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Abstract. Two highly sensitive probes bearing a nucleophilic imine moiety have been 

utilized for the selective detection of chemical warfare agent (CWA) mimics. Diethyl 

chlorophosphate (DCP) was used as mimic CWAs. Both iminocoumarin-benzothiazole-based 

probes not only demonstrated a remarkable fluorescence ON-OFF response and good 

recognition, but also exhibited fast response times (10 seconds) along with color changes 

upon addition of DCP. Limits of detection for the two sensors 1 and 2 were calculated as 0.06 

μM and 0.21 μM, respectively, which are much lower than most other reported probes. These 

two probes not only show high sensitivity and selectivity in solution, but can also be applied 

for the recognition of DCP in the gas state, with significant color changes easily observed by 

the naked eye. 
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1. Introduction 

 

Organophosphorus compounds (OPs) are essential compounds for use in agriculture as 

pesticides and herbicides. However, large scale use presents a significant health hazard and 

their high toxicity facilitated military uses as chemical warfare agents (CWAs). Notably, 

nerve agents of the non-persistent G- (Tabun, Sarin, Soman, Cyclosarin) and persistent V-

series (VE, VG, VM, VX) are prominent OP CWAs and are classified by the United Nations 

as weapons of mass destruction [1,2]. These agents cause a blockage of the 
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acetylcholinesterase enzyme in Human, resulting in disruption of nerve impulse transmission 

and death [3]. While the military use of such OPs CWAs is highly restricted by international 

laws, recurring use in conflict zones and by terrorists makes them a contemporary and 

persistent threat [4,5]. Thus, detection of such nerve agents by easy and convenient analytical 

methods is critically important both for the military under battlefield conditions, for security 

forces tasked with preventing their manufacture and use, and for the public health system to 

assure early detection [6]. 

Over the years a range of methods has been developed for the detection of nerve agents 

and these range from mass spectrometry, photoacoustics, biosensing, electrical sensors, 

capillary electrophoresis, etc. [2,7-12]. However, the use of such instrumental or enzymatic 

methods is often expensive, complex, and not sensitive enough and does not lend itself to use 

under field conditions. Thus, alternative approaches target OP degradation products and/or 

use immunological or spectroscopic methods [13,14] or feature a supramolecular chemistry 

strategy [15]. 

Likewise, many of these problems can be overcome using optical sensors and notably 

fluorescence probes are emerging as suitable alternatives due to their ease of handling, low 

cost and high sensitivity [16-21]. 

While interest in highly selective and sensitive fluorescence probes for the detection of 

chemical warfare agents is increasing, the number of chemically distinct classes of such 

sensors is still limited [22-27]. Some probes allow naked eye detection facilitated by color 

modulations, a more convenient feature for conditions and situations where fluorimeters are 

not available. General characteristics for suitable probes are highly selectivity, fast response 

times, low limits of detection and high sensitivity in response to the specific chemicals 

[28,29]. Additionally, facile synthesis or use of existing sensors, a simple analytical reaction 

and ease of handling would be beneficial from a commercial perspective and we have 

reported on such systems for the detection of anions and cations, among others [30,31] 

For OP-type nerve agents one such approach entails the use of a simple chemical reaction 

of a nucleophilic probe with the electrophilic P-center of OPs to generate a product 

spectroscopically distinct from the probe alone. Here, iminocoumarins [32] are attractive 

targets, as reactions at the imino group are accompanied by significant spectroscopic changes 

suitable for the detection of anions and biothiols as reported by us [33,34]. 

In practical terms research on CWA detection does not use the original nerve gases due to 

high toxicity and regulatory issues but utilizes mimics or simulants of the nerve agents such 
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as diethyl chlorophosphate (DCP) which exhibit similar chemical behavior but much lower 

toxicity (Fig. 1) [15]. With the development of fluorescence probes in our group [30,31,33-

39], herein we report the use of two iminocoumarin-benzothiazole–based probes (1,2) to 

recognize and report DCP as mimic for G-series nerve agents through significant 

fluorescence and color changes. 

