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a b s t r a c t

Phosgene, a highly toxic chemical warfare agent and industrial hazard, poses significant environmen-

tal and health risks, necessitating the development of rapid and reliable detection methods. Herein,

we present a novel near infrared II (NIR-II) fluorescent probe based on silicon rhodamine and an o-

phenylenediamine-responsive group for the sensitive and selective detection of phosgene. In the presence

of phosgene, it generates a distinct color change and lights up NIR-II (900nm) emission, enabling both

naked-eye visualization and fluorescence in vivo analysis. The probe shows rapid exceptional selectivity

for phosgene and achieves rapid detection in solutions, gases, and soils. Notably, we successfully utilize

this probe for in vivo imaging in Arabidopsis thaliana, enabling high signal-to-noise ratio real-time mon-

itoring of phosgene within plant systems with minimal interference from autofluorescence. This work

advances the design of reaction-based NIR-II probes for hazardous chemical monitoring, combining sim-

ple operation, high sensitivity, and broad applicability, thereby contributing to environmental safety and

sustainability.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phosgene (COCl2) is a colorless and highly toxic gas [1–4]. In-

halation of phosgene can cause severe acute respiratory distress

[5,6], including non-cardiogenic pulmonary edema, emphysema,

and death [7,8]. Unlike chlorine, phosgene emits a deceptive "hay-

like" scent (as described by Fries), often leading to misidentifica-

tion and delayed recognition of exposure. With a density 3.5 times

greater than air (the relative density is 3.5), it tends to accumulate

in low-lying areas and dissipates slowly, increasing its environmen-

tal persistence. Phosgene is highly soluble in water and hydrolyzes

to form hydrogen chloride. Once phosgene enters the soil or water,

it can cause soil acidification, disrupt the balance of soil microor-

ganisms, and reduce soil fertility. However, phosgene is still indis-

pensable in industrial syntheses [9,10] (such as plastics, pharma-

ceuticals [11,12], and agrochemicals [13,14]). Therefore, phosgene

indeed poses a serious threat to environmental safety, not only its

potential use by terrorists but also its accidental release [15,16] in

industrial accidents, leading to environmental pollution and harm-
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ful soil from phosgene leaks [17]. Therefore, it is urgent to monitor

the leakage of phosgene in the environment.

Current detection methods including Raman spectroscopy [18],

nuclear magnetic resonance [19,20], mass spectrometry [21], elec-

trochemistry [22,23], gas chromatography [24,25], and HPLC [26]

face limitations due to high costs, poor portability, and complex

operations. Fluorescence technology [27–30], owing to high sensi-

tivity, selectivity, and real-time monitoring capabilities [31,32], of-

fers a promising alternative strategy for on-site screening. How-

ever, plants almost contain abundant auto-fluorescent molecules

[33]. Chlorophyll can be excited by ultraviolet, blue, or green light

and emits strongly in the red region, showing an obvious dual

emission with peaks at 685nm and 720–730nm [34]. Cellulose in

plants (with a maximum at 420–430nm) can produce blue emis-

sion [35]. Some alkaloids (such as colchicine) and flavonoids in

plants emit in the region (470–525nm) [36]. The longer red flu-

orescence of plant cells may be due to anthocyanins [37], which

have broad and variable auto-fluorescence. Indeed, all these en-

dogenous auto-fluorescent molecules emitting across in the range

of 400–800nm bring undesirable interferences in bioimaging.

The near-infrared-II (NIR-II) emission (900–1700nm) [38–44]

has become a revolutionary tool for in vivo biological research,
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Fig. 1. Proposed mechanism of SiRN for the selective detection of phosgene, and its

applications.

