degree
of conjugation with a fluorophore, which brings about
a change of fluorescence emission. In contrast, we envisioned
that other types of nerve-gas agents would promote a different
fluorescence response because they are incapable of partic-
ipation in the same type of cyclization reaction that phosgene
undergoes.

This strategy has been successfully tested through studies
with the sensor PY-OPD. This sensor, which is not fluorescent
as a result of PET-promoted quenching of the fluorescence by
the OPD moiety, displays red emission in the presence of
phosgene and green emission when the nerve-gas mimic
diethyl chlorophosphate (DCP) is present.

We devised a simple, efficient, and safe method to
synthesize meso-substituted pyronins (Scheme 2). Conven-

tional methods typically involve five steps, require more than
five days, and deliver target substances in low overall total
yields (< 15%).[11] Moreover, the highly toxic reactant KCN is
required to generate the key synthetic intermediate PY-O.[12]

These disadvantages have hampered the preparation and
studies of these types of pyronin dyes. In our approach,
commercially available pyronin Y dye is directly treated with
the sterically hindered base tBuOK and elemental sulfur (S8)
under anhydrous condition to produce the corresponding
thioketone PY-S in a carbene-based pathway.[13] Because the
triflate salt, generated by reaction of PY-S with Tf2O is highly
reactive, its substitution reactions with nucleophiles take
place more efficiently than those with the triflate analogue
arising from PY-O. Compared to those described previously,
the route we developed requires only three steps and far
shorter reaction times, and it affords the products in higher
yields and also avoids the use of KCN. By using this strategy,

we prepared the sensors PY-OPD and its analogues PY-PA,
and PY-PPD employed in model studies.

The fluorescence response of PY-OPD towards phosgene
was investigated first. In order to avoid handling volatile
phosgene during titration experiments, its nonvolatile and less
toxic counterpart triphosgene was used. This substance is
a well-known precursor that generates phosgene in situ. The
spectra in Figure 1a show that PY-OPD is almost nonfluor-

escent (FF = 0.0003 with rhodamine B as the reference)
owing to the well-demonstrated quenching of its singlet
excited state by PET from the OPD moiety to the pyronin
fluorophore. Upon addition of triphosgene, a new emission
peak centered at 593 nm grows to an intensity that is 580 times
larger than that of the original solution. This phenomenon is
accompanied by the observed formation of red fluorescence
(Figure 1a inset), which is easily visualized by using a hand-
held UV lamp (365 nm). Notably, the changes that PY-OPD
undergoes upon addition of triphosgene take place rapidly so
that the overall sensing process is accomplished within 2 min
(Figure S1 in the Supporting Information). Moreover, the
sensing process can be finished within several seconds if
trimethylamine is present in the assay mixture to promote
rapid formation of phosgene. Inspection of a fit of the
titration data (Figure S2), shows that PY-OPD has a low
triphosgene detection limit of 20 nm. To the best of our
knowledge, the new sensor is more sensitive to this toxic
substance than others described previously. In addition to the

Scheme 2. Synthetic routes to meso-aniline-substituted pyronin dyes.
Previous routes and the proposed new strategy.

Figure 1. Fluorescence (a) and absorbance (b) spectra of PY-OPD in
chloroform (10 mm) upon gradual addition of a solution of triphosgene
(0–2 equiv) in chloroform (lex = 580 nm, slits: 1.5 nm). Each spectrum
was recorded after 2 min. Inset: colorimetric and fluorescent
responses of PY-OPD towards phosgene, (A) represents free PY-OPD,
(B) represents PY-OPD-phosgene adduct. Fluorescence (c) and
absorbance (d) spectra of a chloroform solution of PY-OPD (10 mm)
upon gradual addition of a chloroform solution of DCP (0–100 equiv)
(lex = 470 nm, slits: 1.5 nm). Each spectrum was recorded over 2 min.
Inset: fluorescence responses of PY-OPD towards DCP, (A) represents
free PY-OPD, (B) represents PY-OPD-DCP adduct. Fluorescence
images were obtained under irradiation with a 365 nm ultraviolet
lamp.
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dramatic fluorescence response, PY-OPD undergoes a naked-
eye-observable color change upon addition of triphosgene
(see Figure 1b). Specifically, a new visible-absorption peak at
580 nm (violet) arises when the toxic agent is added to
a yellow solution of the sensor (Figure 1b inset). Notably, PY-
OPD showed high selectivity towards phosgene, other mimics
(including chlorides and chloroacetyl chloride) do not display
the same fluorescence responses (Figure S10).

Next, the responses of PY-OPD elicited by the nerve-
agent mimic DCP was probed by using fluorescence and UV/
Vis spectroscopy. The emission spectra displayed in Figure 1c
show that, unlike the response to phosgene in which red
florescent emission emerges, addition of DCP to a chloroform
solution of PY-OPD causes a gradual growth of a new and
more intense peak at 538 nm corresponding to green fluo-
rescent emission (Figure 1c inset). In addition, the intensity of
the 444 nm absorption band of PY-OPD gradually decreases,
and is replaced by a new peak at 468 nm with an observable
isosbestic point at 455 nm. It is notable that addition of DCP
to PY-OPD does not promote formation of an emission peak
around 600 nm and or an absorbance peak around 580 nm,
both of which are observed when triphosgene is added to this
sensor.

