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A near infrared probe for sensitive colorimetric and fluorimetric
detection of nerve agent mimic, DCP and DCNP, was reported
based on the activating of a carboxylic acid group by the mimics to
conduct an intramolecular amidation reaction in heptamethine
chromophore, where its absorption or excitation maximum
wavelength could be greatly red-shifted by attenuating the
electron-donating ability of the amine group in the bridgehead
site of heptamethine cyanine.

Nerve agents (Scheme 1) such as Tabun (GA), Sarin (GB), and
Soman (GD) are highly reactive volatile organophosphorus
(OP). These OP nerve agents are the basis of chemical
weapons and can easily enter the body through inhalation or
through the skin in the form of a gas, aerosol, or liquid. They
are essentially phosphorylating agents that act as powerful
inhibitors of acetylcholinesterase, resulting in acetylcholine
accumulation in the synaptic junctions, which hinders muscle
relaxation. ' Due to the threat of a chemical attack with these
OP reagents, the development of sensitive and rapid detection
methods is of particular importance. To date, a variety of
detection methods have been developed,
electrochemistry, 2 optical-fibre arrays, 3
enzyme based biosensors® and gas chromatography-mass
spectrometry. ® These detection systems have, in general,
suffered from at least one of the following disadvantages: poor
portability, complicated operation, low sensitivity or low
selectivity. Colorimetric and fluorometric methods based on
molecular probes are low-cost systems capable of performing

such as
. . 4
microcantilevers,

qualitative or quantitative analysis with operational simplicity;
thus, the development of novel probes that respond to nerve
agents has gained intense interest in recent years. The export
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Scheme 1 Nerve Agents and Some of Their Mimics

of the spectroscopic signals of these probes is clearly based on
the mechanism of the addition of a phosphoryl group to an
aliphatic or aromatic hydroxyl group, 7 an oxime group, & an
organo-lanthanide complex, ° an amine group, 05 pyridine
group, Ma spirobenzopyran group, 124 hydroxamic acid, Bora
carbonyl group. 14

In this study, we report new available progress in this field
with a heptamethine cyanine as a near-infrared (NIR) chromo-
or fluorophore. Heptamethine cyanine has a rigid
chlorocyclohexenyl ring in a polymethine chain, and the
bridgehead chloride atom provides an ideal site for further
modification with aliphatic amino substitutions. > These dyes
typically have large molar absorption coefficients and emission
in the NIR region between approximately 750-900 nm, where
spectral interference caused by nonspecific absorption or the
fluorescence of biological or environmental samples is
generally lower than in the visible range; therefore, the great
shift of the spectrum in the NIR region is expected to allow a
high-sensitivity measurement to be achieved. On the other
hand, the maximum absorption or excitation wavelength of an
aliphatic amine-substituted heptamethine cyanine, however,
could be drastically red-shifted by attenuating the electron-
donating ability of the amine group towards the heptamethine
chromophore, and in such an amine-substituted heptamethine
cyanine, turning the amino substituent into an amide
substituent would be competent for this job. '8 7o achieve this
goal, the carboxylic acid group can be effectively activated to
conduct an amidation reaction by means of the in-situ
generated mixed anhydride through the reaction of the
carboxylic acid with a phosphorylating agent. 7 Based on these
considerations, we herein developed a heptamethine cyanine
probe 1, which is easily prepared by a one-step reaction of
chloro-heptamethine cyanine with 4-aminobutyric acid, with
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Scheme 2 Propesed nechanism of the sensing for DCP

the expectation of strong chromogenic and fluorescent
response to the OP nerve agent mimic, via the conversion of
the 4-aminobutyric acid substituent into a valerolactam group,
affording the NIR product 2 (Scheme 2). In here, diethyl
chlorophosphate (DCP) and diethyl cyanophosphonate (DCNP)
is tested as a model for studying these OP nerve agents due to
their similar reactivity while lower toxicity. > *’"

