
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/3

0/
20

25
 1

1:
33

:5
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Detection of sulf
aDepartment of Chemistry, Sungkyunkwan

Korea. E-mail: hjyoung99@g.skku.edu;

naver.com; hybae@skku.edu; songcs@skku.
bDepartment of Materials Science and Engin

and Technology (UNIST), Ulsan 44919, Repu

ac.kr
cSchool of Energy and Chemical Engineering

Technology (UNIST), Ulsan 44919, Republi

kr; cylee@unist.ac.kr

† Electronic supplementary informa
https://doi.org/10.1039/d3ra08852a

Cite this: RSC Adv., 2024, 14, 7720

Received 26th December 2023
Accepted 27th February 2024

DOI: 10.1039/d3ra08852a

rsc.li/rsc-advances

7720 | RSC Adv., 2024, 14, 7720–77
ur mustard simulant by trisaryl
phosphoric triamide-based resin using a quartz
crystal microbalance sensor†

Jaeyoung Heo,a Jin Hyun Park,a Sun Gu Song,a Seongwoo Lee,b Seongyeop Lim,c

Chang Young Lee, c Han Yong Bae a and Changsik Song *a

Chemical warfare agents (CWAs) pose a persistent threat to human safety, and bis(2-chloroethyl) sulfide, or

sulfur mustard (SM) is one of the most dangerous substances and is able to cause serious harm. Detecting

SM gas is vital, but current methods have high-temperature requirements and limited selectivity, mainly

because of the lack of CWA receptor development, and this makes them challenging to use. To address

this issue, we present a trisaryl phosphoric triamide-based resin receptor that preferentially interacts with

a SM simulant 2-chloroethyl ethyl sulfide (2-CEES) through dipole interactions. The receptor was

synthesized through a facile process using an amine and a triethyl phosphate and the properties of its

coating were enhanced using epoxy chemistry. The receptor's superior triamide structure was evaluated

using a quartz crystal microbalance and reactivity was confirmed by observing the variations in reactivity

according to the number of phosphoramides. The receptor showed better reactivity to 2-CEES vapor

than to the known poly(epichlorohydrin) and showed selectivity to other volatile organic compounds.

Moreover, its durability was evident even 30 days post-coating. The applicability of this receptor extends

to array sensors, sound acoustic wave sensors, and chemo-resistive and chemo-capacitive sensors, and

it promises advances in chemical warfare agent detection.
1. Introduction

Chemical warfare agents (CWAs), which were created and
developed during World Wars I and II, can be classied into
several types that include nerve agents, choking agents, and
blister agents.1 Nerve agents are chemical compounds that
impact the nervous system and induce health effects that are
comparable to certain pesticide exposures. Some notable
examples of nerve agents are sarin (GB), soman (GD), tabun
(GA), and venomous agent X (VX).2 Choking agents, which
include substances like ammonia, chlorine, and phosgene,
induce intense irritation and inammation of the respiratory
tract and affect the eyes, nose, throat, and lungs.3 These agents
produce symptoms such as coughing, wheezing, and difficulty
breathing, which are commonly referred to as irritant gas
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syndrome. Blister agents have corrosive effects on the skin and
induce systemic toxicity. Among the blister agents, sulfur
mustard (SM) gas stands out as one of the most prevalent and
well-known examples (shown in Fig. 1(a)). Exposure to SM can
cause extensive harm to the human body, including profound
cutaneous blisters, ocular lesions that may lead to permanent
blindness, pulmonary injuries that may culminate in respira-
tory failure, and other severe consequences. Furthermore, the
reactivity of SM is predicated on its capacity to alkylate guanine
nucleotides within nucleic acids such as DNA and RNA
Fig. 1 Information on the structure of a similar agonist of sulfur
mustard gas, a blister agonist and receptors. (a) Structure of blister
agent sulfur mustard (SM) and its similar agents 2-chloroethyl ethyl
sulfide (2-CEES, half SM), bis(2-chloroethyl)ether (BCEE), nitrogen
mustard (NM). (b) Receptor structures of polyepichlorohydrin (PECH)
and triaryl phosphoric triamide (TPT-M).
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molecules, which impedes cellular division and ultimately
induces mortality in living organisms. Nevertheless, current
advancements have yet to yield efficacious treatments or anti-
dotes for the toxic effects of SM exposure. Hence, the swi and
accurate detection of SM gas is of paramount importance to
ensure human safety.