enabling higher signal-to-noise ratio (SNR) [45–48] with mini-

mal scattering and autofluorescence in this region. Herein, we de-

veloped a NIR-II fluorescent probe SiRN for phosgene detection,

by integrating silicon rhodamine [49,50] as the fluorophore with

o-phenylenediamine as a recognition group for selective sensing

phosgene [51–57]. Our molecular design strategy is based on the

following considerations (Fig. 1): Phosgene triggers the cyclization

of o-phenylenediamine, resulting in a distinct color change (visi-

ble to the naked eye) and simultaneously activating NIR-II fluores-

cence (900nm), thus enabling portable qualitative and quantitative

analysis. The probe SiRN exhibits high selectivity and sensitivity

towards phosgene, with a low detection limit of 0.75 μmol/L. The

probe SiRN shows a rapid response to gaseous phosgene, imme-

diately generating a color change and turn-on NIR-II fluorescence

signal within 1 s. Notably, its NIR-II fluorescence of SiRN effectively

circumvents the interference from autofluorescence in plants, en-

abling direct visualization of phosgene in living plants, which is a

crucial advancement for predicting crop toxicity and ensuring food

security. We have further validated SiRN’s practicality for phos-

gene sensing in environmental samples such as gas, solution, soil,

and plants. Thus, the probe SiRN shows great promise for applica-

tions in environmental surveillance, industrial safety, and sustain-

able pollutant management.

The synthetic route of SiRN is shown in Fig. S1 (Support-

ing information), which was obtained by SiNO reacting with o-

phenylenediamine. First of all, we foucsed on the systematic char-

acterisation of the fluorescence response of the SiRN probe with

phosgene. In accordance with laboratory safety protocols, triphos-

gene (BTC) is utilised as a non-volatile and low-toxicity substitute

for phosgene, as its capacity to generate equivalent phosgene. The

proposed molecular recognition mechanism of SiRN’s response to

phosgene is illustrated in Fig. 2A. Upon reaction with BTC, SiRN

undergoes cyclization to form SiRH, restoring the conjugated struc-

ture of the silicon rhodamine scaffold. This structural transforma-

tion induces a significant wavelength change. The maximum emis-

sion wavelength redshifts to the NIR-II region, accompanied by a

distinct color change visible to the naked eye.

The UV–vis absorption spectra (Fig. 2B) show that in a chlo-

roform system, SiRN exhibits a characteristic absorption peak at

400nm. Subsequent to the addition of BTC, a novel absorption

peak emerged at 846nm. A comparison of the reaction of the SiRN

probe with phosgene before and after the reaction reveals that its

absorption peak has a redshift of 446nm. As the concentration of

BTC increases, the absorption peak at 400nm gradually decreases,

while the absorption peak at 846nm gradually increases. When

excited at 400nm, the fluorescence intensity at 446nm decreases

as the concentration of BTC increases. When the excitation wave-

length is 808nm, the fluorescence at 900nm increases as the con-

centration of BTC increases (Figs. 2C and D). The experimental data

demonstrate that phosgene undergoes an acylation reaction with

the amino group of SiRN, restoring the complete conjugated struc-

ture of the silicon rhodamine parent body, leading to a redshift of

the maximum emission wavelength to the NIR-II region. This phe-

nomenon is accompanied by the appearance of fluorescence (in-

sert of Fig. 2D). As is apparent from the evidence presented in

Fig. 2. Spectral measurements of SiRN response to phosgene and phosgene sensing in solution. (A) Schematic diagram of the response mechanism of SiRN to phosgene

and its advantages. The absorption spectra (B) of SiRN (10 μmol/L) in chloroform in response to different equivalents of BTC (0–2 equiv.), and the fluorescence spectra at

λex =400nm (C) and λex =808nm (D). (E) Linear plot between concentration of BTC and emission intensity, excitation at 808nm. (F) Time dependent spectra of SiRN in

chloroform solution (10 μmol/L) after adding a chloroform solution of BTC (2 equiv.). (G) The color observed by the naked eye and fluorescence changes after the probe

responds to different concentrations of BTC.
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Fig. 3. The high-resolution mass spectrum of SiRN after reacting with 2 equiv. of BTC.

Fig. 2G, the solution undergoes a change in color from light yellow

to pink, enabling visual detection without the need for specialist

equipment.

The response of SiRN to phosgene was investigated by measur-

ing the emission intensity at 900nm over time in the presence of

BTC. It is evident that following the addition of BTC, there is an

augmentation in the fluorescence intensity at 900nm. The fluores-

cence intensity no longer changes at around 2min (Fig. 2F), indi-

cating that a complete response state is reached. The experimental

results presented herein demonstrate that SiRN exhibits a rapid re-

sponse to phosgene, a property that is advantageous for real-time

imaging applications. The fluorescence intensity at 900nm was

measured after the reaction of SiRN with phosgene, with the con-

centration of BTC used as the abscissa and the fluorescence inten-

sity as the ordinate. The resulting data were then subjected to lin-

ear regression analysis (Fig. 2E). The probe demonstrated remark-

able sensitivity, exhibiting a calculated limit of detection (LOD) of

0.75 μmol/L (signal-to-noise ratio (SNR)=3). This finding substan-

tiates its capacity for the detection of trace amounts of phosgene.