2. Experimental Section 
 

2.1. Materials  
 

Commercial compounds such as diethyl chlorophosphate (DCP) from Acros Organics, 

dimethyl methylphosphonate (DMMP) from Adamas-beta, or synthetic starting materials 

(benzothiazole-2-acetonitrile from Damas-beta, 8-hydroxyjulolidine-9-carboxaldehyde from 

J&K Chemical, 4-(diethylamino)salicylaldehyde from J&K Chemical) were of analytical 

grade and used as received without any purification. To deal with the problem of hydrolysis 

of DCP and HCl generation in the reaction mixture, further experiments were carried out in 

HEPES buffer and in the presence of high concentration of HCl. Probes 1 and 2 were 

prepared according to published procedures and gave analytical data in agreement to the 

literature [32]. Details of the synthesis of 1, 2, 3 and 4 and characterization of all compounds 

are given in SI in Fig. S1-S12.  

 

2.2 Methods 

 

Fluorescence spectroscopy studies were carried out with a Hitachi F-7000 fluorescence 

spectrophotometer. The wavelength range was 420-780 nm with a scan rate of 1200 nm min-1. 

Solutions were measured in 1.0 cm path length quartz cell. Water used for HEPES buffer was 

triply distilled. The excitation and emission slit width was 2.5 nm.  Absorption spectra were 

measured with a Cary 5000 UV-Vis-NIR spectrophotometer where solutions were measured 

in 1.0 cm path length quartz cell. Baseline correction measurements were carried out for all 

spectra. Solvents used were of analytical grade and all the fluorescence and UV-Vis 

experiments were carried out at room temperature. NMR spectra were obtained with a Bruker 

ADVANCE III 400 MHz instrument using TMS as an internal standard. ESI-MS were 

recorded on ESQ6K esquire6000 instrument. Melting points were determined on a Kofler 

apparatus. All single-crustal X-ray was performed on a Bruker smart CCD area detector 
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diffractometer. Fluorescence quantum yields were determined in solution, using fluorescein 

(Ф = 0.85 in 0.1 M NaOH) as a standard.   

3. Results and discussion 
 

3.1 Probe design and sensing mechanism 

 

The probes suitable for the detection of OPs as CWA mimics should ideally give a rapid 

and sensitive spectroscopic response, preferably accompanied by a naked-eye observable 

color change. Such chromo-reactant approaches have been used before for the identification 

of CWA mimics using xenthenes based on photo-induced electron transfer process (PET), 

enzyme based sensors, cyclodextrins, supermolecular hydrogel based probes etc. 

[21,22,40,41]. Based on our previous experience with using iminocoumarins for to Hg2+, 

Cu2+, fluorides and for bioimaging applications, we chose the two benzothiazole derivatives 1 

and 2 as an alternative. They are easily prepared in a one-step reaction from commercial 

precursors [32] and have shown excellent response for DCP based on their fluorescence. 

Furthermore, the presence of the imino functionality should present a simple synthetic handle 

for reaction with the electrophilic center of OP-based CWA mimics and thus native CWAs. 

The irreversibility of such a reaction with the analyte should provide a convenient sensing 

mechanism and unambiguous product formation. With iminocoumarin-benzothiazoles this 

concept has thus far only been applied to sensing of thiophenol with 1 [42]; additionally its 

reaction with N-nucleophiles has been studied [43].  

Indeed, a test reaction of probe 1 with DCP and triethylamine as base gave the adduct 3 in 

44 % yield (Fig. 2). The reaction mechanism involves a standard nucleophilic attack of the 

imine lone electron pair at the phosphorus atom, and loss of the Cl leaving group as HCl. A 

similar reaction of 3 with DCP gave adduct 4 in 39 % yield. Formation of the two products is 

clearly indicated in the respective 1H NMR spectra (Fig. 3). 