As mentioned above, PY-OPD responds in a discrimina-
tory manner when subjected to phosgene and DCP. Based on
the observations made, we are able to propose the plausible
mechanism (Scheme 3) for the reaction of PY-OPD with
phosgene to result in benzimidazolone product P1. In this
transformation, the electron-donating amine groups in PY-
OPD are converted to an electron-withdrawing urea group.
As stated above, this process results in blocking PET
fluorescent quenching and also altering the HOMO–LUMO
energy gap of the fluorophore, thus resulting in strong red
emission and the naked-eye-observable color change.

To gain evidence to support this mechanistic proposal,
ESI-MS and NMR spectroscopy were utilized to detect the

product P1 that results from mixing PY-OPD with phosgene.
Analysis of mass spectrometric data (Figure S3 and S4)
showed that the peak at m/z 373.3 corresponding to the
molecular ion of PY-OPD disappears following addition of
phosgene, and a new peak grows at m/z 399.2 corresponding
to P1. Notably, no peaks other than those associated with
these two substances are present in the MS spectra recorded
during the course of this analysis, thus indicating the
formation of P1 from PY-OPD is quantitative. Formation of
P1 was also confirmed by carrying out 1H NMR titration
experiments. Inspection of the spectra (Figure S5), recorded
after adding phosgene to a solution of PY-OPD, shows that
some of the resonances for the protons in the OPD moiety
shift to lower fields, thus indicating the formation of P1.
Finally, P1 was isolated from the reaction mixture and
characterized by using 1H and 13C NMR spectroscopy (see
the Supporting Information).

In contrast, PY-OPD reacts with DCP to produce P2, in
which only the more reactive primary NH2 group is phos-
phorylated. This conversion causes a change in the fluores-
cence signal as a result of partially blocking the PET
quenching effect. Unfortunately, we were unable to perform
MS spectrometric analysis of P2 owing to the fact that loss of
the phosphate ester group takes place too rapidly to allow
detection of the molecular ion.[14] As a result, we employed
acetyl chloride (AC) to mimic the potential reactivity of PY-
OPD with an electrophile capable of undergoing only a single
acylation reaction and not ensuing cyclization. The adduct
produced by reaction of the sensor with AC has similar
emission and absorption characteristic (Figure S6) as the one
generated by reaction between the sensor and DCP. More-
over, analysis of ESI-MS data of the product (molecular ion at
m/z 415.3; Figure S7) showed that, as expected, it is a mono-
acetamide derivative.

PY-PA and PY-PPD were prepared and employed as
controls. These substances are incapable of reacting with
phosgene to produce benzimidazolone derivatives in secon-
dary cyclization processes. Interestingly, PY-PA and PY-PPD
are initially nonfluorescent, and addition of phosgene or DCP
to a solution of either PY-PA or PY-PPD does not bring about
an emission or colorimetric response (Figure S8 and S9). The
observation made with PY-PPD is a little surprising because
this model contains a primary para-amine group, which
should be a reactive nucleophile. A plausible reason may be
the different molecular configuration of their DCP adducts.
As showed in Scheme 3 a, in the case of the adduct P2, the
dihedral angle between the PET donor moiety (OPD) and the
xanthene ring is almost vertical because of the large steric
hindrance effect of phosphoramide group, which suppressed
the PET effect more efficiently, thus resulting in the restora-
tion of the fluorescence.[15] In contrast, the adduct PY-PPD-
DCP may adopt a more planar configuration, in which the
PET effect is still sufficiently robust to quench the fluores-
cence.

The highly desirable features of PY-OPD were used
advantageously in the fabrication of a practical sensor for the
detection of phosgene and DCP. For this purpose, PY-OPD
was immobilized on a polyethylene oxide membrane (Fig-
ure S11). The membrane, which contains only a small amount

Scheme 3. a) Proposed mechanism for chemical reactions that lead to
discriminative sensing by PY-OPD for phosgene and DCP. b) Structure
of sensors PY-PA and PY-PPD used for control studies.
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of the sensor, is initially transparent and colorless, and it emits
a weak blue fluorescence under a hand-held UV lamp
(365 nm). After exposure of the membrane to various
amounts of phosgene vapor (0–20 ppm) for several seconds,
the color of its fluorescent signal becomes pink-red (Fig-
ure 2a). Also, the color of the membrane changes from

colorless to violet (Figure 2b), which can be readily detected
by using the naked eye. In contrast, exposure of the
membrane to DCP vapor promotes a change in the color of
the fluorescence signal to pale white, along with a color
change from colorless to yellow. These observations indicate
that the strategy we devised has led to the development of
a safe and simple method for rapid discriminatory sensing of
trace amounts of phosgene and DCP.

In summary, we have developed the first reported
fluorescent and colorimetric sensor for selective detection
of phosgene and the nerve-agent mimic DCP. The sensor PY-
OPD is readily synthesized by using a modified carbene-type
reaction. Owing to the uniquely different reactivities of this
sensor with phosgene and DCP, distinctly different color and
emission responses are observed. Finally, a practical sensor
for phosgene and the nerve-agent mimic was fabricated by
immobilizing PY-OPD on a polymer membrane. The new
chemically based strategy has led to the design and produc-
tion of a safe and simple method for quickly detecting of
quantities of CWAs that are at or below concentration levels
that pose a health risk.
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