Talanta 218 (2020) 121157

Contents lists available at ScienceDirect

Talanta
journal homepage: www.elsevier.com/locate/talanta

A novel SERS selective detection sensor for trace trinitrotoluene based on
meisenheimer complex of monoethanolamine molecule

T

Dongyue Lina,b,c, Ronglu Donga,b, Pan Lia, Shaofei Lia, Meihong Gea,b, Yunfeng Zhangd,∗,
Liangbao Yanga,c,∗∗, Weiping Xue
a

Anhui Province Key Laboratory of Medical Physics and Technology,Center of Medical Physics and Technology, Hefei Institute of Physical Science, Chinese Academy of
Sciences, Hefei, 230031, China
b
Department of Materials Science and Engineering, University of Science and Technology of China, Hefei, 230026, China
c
Department of Pharmacy, Hefei Cancer Hospital, Chinese Academy of Sciences, Hefei, 230031, China
d
Institute of Forensic Science, Ministry of Public Security, Beijing, 100038, China
e
The First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei, 230001, China

ARTICLE INFO

ABSTRACT

Keywords:
Surface enhanced Raman scattering
Monoethanolamine
Trinitrotoluene
Meisenheimer complex
Sensor

Trinitrotoluene (TNT) is a primary component in chemical explosives, making them a common focus in public
safety detection. However, it is very difficult to achieve selective and sensitive detection of the TNT molecule in
practical application. In the present study, a simple surface enhanced Raman scattering (SERS) sensing based on
monoethanolamine (MEA) - modified gold nanoparticles (Au NPs) was expanded for high selectivity and sensitive detecting of TNT in an envelope, luggage, lake water, and clothing through a quickly sampling and detection process. The monoethanolamine molecule based on Meisenheimer complex lights up ultra-high Raman
scattering of a nonresonant molecule on the superficial coat of gold nanoparticles. Using this detection sensor, a
molecular bridge can be established to selectively detect trinitrotoluene with a detection limit of 21.47 pM. We
were able to rapidly identification trinitrotoluene molecule with a powerful selective over the familiar interfering substances nitrophenol, picric acid, 2,4-dinitrophenol, and 2,4-dinitrotoluene. The outcome in this work
supply an efficient solution to the test of trinitrotoluene and to establishing a SERS sensor analytical strategy.
The studies have demonstrated that the MEA-Au NPs based SERS sensing can be potentially used in field detection the trace amount of chemical explosives for public security.

1. Introduction
The detection of nitro aromatic explosives is crucial to military
activity, public security and environmental cleaning [1–3]. Chemical
explosives are one of the major threats used in terrorist and warfare
attacks [4–6]. Nitro aromatic explosives encompass a variety of compounds including trinitrotoluene (TNT), dinitrotoluene (DNT), picric
acid (PA) and so on [7,8]. In short, chemical explosives have a huge
impact on people's lives because they can generate a large amount of
destructive energy during the rapid reaction process. The extensive use
of chemical explosives has also attracted the attention to ambient
contamination where they are made and transported. Serious physical
injury, including carcinogenic effects, skin allergies, liver damage and
disturbances of visual acuity could also be posed to human beings