In recent years, a range of analytical methodologies has
emerged to identify SM and its analogs, including techniques
such as gas chromatography/mass spectrometry, immuno-
chemical assays, ion mobility spectrometry, and approaches
that involve molecularly imprinted polymers.4,5 However, exist-
ing approaches face barriers such as demanding high-
temperature conditions and constrained selectivity, which are
primarily attributable to the lack of development of superior
receptors.6

To date, the availability of receptors for SM gas detection
remains considerably limited relative to the eld of nerve agent
detection.7–13 According to the ndings of prior research, the
interactions between the probemolecules and SMor 2-chloroethyl
ethyl sulde (CEES) in a nucleophilic attack have been observed to
require a relatively long duration.14 Noncovalent interactions,
such as sulfur–p and dipole–dipole interactions, may offer a rapid
and sensitive detection method, although they have yet to be used
for the detection of SM.15,16 Additionally, research has been con-
ducted to detect SM through a reaction that forms a macrocycle
using SM's two reactive groups.17 However, interest in gas sensors
is growing, and particularly for sensors that are built from metal
oxides, primarily due to their compact dimensions, straightfor-
ward manufacturing processes, and cost-efficient attributes.18–20

As an example, Yoo et al. engineered ZnO nanoparticles that
exhibited a response time of 34 seconds to 1 ppm of 2-CEES at
250 °C.21 Fan et al. synthesized a 2-CEES sensor using WO3/WS2
nanocomposites, and they achieved a response of 1.81 ppm to
5.7 ppm of 2-CEES within a response time of 20 seconds at 240 °
C.22 As evident from these examples, the metal oxide-based
sensors developed thus far require high operating temperatures.
Furthermore, the lack of selectivity can be a huddle to make
superior sensor, we necessitating good receptor molecules for SM.
Although several investigations are underway, the prevailing
choice at present for a receptor material that exhibits optimal
performance is PECH (shown in Fig. 1(b)). In prior research
endeavors, PECH displayed considerable reactivity toward SM gas
when it was incorporated into quartz crystal microbalance (QCM)
and surface acoustic wave (SAW) sensors.23,24 Nevertheless, it has
shown limited selectivity and has yet to attain a level of perfor-
mance that is suitable for practical applications. Notwithstanding
notable gas detection technology's advancements, the majority of
existing sensors continue to exhibit delayed response times,
which limits their suitability for real-time gas monitoring.
Consequently, the development of novel SM (or its simulant)
sensing materials with rapid response capabilities is of utmost
importance for timely hazard detection.

Frequently chosen as a simulant for SM gas is 2-CEES, which
is also known as “half mustard,” due to its having relevant
chemical properties that mirror the actual agent, while being
devoid of the associated toxicity (shown in Fig. 1(a)). Hence, 2-
CEES exhibits structural and characteristic traits that are
© 2024 The Author(s). Published by the Royal Society of Chemistry
comparable to those of SM, yet it demonstrates less reactivity
toward the human body. This adequately positions it as a viable
surrogate for SM in experimental settings.