Upon incremental addition of BTC to a SiRN solution (Fig. 2G),

we observed a progressive deepening of the solution’s color ac-

companied by a concomitant enhancement of NIR-II fluorescence

intensity. This clear correlation between BTC concentration and

both colorimetric and fluorescence responses underscores SiRN’s

capability for naked eye phosgene detection in solution. Compared

to existing probes (Table S1 in Supporting information), with max-

imum emissions below 800nm, SiRN’s 900nm emission affords

markedly improved signal-to-noise ratio, making it especially well

suited for in vivo applications. These features lay the groundwork

for real–time phosgene monitoring in biological systems.

Next, we conclusively verified the reaction mechanism between

SiRN and phosgene by high-resolution electrospray ionization mass

spectrometry (HR-ESI-MS, positive ion mode) [58]. As shown in Fig.

3, the mass spectrum of the reaction between SiRN and phosgene

evidently exhibited a prominent peak at m/z=669.3057, in excel-

lent agreement with the calculated value for the cyclized prod-

uct for SiRH (calc. 669.3044). The result confirms that SiRN can

react with phosgene to generate SiRH, converts the substituent

of the central nitrogen atom into an electron-withdrawing group.

This process serves to restore the conjugated structure of silicon

rhodamine, resulting in a substantial increase in wavelength. The

emission wavelength of SiRH is extended to the NIR-II region.

To confirm the probe’s selectivity, we measured the NIR-II fluo-

rescence intensity at 900nm after exposure to a panel of potential

interferents, including NO donor (DEA NONOate), oxalyl chloride

((COCl)2), phosphorus oxychloride (POCl3), p-toluenesulfonyl chlo-

Fig. 4. Selectivity towards phosgene of SiRN and phosgene sensing in gas phase. (A)

Fluorescence images of SiRN (10 μmol/L) after reacting with BTC (20 μmol/L) and

other analytes (100 μmol/L) in chloroform. (B) Fluorescence spectra of SiRN with

an excitation wavelength of 808nm after reacting with BTC (20 μmol/L) and other

analytes (100 μmol/L). 1. Blank; 2. NO donor (DEA NONOate); 3. BTC; 4. (COCl)2;

5. POCl3; 6. TsCl; 7. SO2Cl2. (C) Schematic diagram of SiRN for detecting gaseous

phosgene. Images of the non-woven fabric treated with SiRN before (left) and after

(right) exposure to phosgene for 10 s, observed by the naked eye (D) and fluores-

cence imaging under excitation wavelength of 808nm (E).

ride (TsCl), and thionyl chloride (SO2Cl2). NIR-II imaging (Fig. 4A)

revealed that only the sample containing two equivalents of BTC

(a phosgene surrogate) exhibited a strong fluorescence signal at

900nm. In order to verify this phenomenon, the fluorescence in-

tensity at 900nm following the addition of various analytes were

measured. The results of the study demonstrated that only BTC

treatment produced significant fluorescence enhancement, while

all other analytes, even at five-fold higher concentrations, pro-

duced negligible signal changes compared to the untreated SiRN

control (Fig. 4B). These results establish SiRN as a highly specific

NIR-II probe for phosgene detection. We also performed a photo-

stability test on SiRN, using ICG (the FDA-approved contrast agent)

as a reference compound. The absorbance half-life of SiRN is 3-fold

that of ICG, indicating that it has satisfactory photostability (Fig.

S20 in Supporting information).

Building on SiRN’s high selectivity and sensitivity in solution,

we next translated its performance to gas-phase detection. The

non-woven fabric material has a high surface area and porosity,

which enhances the interaction between the probe and the target

analyte for improving the sensitivity and detection limit. In light
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Fig. 5. Phosgene sensing in soil and plants. Image of unpolluted (upper figure) and

BTC-polluted (lower figure) clay, sand, and field soil after spraying SiRN, observed

by the naked eye (A) and fluorescence imaging under an excitation wavelength of

808nm (B). Fluorescence imaging of the leaves (C) of Arabidopsis thaliana incubated

only with SiRN (10 μmol/L). Fluorescence imaging of the leaves (D), root (E), and

root tip (F) of Arabidopsis thaliana incubated with SiRN and BTC (5 equiv.).

of the aforementioned consideration, we fabricated SiRN-loaded

test strips by treating face mask material with the probe solution.