For example, Fig. 3a shows the 1H NMR spectrum of probe 1 and Fig. 3d shows that of 

probe 2, with the signal for the oximate resonance appearing at 8.61 ppm; an indication for 

the presence of an active NH hydrogen atom in the probe 1 while for probe 2, it is at 8.80 

ppm. This signal is absent in the spectra of the DCP adducts 3 and 4 (see Fig. 3c and 3f, 

respectively). Instead, new signals are observed at 8.92 ppm for compound 3 and at 8.7 ppm 

for compound 4. Moreover, the appearance of new resonance peaks at 1.42 ppm in probe 3 

and at 1.429 ppm for 4 are representative for the ethoxy groups. The all signals of probe and 
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adduct can be observed in Fig. 3b and 3e, which are the spectra of 1 + DCP and 2 + DCP, 

respectively. Further evidence for the formation of the two adducts was derived from mass 

spectrometric studies, where the anticipated parent positive ion peaks at m/z 486.6 [M + H]+ 

and at m/z 510.1840 [M + H]+ were observed for 3 and 4, respectively and from X-ray 

crystallographic studies (see below).  

 

3.2 UV-Visible and Fluorescence Response 

 

Initial studies on possible sensing of DCP utilized UV-visible spectroscopy and we 

recorded the optical absorption spectra of probe 1 (10.0 µM) and probe 2 (10.0 µM) in the 

presence of diethyl chlorophosphate (DCP, 10.0 µM) to mimic the presence of a G-series 

nerve agent. For probe 1, the maximum absorption band appeared at 451 nm which was 

shifted bathochromically to 487 nm within less than 10 sec with a color change from green to 

light gold (Fig. 4a). In the case of probe 2, a similar behavior was observed. The main 

absorption band at 481 nm was red-shifted to 513 nm upon addition of DCP, accompanied by 

a change in color from light green to pale pink (see Fig. 4b). The results clearly indicate that 

recognition of DCP can be realized using UV-visible spectroscopy. Notably, the short time 

response observed here is not very common [7,17,19, 44]. Moreover, absorption spectra of 3 

(10.0 µM) and 4 (10.0 µM) were obtained, where λabs = 487 nm for 3 and λabs = 513 nm for 4 

(Fig. S13).  These results show that the UV-visible spectrum of compounds 3 or 4 was the 

same as the products of probe 1 or 2 with DCP. 

Next, to determine the use of the iminocoumarins as fluorescence probes for chemical 

warfare agents fluorescence spectra were measured in different solvents such as acetonitrile, 

DMF and dichloromethane (see SI, Fig. S14 and S15). These investigations showed that 

probe 1 gave a better response to DCP in DMF, while probe 2 showed superior results in 

dichloromethane due to the solvent effect [45]. Hence, DMF was used as solvent for further 

investigation with 1 and dichloromethane for further studies with probe 2. 

The fluorescence spectra of probe 1 and probe 2 are shown in Fig. 5a and 5b, respectively. 

Probe 1 exhibited maximum emission at 526 nm and probe 2 at 531 nm. After the addition of 

DCP the fluorescence intensity of both probes was quenched remarkably, accompanied by 

bathochromic shifts to 542 nm for probe 1 and 554 nm for probe 2, respectively. Again, this 

response was observed within a very short time frame of less than 10 seconds. This 

remarkable quenching [4, 5, 46, 47] shows the strong affinity between the probes and DCP.  
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The fluorescence quantum yield (ФF) decreased from 0.15 to 0.03 (for probe 1) and from 

0.79 to 0.27 (for probe 2) after addition of DCP. In addition to the strong fluorescence 

response, color modulations also took place in both probes. The fluorescence color of probe 1 

changed from green to light yellow while for probe 2 a change from green to pink yellow was 

observed. These changes are easily observed by naked eye, as shown in the insets of Fig. 5. 

Titration studies were carried out to further investigate the quenching phenomenon. In case 

of probe 1 the fluorescence emission band at 526 nm (at 531 nm in the case of probe 2) 

gradually decreased with increasing amounts of DCP. Probe 1 showed a loss in fluorescence 

intensity of up to 91% while probe 2 was quenched up to 89% (see Fig. 5c and 5d). These 

results suggested the high sensitivity of the probes for DCP. The titration studies also allowed 

a determination of the limit of detection for probe 1 and 2 with DCP, which were found to be 

0.06 µM and 0.21 µM, respectively (SI, Fig. 16 and S17). These LOD values are lower than 

many of the reported work in this area [48]. As an example, A. K. Das et al. showed a LOD 

of 3.09 µM for DCNP (a nerve agent mimic). Moreover, the fluorescence response of 

compounds 3 and 4 was also measured in the presence of the respective probes (SI, Fig. S18). 