In this study, we designed and synthesized a resin receptor
having a trisaryl phosphoric triamide structure (shown in
Fig. 1(b)). This receptor is designed to detect 2-CEES gas by
engaging in possible hydrogen bonding and dipole-induced
dipole interactions with 2-CEES, which functions as a mimic
of SM agonists. The synthesis of this receptor involved an
amine-triethyl phosphate reaction, which made the receptor
notably simpler than existing receptors. Moreover, the use of
epoxy chemistry signicantly enhanced its coating capabilities.
Relative to the previously identied poly(epichlorohydrin)
receptor, this receptor exhibited a notably heightened respon-
sive to 2-CEES gas when it was evaluated using a QCM instru-
ment. It was subsequently veried that the superior
performance of this receptor was attributed to its phosphor-
amide structure, which is a pivotal factor in detect 2-CEES gas.
Furthermore, this receptor displayed notable selectivity toward
various volatile organic compounds (VOCs), which could pose
a challenge in chemical agent detection. Additionally, it was
conrmed that the initial heightened reactivity remained
robust, and the receptor exhibited a prolonged lifespan even 30
days following the application of the receptor to the QCM cell.
2. Materials and methods
2.1 Materials and measurements

4,40-Diaminodiphenyl methane and triethyl phosphate were
received from Tokyo Chemical Industry (TCI), and were used as
received without further purication. Epichlorohydrin(±) was
purchased from Sigma Aldrich and used as purchased without
further purication. 1,6-Diaminohexane was obtained from Alfa
Aesar. Dimethylformamide (DMF) was purchased from Sam-
chun Chemicals (Seoul, Korea). 2-CEES gas was supplied by
Research institute of Gas Analytical Science (RIGAS).

Fourier transform infrared (FT-IR) spectra were recorded on
a Vertex70 spectrometer (Bruker Optics, MA, USA) equipped
with a diamond attenuated total reection unit. QCM was
recorded on a CHI400C.
2.2 Methods

2.2.1 Synthetic method of trisphenylphosphorictriamide
(TPT-M). TPT-M was synthesized using the method described by
Xing Tan et al.25 Typically, in a 25 mL two-necked round-
bottomed glass ask, 4,40-dimethyl diphenyl methane
(396.52 mg, 2 mmol) was introduced and heated above its
melting point (89–90 °C) at 110 °C under a nitrogen atmo-
sphere, aer completely dissolving, a kind of transparent
solution was formed. Triethyl phosphate (0.11 mL, 0.642 mmol)
was added dropwise into the system at the rate of 2–3 drops per
second, the mixture was then heated, stirred, and reuxed for
about 2 h at 110 °C, and increase the temperature to 140 °C, and
proceed the reaction for 4 h more. Finally, a brown liquid was
obtained. The synthetic product was placed in a vacuum oven at
80 °C for 12 h to remove by-product ethanol (shown in Fig. 2(a)).
RSC Adv., 2024, 14, 7720–7727 | 7721
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2.2.2 Synthetic method of trisaryl diamide and epoxy resin.
No amide structures were synthesized using the method
described by Rajendra Bunkar et al.26 Following the individual
dissolution of different diamine compounds (0.25 mmol) and
epichlorohydrin (0.2 mmol) in 3 mL of DMF, the two solutions
were combined. Subsequently, 4 mL of the resulting mixture was
applied onto a QCM cell, followed by curing in an oven at 100 °C
for a duration of 1 h. Two amide structures were synthesized
through the same process as the synthetic method of TPT-M
(shown in Fig. 2(b)).

2.2.3 Preparation of QCM coating lm. The response of the
fabricated receptors to 2-CEES was evaluated through QCM
measurements (shown in Fig. S1†), and their performance was
subjected to a comparative analysis. The QCM test was per-
formed by connecting a 10 ppm 2-CEES gas cylinder. A gas line
with a thickness of 1/4 inch was used, and a gas tube with
a thickness of 1/16 inch was employed for injecting gas into the
QCM cell. During the measurement, the ow rate of the injected
N2 and 2-CEES gas was set to a total ow rate of 100 sccm. In the
QCM assessment, the receptors were applied onto the surface of
an AT-cut quartz crystal (8 MHz) using a curing technique. In
lm fabrication process, receptors containing an amide group
were prepared by dissolving amine, epichlorohydrin, and 1,6-
diaminohexane in DMF. Subsequently, 4 mL of the solution was
applied to a QCM cell and subjected to curing in an oven at 100 °
C for a duration of 4 h. The QCM cell's frequency shis (DF, Hz)
were monitored under a ow of nitrogen (N2) and 2-CEES, and
the 2-CEES concentrations were controlled by mass ow
controllers. The 2-CEES that adsorbed onto the receptors was
removed by purging the receptors with pure nitrogen gas
(shown in Fig. 3(a)).
3. Results and discussion
3.1 Synthesis of receptors