The viability of this design was validated by reactions
between probe 1 and DCP. The effect of some organic base (
100 equiv) on the reaction was tested first. Upon reaction of
DCP (10.0 equiv) with probe 1 (1.0 uM) in an acetonitrile
containing various species of base, the NIR
fluorescence was monitored (Aex = 760 nm). The fluorescence

solution

of the reaction system containing DBU, triethylamine, N,N-
diisopropylethyl amine (DIPEA), proton sponge, pyridine, and
4-dimethylaminopyridine (DMAP), respectively,
comparison with that of the reaction system containing no
base (the “None” item, Figure S6, ESIT). The results showed
that the fluorescence signal rose in the presence of almost all
tested bases except DBU, and DMAP induced the strongest
enhancement. This behavior suggested that, DMAP in here

was in

acts not only as a base towards the carboxylic acid but also as
an efficient acylation catalyst for the thereafter generated
mixed anhydride, the latter is its most famous
characteristics in acylation reaction. 18

Then a detailed study on the response characteristics of
probe 1 toward DCP was carried out in acetonitrile with DMAP
(50 equiv.), and the absorption spectra of probe 1 in the

and

presence of varying DCP concentrations were recorded. As
shown in Figure 1, the solution of probe 1 alone (1.0><10'6 M)
showed a band centered at 615 nm (¢ = 54000 cmfl-Mfl),
consistent with the blue color of the solution. Upon the
addition of DCP, a 174 nm red shift of the absorption
maximum was found. This new peak located at 784 nm made
the color of the resultant solution change from blue to light
green (Fig. 1), allowing for “naked-eye” detection. To further
evaluate the reaction between the probe and the
concentration of DCP, titrations with different concentrations
of DCP were conducted. As shown in Figure S7 in ESIT, the

2| J. Name., 2012, 00, 1-3

0.30
probe 1+ DCP

0.25 1

0.20 H

0.15 4

0.10

Absorbance

probe 1
0.05 4

0.00 H

Sill() ()IINI 7(INI 8(I)0
Wavelength (nm)

Fig. 1 The absorption spectra of probe 1 (1.0 pM) in CH3CN solution containing DMAP
(50.0uM) before and 15 min after adding of DCP (10.0 uM).
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Fig. 2 NIR fluorescence enhancement of probe 1 (1.0 uM) in CH3CN solution containing
DMAP (50.0 uM) vs. concentrations of DCP. [DCP] =0, 0.1, 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 4.0,
5.0, 6.0,7.0 pM, respectively. Aex = 760 nm.

absorbance at 784 nm increased with
concentrations between 0.30 and 9.0 uM.
The reaction of probe 1 with DCP also produced noticeable
changes in the fluorescence emission. The maximum
excitation wavelength of probe 1 in an acetonitrile solution
was at 620 nm with an emission peak at 750 nm (@5 = 0.064 in
acetonitrile, Figure S8, ESIT). Upon the addition of DCP, the
resulting maximum excitation at 790 nm was greatly red
shifted to the NIR region with relatively little change in the
maximum emission wavelength, which was located at 807 nm.
Therefore, when monitored using an excitation wavelength at
760 nm, the fluorescence titration curve revealed that the
fluorescence intensity at 807 nm increased with increasing
concentrations of DCP (Fig. 2). Moreover, we found that the
fluorescence could show an appropriate response even when
the concentration of DCP was as low as 0.1 uM. The limit of
detection (LOD) of probe 1 for DCP was 0.136 nM (R2 =0.98)
according to the nonlinear approach (Figure S9, ESIt), 9 which
suggested that the probe had a good sensitivity towards DCP.