This confirmed that the products of probe 1 and 2 with DCP are non-fluorescent and that the 

fluorescence of the probes is not affected by the presence of the analyte adducts. 

In order to study the selectivity of the probes, analogous experiments were performed with 

probe 1 and 2 in the presence of other OPs, such as dimethyl methylphosphonate (DMMP), 

phosphoric acid, triethyl phosphate and diethyl chlorothiophosphate. A look at the 

fluorescence responses of the two probes after addition of several OPs clearly revealed the 

selectivity of the compounds. Both probes showed high selectivity for DCP as shown in Fig. 

6. Only upon addition of DCP was the fluorescence intensity of probes 1 and 2 quenched 

significantly. Treatment of the probes with other OPs in solution only induced negligible 

fluorescence changes, but also gave no significant color changes as shown in Fig. 7. 

 

3.3 Application relevant tests 

 

CWA testing under ambient and field conditions requires probes with sufficient stability, 

reactivity and tolerance of a wide range of pH and solvent conditions. Thus, the pH profile 

for both probes in the presence and absence of DCP was determined (Fig.8). These results 

revealed that both the probes are efficient over a wide range of pH, as shown in Fig 8. Probe 

1 functions well in the pH range from 6.0 to 10.0, while probe 2 is efficient at almost every 
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pH value. However, maximum quenching was observed in both cases at pH 8.0. Therefore, 

both probes are suitable for field detection of nerve agents, i.e. in real chemical warfare 

situations under in moist and aerobic conditions. 

Other aspects one has to consider are the use of the CWA mimics, which, upon time, may 

release HCl and their putative liability under acidic conditions. So to prove the legitimacy of 

reactions of probes 1 and 2 with DCP, further UV and fluorescence investigations of 1, 2, 3 

and 4 were carried out in HEPES buffer and in the presence of high concentration of HCl, as 

shown in SI Fig. S19-S25. From these studies it was confirmed that there was no significant 

influence of HEPES buffer and HCl in UV and fluorescence responses and that the probes are 

stable and useful under any condition.  

Finally, to investigate the action of DCP vapors/fumes on probe 1 and 2, two flasks were 

utilized in such a manner that fumes of DCP  could be trapped inside the flasks. One flask 

contained probe 1 (10.0 µM) in DMF and the second flask contained probe 2 (10.0 µM) in 

dichloromethane. Two small bottles containing DCP were placed in each flask, avoiding any 

contact of liquid DCP with the probes and both flasks were sealed from air and kept at room 

temperature. As soon as the DCP fumes came into contact with respective the probes, the 

color of both test solutions changes. As shown in Figure 9 within 30 minutes  the color of 

probe 1 changed from green to light gold (Fig. 9a and 9b), while the color of probe 2 changed 

from green to pink yellow (Fig. 9c and 9d). This is a clear indication of the utility of the 

probes for use in practical sensing applications [22,28,41,49]. 

 

3.4 Crystallographic and computational studies 

 

Crystals suitable for single crystal X-ray crystallographic studies were obtained for probe 1 

and the two DCP adducts 3 and 4 by crystallization from the evaporation of dichloromethane 

(Fig. 10, Table S1 and S2). The structure of 1 shows that benzene ring and benzothiazole ring 

are almost coplanar and their dihedral angel is about 7.27°. Crystal structure determinations 

of 3 and 4 confirmed the basic structure of the molecules and the expected formation of N–P 

bonds in the probe-DCP adducts. The N–P bond lengths are 1.632 Å and 1.647 Å for 

compounds 3 and 4, respectively. Furthermore, the iminocoumarin and benzothiazole rings 

are essentially coplanar. The corresponding dihedral angles are 1.53° and 3.96° for compound 

3 and 4, respectively.  
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In order to study the intrinsic relationship of the molecular structure of probes 1 and 2 with 

the respective fluorescence response, computational studies were performed using the 

Gaussian 09 program (Fig. 11, S26-S29). In the optimized structures of probes 1 and 2, and 

the DCP adducts 3 and 4, the iminocoumarin and benzothiazole skeletons are essentially co-

planar, with dihedral angles of 0.21°, 2.40°, 2.64° and 1.42°, respectively (see SI, Fig. S26-