We previously demonstrated the outstanding performance of
the phosphotriamide structure in detecting dimethyl methyl-
phosphonate (DMMP), which is a simulant for nerve gas
Fig. 2 Process for the synthesis of themain receptor, and the structure of
final structure of the main receptor. (b) Comparison of receptor structur

7722 | RSC Adv., 2024, 14, 7720–7727
agents.27 The triamide structure of this N-triyl phosphoric tri-
amide (N-TPT) receptor showed a very fast and sensitive
response to the detection of DMMP, proving its excellence as
a sensor. Inspired by its chemical structure, we applied these
insights in the development of a receptor tailored for the
detection of SM or 2-CEES. In particular, we designed the
receptor to have a triaryl phosphotriamide structure (shown in
Fig. 1(b)) as the key moiety, which could be obtained easily
through the reaction between a variety of bis(aryl amine)s and
triethyl phosphate (shown in Fig. 2(a)). However, the product
obtained by using this synthetic method exhibited poor coating
properties when applied to quartz surfaces. To address this
limitation, we introduced epichlorohydrin, which is a common
epoxy material, and hexamethylenediamine to enhance the
coating characteristics of the product. The resultant receptor
demonstrated signicantly enhanced adhesion when it was
applied to quartz surfaces. By following the above-mentioned
methods, we prepared triaryl phosphotriamide receptors TPT-
O, -S, and -M starting from 4,40-diaminodiphenyl ether, 4,40-
dithioaniline, and 4,40-diaminodiphenyl methane, respectively.
Aer the rst synthetic process, a yellow-brown sticky liquid was
produced. The product was conrmed by Fourier transform
infrared spectroscopy (FT-IR) (shown in Fig. S2†). Next, in the
second synthetic step, the cured resin was coated onto the QCM
cell, and FT-IR analysis conrmed the occurrence of an epoxy
curing reaction (shown in Fig. S3†). To validate the superiority
of the newly devised receptor structure, additional receptors
were synthesized to assess their comparative reactivity. As the
phosphoric triamide structure served as the central element of
our receptor, we formulated and synthesized a set of compa-
rable receptors by varying the number of amides (shown in
Fig. 2(b)). More specically, the control receptors were catego-
rized into two groups: those lacking an amide, and those
featuring a diamide structure. In the case of the receptors that
did not have an amide structure, their synthesis and coating
involved the introduction of epichlorohydrin into various
diamines, which resulted in a product having a structure in
which a linear polymer formed due to the reaction of
the control group receptor. (a) The two-step synthetic process and the
es in the control group with various numbers of amides.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Results of measurement experiment for the main receptor using QCM. (a) Description of the receptor coated onto the QCM cell, and
information about the process for the gas reaction test. (b) Responsiveness of receptors to 2-CEES gas measured by QCM. (c) 2-CEES reactivity
of the receptor in relative to the concentration of the gas when the QCM test was performed while the concentration of gas was varied. (d)
Comparison between QCM reactivity to 2-CEES gas for PECH and TPT-M. (e) Comparison of QCM reactivity to 2-CEES gas between control
group receptors having different numbers of amides.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/3

0/
20

25
 1

1:
33

:5
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
epichlorohydrin with diamine. For the receptors that had
a diamide structure, their synthesis was conducted using
various diamines in conjunction with diethyl phenyl-
phosphonate, which yielded a product having a structure with
two amide groups connected to phenyl groups.
3.2 Performance of the TPT-M receptor as a sensor