increasing DCP

This journal is © The Royal Society of Chemistry 20xx
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The above experiments revealed the great spectral changes
arising from the reaction of probe 1 with DCP, which can be
ascribed to the forming of product 2 (g7g4 nm = 257000 cm™ .
Mfl, @ = 0.075 in acetonitrile). Product 2 was confirmed by its
high-resolution mass spectra (HR-MS): Calcd. for CagHsgN;O":
560.36408(M"); found: 560.36321; and 'H NMR spectra (Fig. S4
and S5, ESIT). In product 2, the electron-withdrawing carbonyl
group in the valerolactam moiety attenuated the electron-
donating ability of the amino group toward the heptamethine
chromophore, this attenuation effect led to obvious red shifts
of both the maximum absorption and excitation wavelengths,
just as demonstrated in our previous design consideration.
Meanwhile, the time-dependence of fluorescence was also
evaluated at two DCP concentration levels, e.g., 1.0x10” and
1.0x10° M (Fig. S10, ESIt). The results showed that upon the
reaction of probe 1 with DCP, the fluorescence of the two
tested solutions increased remarkably, and both were close to
the maximum intensity in the first 10 min. No changes in the
fluorescence were detected in the absence of DCP.

Meanwhile, the kinetic responses of the probe were also
tested against similarly reactive and volatile toxic industrial
acylating agents that are generally available, e.g., SOCl, or
oxalyl chloride, which may also pose a potential threat to
public order. The presence of both induced negligible changes
in the kinetic profile. In addition, acids, including p-toluene
sulfonic acid and HCI, could not induce a spectral red shift of
the detection system, thus excluding interference from acids
(Fig. S11, ESI).

Probe 1 at 1.0x10° M had less reaction with DCNP
compared to with DCP (Fig. S12, ESIt). However, when its
concentration was elevated to 10.0x10° M, probe 1 showed
strong response to DCNP even when the concentration of
DCNP was as low as 0.5 uM (F. S13~14, ESIT), with LOD being
2.23 nM (R2 = 0.98) by the nonlinear approach. Meanwhile, in
this case, probe 1 also worked well at the presence of 0.10 uM
DCP with LOD being 0.661 nM (R2 =0.97, Fig S15, ESIT).

The detection towards DCP vapor with sensor-loaded filter
paper was also studied. A small piece of filter paper was
immersed in a CH;CN solution that contains probe 1 (3.0><10'4
M) and DMAP (6.0><10'3 M). The filter paper was then air-dried,
and a small amount of sensor dispersed on the paper make it
blue. The sensor-loaded filter paper was placed in a seal vial
containing some drops of DCP in CH,Cl, solution (after
complete evaporation, the total DCP vapor was ca. 15 ppm in
the vial). As a control, another sensor-loaded filter paper was
placed in a seal vial containing only air. It was found that in vial
containing DCP vapor, the blue color of the filter paper was
almost disappeared, whereas the color of the control filter
paper had no change (Fig S16, ESIt).

In summary, in compound 1, the carboxylic acid group can
be activated by the nerve agent mimic to act as an acylating
agent to induce an effective intramolecular amidation, and the
resulting large red shift in the NIR spectra clearly indicates that
compound 1 can be used as a chromogenic and fluorogenic
sensor for nerve agent mimics with good sensitivity. In
addition, the probe has the advantages of a facile synthesis,
high productivity, fast response, obvious color change, and NIR
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turn-on signal. However, it is worth noting that the methods
reported here may not have the same detection sensitivity for
the mimetic agents and real OP nerve agents, given their
somewhat different chemical structures. Currently, there are
few methods developed for the real agents, including some
SERS-based techniques for Tabun and VX with LODs between
1%~5%,20 a nanocrystal-based photoluminescent method for
GB, GD, VX, and RVX with a LOD of 0.12 nM, ** and p-PADs-
based colorimetric method for Sarin and Soman with LOD of
7.5 mM and 2.5 mM, = respectively. Hence, a contribution of
our research is the development of a probe with novel
mechanisms showing enough sensitivity for the potential
practical application. The principle of this study may also
provide the basis for a new design strategy of chromo- or
fluorogenic chemosensors for more reactive toxic targets.
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