Subsequently, the material was exposed to phosgene, which was

generated in situ from BTC-Et3N under sealed conditions (Fig. 4C).

As demonstrated in Movie S1 (Supporting information), upon con-

tact with phosgene, the test strip underwent an immediate (<1 s)

colorimetric shift from pale yellow to pink, clearly visible to the

naked eye the test strip immediately exhibited a distinct color

change (Fig. 4D). Fluorescence imaging of the test strip before and

after exposure to phosgene also showed that an obvious fluores-

cence signal was generated after contact with phosgene (Fig. 4E).

Furthermore, as the concentration of phosgene increased, the flu-

orescence intensity increased as well (Fig. S21 in Supporting in-

formation). The high sensitivity and naked-eye readable of SiRN’s

sensing of gaseous phosgene demonstrate that SiRN can be used

for phosgene sensing in the gas phase.

Phosgene’s environmental impact extends beyond aqueous and

atmospheric phases to soils and plants, where its high solubility

and hydrolysis to HCl can acidify soils, disrupt microbial commu-

nities, and impair plant growth. There is therefore an urgent need

for phosgene-responsive probes capable of operating in complex

environmental matrices. Building on excellent performance of SiRN

in the detection of phosgene in solutions and gases, we extended

its application to real-time monitoring in complex environmental

matrices, including diverse soil types and living plants. The sens-

ing performance of SiRN for phosgene was verified in various soil

samples, such as clay, sandy soil, and field soil. As illustrated in

Fig. 5A, various soils have been treated with BTC at a concentra-

tion of 200 μmol/L. The SiRN solution was sprayed onto the soil

surface and allowed to dry. Fluorescence imaging of the soil was

performed using the MARS-FAST imaging system. As demonstrated

in Fig. 5B, clay, sand, and field soil that had not been contami-

nated with BTC did not exhibit any fluorescence signals after the

spraying of SiRN. In contrast, soils contaminated with BTC exhib-

ited strong NIR-II fluorescence, and the fluorescence intensity in-

creased with rising BTC concentration (Fig. S22 in Supporting in-

formation). Thereby, this confirms the utility of SiRN for real-time,

on-site phosgene detection in soil.

To overcome the challenge of plant autofluorescence, we at-

tempted to use the NIR-II fluorescent probe SiRN to detect phos-

gene in plants. The research object selected for this study was

two-week-old Arabidopsis thaliana. As demonstrated in Fig. 5C, Ara-

bidopsis thaliana exhibited no fluorescence signals when exposed

exclusively to SiRN. However, after incubation with BTC, fluores-

cence signals rapidly appeared in the leaf (Fig. 5D), roots (Fig. 5E),

and root tips (Fig. 5F) of Arabidopsis thaliana. The results of our

preliminary in vivo plant imaging study indicate that SiRN has con-

siderable potential for the real-time detection of phosgene in liv-

ing plants. These results highlight broad applicability of SiRN for

environmental protection, enabling sensitive, real-time phosgene

detection across multiple critical matrices, solutions, gases, soils,

and living plants, with minimal interference from complex sample

backgrounds.

In summary, we have developed a novel silicon rhodamine-

based NIR-II fluorescent probe (SiRN) for the highly sensitive and

selective detection of phosgene in solution, gas, soil, and plants.

Notably, we utilize this probe to monitor phosgene in environmen-

tal samples and plants. The probe SiRN exhibits a distinct colori-

metric change and a pronounced turn-on fluorescence response

upon reaction with phosgene, with emission in the NIR-II window.

This enables real-time, naked-eye detection in both solution and

gaseous states. Importantly, SiRN demonstrates excellent perfor-

mance in complex environmental and biological matrices, includ-

ing soil and living plants, with high signal-to-noise ratio and min-

imal interference from autofluorescence. The unique advantages of

sensitivity, selectivity, and deep-tissue imaging capability afforded

by NIR-II emission establishes SiRN as a promising tool for moni-

toring phosgene in diverse settings. This work represents a signif-

icant advance in environmental toxicant detection and contributes

to the broader goal of safeguarding environmental health through

reliable chemical sensing.
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