By utilizing a QCM instrument, we assessed the reactivity
toward 2-CEES of the triaryl phosphotriamide receptors (TPT-M,
-O, and -S) and other control receptors (TPD-M, TPT-O, EP-M,
EP-O, EP-S, EP-F1, and EP-F2) (shown in Fig. S4†). Fig. 3(a)
illustrates the interaction of the quartz substrate (8 MHz) that
was coated with a receptor within the QCM device during
exposure to the injected gas, which was a mixture of 2-CEES and
N2 gas as a carrier. To enhance the quality of the coating, we
combined the receptors that contained terminal amines,
epichlorohydrin, and hexamethylenediamine. This mixture was
dissolved in DMF, 4 mL of which was subsequently applied to
the pre-cleaned QCM quartz cell. The coating process was
completed by curing the QCM cell in an oven set to 100 °C for
4 h. We then conducted the measurement of QCM reactivity to
2-CEES using the prepared cells.

As illustrated in Fig. 3(b), the instantaneous frequency changes
on the QCM were graphed during the exposure of the TPT-M
receptor to varying concentrations of 2-CEES, which ranged
from 1 to 9 ppm. From the rst encounter with 2-CEES at
a concentration of 1 ppm, a substantial frequency change of
−14.6 Hz was observed within 2.2 min. Subsequently, at
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrations of 2–9 ppm, we observed a gradual increase in
frequency changes (−17.6 to −38.3 Hz). From these results, we
conrmed that the responsiveness of TPT-M increased propor-
tionally with an increase in the concentration of 2-CEES. Multiple
measurements were taken for each concentration, and the average
values of the responses were plotted Fig. 3(c), which conrmed
that TPT-M responded well to 2-CEES and showed a proportional
increase in its reactivity to 2-CEES's concentration (−2.64056 Hz
ppm−1). The experimental results demonstrated that our trisaryl
phosphoric triamide receptor can rapidly and sensitively detect
the SM simulant even under ambient temperature and pressure,
unlike other previously developed sensors like MOF or metal
oxide,21,22 which necessitated high temperatures ranging from 250
to 240 °C. Additionally, it was conrmed to exhibit higher sensi-
tivity than PECH, which was previously noted for its good 2-CEES
detection capability. Furthermore, the TPT-M receptor demon-
strated an effective response to 2-CEES gas by consistently
exhibiting robust recovery and reproducibility, even under repet-
itive exposure to 5 ppm of 2-CEES gas (shown in Fig. 3(d)). To
validate the superior performance of TPT-M, the triaryl phos-
photriamide receptor, we experimented to compare its reactivity
with that of PECH, which is a well-established material that is
commonly used for the detection of 2-CEES. A same condition of
PECH (∼2 mg/1 mL DMF) was applied to a fresh QCM quartz cell,
and PECH's reactivity toward 2-CEES (5 ppm) was subsequently
assessed. The experimental results indicated that PECH exhibited
negligible reactivity to 2-CEES (shown in Fig. 3(d)). However,
relative to the established 2-CEES receptor PECH, the TPT-M
RSC Adv., 2024, 14, 7720–7727 | 7723
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receptor displayed very high performance and registers signi-
cantly improved responses for equivalent 2-CEES gas
concentrations.