S29). Furthermore, these results are in good agreement with the corresponding 

crystallographic data (vide supra). Notably, the main contributing transition of 4 derives from 

HOMO to LUMO and HOMO to LUMO +1, and the ones of 1, 2, and 3 arise from HOMO to 

LUMO. As illustrated in the molecular orbitals plots, most of the electron density of probes 1 

and 2 is spread over the whole molecule, which indicates that probes 1 and 2 should have 

strong fluorescence. On the other hand, the electron densities in the HOMO and LUMO of 

compound 3 and HOMO and LUMO or LUMO + 1 of 4 is distributed on the 

iminocoumarin−benzothiazole skeletons and phosphate groups, respectively. This illustrates 

the internal charge transfer process which is responsible for the changes in the fluorescence 

spectra upon quenching.  

 

4. Conclusions 

In summary, two probes containing imino groups were reacted with DCP as a G-series 

nerve agent simulant. Formation of the products was accompanied by significant 

spectroscopic changes which could be used for the fluorescent detection of DCP. Not only 

did addition of DCP to the probes results in fluorescence quenching (on-off response) with 

excellent response times and sensitivity, but the concomitant color changes could be observed 

by naked eye. Other OPs failed to give any significant response, and thus, the two probes are 

highly sensitive and selective for nerve gas detection, including in the vapor state. 
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Fig. 1. Chemical Warfare Agents and their Mimics. 
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Fig. 2. Mechanism for the reaction of DCP with compound 1 to yield 3, and analogous reaction for the 
formation of 4. 
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Fig. 3. 1H NMR spectra of (a) probe 1, (b) probe 1 + DCP, (c) compound 3, (d) probe 2, (e) probe 2 + DCP, 
and (f) compound 4 in CDCl3. 
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Fig. 4. UV spectra of (a) probe 1 (10.0 µM) in DMF and after addition of DCP (10.0 µM) and (b) probe 2 

in DCM (10.0 µM) and after addition of DCP (10.0 µM) in DCM. Insets show the images of probe 1 and 2 

free and after addition of DCP under visible light, respectively. 
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Fig. 5. Fluorescence spectra of (a) probe 1 (10.0 µM) in DMF and after addition of DCP (10.0 µM) and (b) 

probe 2 (10.0 µM) in DCM and after addition of DCP (10.0 µM); (c) titration of probe 1 (25.0 µM) and 

DCP (0.10 µM) in dichloromethane and (d) titration of probe 2 (25.0 µM) with DCP (0.10 µM) in 

dichloromethane. Insets show images of probe 1 and 2 free and after addition of DCP under UV light. 
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Fig. 6. Fluorescence selectivity comparison of (a,b) probe 1(10.0 µM) in DMF (c,d) probe 2 (10.0 µM) in 
dichloromethane with DCP, DMMP, phosphoric acid, triethyl phosphate and diethyl chlorothiophosphate. 
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Fig. 7. Images of probes in the presense of other OPs. (a) is probe 1 (10.0 µM), while (b) is probe 2 (10.0 
µM) under visible (top) and UV light (bottom) with other OPs (10.0 µM) from left to right: probes alone, 
probe + DCP, probe + DMMP, probe + phosphoric acid, probe + triethyl phosphate and probe + diethyl 
chlorothiophosphate. 
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Fig. 8. The fluorescence intensity of a) probe 1 (10.0 µM) at 526 nm in the presence and absence of DCP 
(10.0 µM) in DMF, HEPES buffer 1:1 v/v (10.0 µM) under different pH (3.0-12.0) and b) 2 (10.0 µM) at 
531 nm in the presence and absence of DCP (10.0 µM) in DMSO, HEPES buffer 1:1 v/v (10.0 µM) under 
different pH (3.0-12.0). 
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Fig. 9. Images of (a,c) free probe 1 and 2  (10.0 µM), respectively, and (b,d) after exposure to DCP (15.0 
µM) vapors, respectively. 
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Fig. 10. View of the molecular structure of 1, 3 and 4 in the crystal. Thermal ellipsoids give 50 % 
probability. 
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Fig. 11. HOMO-LUMO orbital plots of 1, 2, 3 and 4. 

 

 

 

 

 

 

 

 