Furthermore, to assess the structure–property relationship
of the phosphotriamide structure we formulated, we conducted
a comparative analysis using various control receptors and the
QCM reactivity to 2-CEES gas. Our analysis encompassed
a group of receptors in which the number of amides was varied,
as well as the receptor that featured the triamide structure. A
QCM analysis experiment was performed by applying an equal
volume (4 mL) of the receptor solutions in DMF (∼0.25 mmol/3
mL) onto separate QCM quartz cells. Subsequently, the cells
were exposed to 2-CEES gas having equivalent concentrations
(10 ppm), and their responses were compared (shown in
Fig. 3(e)). The experimental results revealed that the receptors
that lacked an amide structure, namely EP-O, EP-M, EP-F1, EP-
F2, and EP-S, displayed frequency changes of 0 Hz, −12.4 Hz,
−0.7 Hz, −11.8 Hz, and −14.9 Hz, respectively, which were
considerably smaller than that of TPT-M (−41.2 Hz). For the
receptors that featured two amide structures, namely TPD-O
and TPD-M, the observed frequency changes were −10.0 Hz
and−8.0 Hz, respectively, when the receptors were exposed to 2-
CEES gas at 10 ppm. In contrast, the receptor TPT-O and TPT-S
which featured a triamide structure but a different linker moiety
(i.e., ether rather than methylene), exhibited frequency changes
of −20.5 Hz and −0.9 Hz in response to 10 ppm of 2-CEES gas,
which was a greater change than that of any other control
receptors. These results demonstrated the signicantly superior
performance of the triaryl phosphotriamide structure with 2-
CEES relative to control receptors that lacked the triamide
structure. Remarkably, the TPT-M structure exhibited at least
twice the level of frequency change of the triamide TPTs.

We also calculated the adsorption affinity of the receptors we
developed for 2-CEES using the simple Langmuir isotherm. We
utilized a linear tting method28 for QCM responses (DF, Hz) per
2-CEES concentration (ppm), and we obtained the maximum
response (DFmax), equilibrium constant for adsorption (K), and
adsorption free energy (DG°). According to the derived results, the
TPT-M receptor, which exhibited outstanding performance in our
study, demonstrated the highest DFmax value than others with
a reasonably high equilibrium constant K (Fig. S5 and Table S1†).
Although further investigationsmust be performed to derivemore
reliable data, tting analysis based on Langmuir isotherms indi-
cates that TPT-M may provide more available binding sites than
other receptors. In summary, our ndings provide denitive
conrmation of the exceptional efficacy of the triamide structure
in detecting 2-CEES gas.
3.3 Interaction between 2-CEES gas and the triamide
structure through density functional theory (DFT) analysis

To gain mechanistic insight into the recognition of 2-CEES, we
explored the DFT computations for receptor molecules, such as
TPD (i.e., phosphonamide) and TPT (i.e., phosphoramide).
These molecules are considered to be the key moieties for the
TPD and TPT receptors. The DFT calculations were carried out
utilizing Spartan 014 for Windows (MM/MMFF//DFT/EDF2/6-
7724 | RSC Adv., 2024, 14, 7720–7727
31G*/Vacuum), and the energy differences between the receptor
molecule and its complex with 2-CEES were compared to probe
the stabilization energies (shown in Fig. 4). According to the
results, the complexation of TPT$2-CEES was found to be
2.10 kcal mol−1 more stable than that of TPD$2-CEES. It should
be noted that no conspicuous hydrogen-bonding interaction
was observed, despite the use of hydrogen-bonding donor
receptor molecules.29–31 This phenomenon might be due to the
offset of electron density on the sulfur atom by the electron-
withdrawing 2-chloroethyl group(s) and the entirely-dispersed
molecular soness. Hence, the dipole-induced dipole interac-
tion plays a major role (noncovalent interaction) in the binding
mode of receptor molecules toward 2-CEES, the SM simulant.
3.4 Receptor selectivity and lifetime evaluation

The selectivity of the phosphotriamide TPT-M toward 2-CEES was
tested using various VOCs and H2O (shown in Fig. 5(a)). These
tests were intended to assess the potential interference of other
gases when the phosphotriamide receptor was used for 2-CEES
gas detection. We rst conducted QCM measurements by
exposing the TPT-M receptor to 3 ppm of NO2 from a gas cylinder.
The results conrmed that the TPT-M receptor exhibited no
reactivity to NO2, which thus validated its selectivity. The recep-
tor's reactivity toward other VOCs and water was assessed by
generating the saturated vapor of each substance through the
head-spacemethod32,33 and exposing the TPT-M receptor to it. The
QCM reactivities of the TPT-M to the VOCs of NO2, H2O, EtOH,
MeCN, and MeOH (3 ppm each) and H2O were determined to be
−0.0 Hz, −0.5 Hz, −0.2 Hz, −0.2 Hz, and −0.1 Hz, respectively.
Consequently, our receptor TPT-M, which was characterized by
the phosphotriamide structure, demonstrated the most
pronounced reactivity to 2-CEES gas. Furthermore, it exhibited
greatly superior reactivity when compared with other VOCs,
thereby conrming its selectivity toward 2-CEES gas. These nd-
ings conrm the TPT-M's ability to detect 2-CEES without being
inuenced by potential disturbances, including other VOCs.

We conducted a durability test for our proposed TPT-M
receptor to assess its operational lifespan under atmospheric
conditions (shown in Fig. 5(b)). The TPT-M receptor was applied
onto a QCM quartz cell, and its responsiveness to 2-CEES (5
ppm) was evaluated at one-month and 5 month intervals aer
the coating process. The results of the evaluation indicated that
the TPT-M sensor maintained exceptional efficacy in detecting
2-CEES even aer 1 month (∼100%). Although its responsive-
ness diminished aer 5 months (∼55.7% responsiveness), the
sensor retained sufficient reactivity to detect 2-CEES. The
outstanding performance exhibited by the triaryl phospho-
triamide receptor TPT-M for 2-CEES detection over the previ-
ously reported PECH was veried and was conrmed to last for
at least 1 month under atmospheric conditions.
4. Conclusions

In this study, we presented a new receptor for detecting SM gas.
We designed and synthesized a receptor that featured a tri-
amide structure, and we subsequently carried out an evaluation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Computed detection models and stabilization energies.

Fig. 5 Receptor selectivity and lifetime test results. (a) Test results of
the receptor's selectivity for other VOCs gases, conducted through
QCM. (b) Changes in QCM reactivity over time after coating the
receptor onto the QCM cell.
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of the synthesized receptor using QCM analysis. The experi-
mental results unequivocally established that the receptor
featuring the proposed triamide structure displayed exceptional
reactivity toward 2-CEES, which was the intended target detec-
tion substance. Upon exposing this receptor to different
concentrations of 2-CEES, it was observed that the QCM reac-
tivity correspondingly increased with increasing concentrations
of injected 2-CEES. This observation conrmed that the devel-
oped receptor was responsive to 2-CEES specically, and that its
reactivity was attributed to the interaction with 2-CEES rather
than to any other factors. Furthermore, when the receptor we
developed was compared with PECH, which is a widely recog-
nized substance for detecting SM, in the presence of 2-CEES gas
under identical conditions, its QCM reactivity was notably more
sensitive than that of PECH. Additionally, DFT calculations
were carried out to provide evidence of the interaction between
the triamide structure and the 2-CEES gas. The DFT calculations
unequivocally veried that a receptor featuring a triamide
structure forms a more stable reaction with 2-CEES through
dipole-induced dipole interactions than does a receptor with
two amide structures. Furthermore, in anticipation of the real-
world application of this receptor in future sensors, we con-
ducted assessments of its selectivity for 2-CEES gas by
measuring its reactivity to potential interference factors and
© 2024 The Author(s). Published by the Royal Society of Chemistry
other VOCs. The results of these assessments conrmed that its
reactivity toward these substances was low, which underscores
the excellent selectivity of our receptor for 2-CEES gas detection.
Aer we conducted a comprehensive durability test on the
receptor, we conrmed that there had been almost no decrease
in its reactivity following its coating onto the QCM cell for up to
1 month. Impressively, the receptor maintained its detection
capability even aer 5 months, which provides robust evidence
of its outstanding performance in 2-CEES detection. We believe
that the receptor's potential applicability will extend to array
sensors, SAW sensors, and chemo-resistive and chemo-
capacitive sensors, and promises advancements for the detec-
tion of CWAs.
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