through the exposure of nitro aromatic explosives [9–11]. Detection of
chemical explosives is necessary for a variety of places, including blast
sites, transport hub, mine fields, military installation, wastewater
treatment facilities and so on [12–14]. The rapid and selective detection
of aromatic explosives is one of the areas of most concern in chemical
science with socially relevant implications. It helps to identify explosive
species and provides an appropriate technical basis when assessing and
controlling contaminated sites.
In recent years, many attempts have been made to obtain a new
chemical explosives detection strategy. Although traditional analytical
techniques for nitro aromatic explosives detection methods, including
chromatography, mass spectroscopy and canine olfaction, are sensitive
they suffer from disadvantages like high cost, and depend on welltrained technicians [15,16]. Ion mobility spectrometry, colorimetric
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and fluorimetric have attracted great attention on account of their high
sensitivities and short response times [17–20]. However, their widespread use is limited due to selectivity and stability. For this reason, to
meet the demands of the selective and fast detecting of nitro aromatic
explosives in the liquid sample, new methods must be established.
Surface-enhanced Raman scattering (SERS) has received widespread
attention in spectral detection due to its high detection sensitivity for
various molecules at trace levels [21–25]. SERS relies on the adsorption
of the target molecule onto the Ag (or Au) surface, which can further
provide million-level signal enhancement relative to Raman, which
results in higher detection sensitivity and provides applications in detection of molecules with small scattering cross-section [26–29].
Therefore, SERS offers obvious advantages for designating molecular
“fingerprint” spectra identification and enables multiple analytes to be
selectively discriminated [30–33]. Consequently, it is significant to
implement a molecular modification method to convert low activity
analytes into highly activity molecule with an absorption band that
matches the wavelength of the specifically used laser.
A useful candidate function for nitroaromatic explosives is a colorimetric probe based on an electron donor-acceptor interaction between a nitroaromatic compound and a primary amine, called a
“Messenheimer complex” [34,35]. In general, the formation of a Meisenheimer complex is achieved by charge transfer from an electron-rich
amino group to an electron-deficient nitro group [36]. Therefore, the
Meisenheimer complex between the primary amine and the nitroaromatic explosive forms a new chromophore that can strongly absorb
energy radiation [37]. For example, the trinitrotoluene molecule, as a
common Brønsted-Lowry acid, can accept lone pair electrons on the
primary amine at the methyl position [37]. Under certain conditions,
the nitroaromatic explosives molecules can be chemical probe recognized by amino groups. Although the colored species can be easily
identified by ultraviolet–visible spectroscopy, compared with surfaceenhanced Raman spectroscopy, it has an insufficient detection sensitivity [38–40]. In addition, because the absorption spectrum of TNT
molecules does not show characteristic peak positions in the visible
light region [41], it is a very difficult research task to prepare TNT
absorbance optical sensors.
In this study, we introduce for the first time a simple SERS analysis
platform based on Meisenheimer reaction for the detection of trace
TNT. On this platform, the optical sensor is composed of monoethanolamine (MEA) - modified gold nanoparticles (Au NPs @ MEA).
Monoethanolamine and trinitrotoluene can quickly form colored
Meisenheimer complex in aqueous solution. UV–Vis spectroscopy and
visible colorimetry confirmed the formation of the complex. After
adding the TNT solution, the molecules will change from a non-resonant state to a resonant state under the action of a laser, forming a
colored Meisenheimer complex, which produces a resonance effect and
lights up the SERS signal of the TNT molecule. Using this sensor, we can
directly detect the trinitrotoluene molecules, the common interference
molecules nitrophenol (NP), picric acid (PA), 2,4-dinitrophenol (DNP)
and 2,4-dinitrotoluene (DNT) has a higher selectivity. The detection
limit of this method is 2.147 × 10−11 M. Combined with the high selectivity and sensitivity provided by the sensor, the anti-interference
ability of the nitro aromatic explosive trinitrotoluene detection technology is improved.

public safety scientific research management department. Ultrapure
water (18.0 MΩ cm−1) was used throughout the experimental operation. Lake water samples were taken to Dongpu Reservoir.

2. Experimental

3.1. Principle of the SERS sensing of TNT

2.1. Materials and reagents

As we all know, because the Raman scattering cross-section of TNT
molecules is very small and the Raman signal is very weak, it is very
difficult to directly detect TNT molecules using SERS substrate [27,45].
Here, our research shows that the electron-deficient methyl group of
TNT has strong acid-base pairing with the amino group of monoethanolamine (MEA), and can form the charge transfer complex MEATNT. By adding the gold nanoparticle sol to the MEA aqueous solution,
the surface of the gold particles can be related to the MEA molecule

2.2. Apparatus
Under the excitation of a 532 nm Helium–Neon laser light source,
SERS data were collected using the LabRAM HR800 confocal micro
Raman system. LWD 50 × /0.5 NA objective lens is used to focus the
laser. The laser spot diameter is about 1 μm, the laser power during
detection is about 2 mW, and the integration time of each spectrum is
2 s. A Peltier-cooled CCD camera was used to detect the SERS signal.
The Shimadzu 2550 Ultraviolet–visible spectrophotometer was used for
UV–Vis absorption spectrometry. Scanning electron microscope images
of nanomaterials were obtained using a field-emission scanning electron microscope (Quanta 200 FEG).
2.3. Synthesis of Au NPs
Gold nanoparticles were prepared according to the standard trisodium citrate reduction procedure. The preparation method of gold nanoparticles is as follows: 1 mL of HAuCl4 solution (1%, w/v) was added
to a triangle flask with a stir bar containing 99 mL of ultrapure water.
Place on a magnetic stirrer and heat at 110 °C and stir vigorously.
Immediately after the solution boils, add 1 mL of trisodium citrate solution (1%, w/v) and continue to boil and stir for 30 min [42,43]. After
boiling and stirring for 30 min, the heating was stopped and the sol was
cooled to room temperature. It was observed that the synthesized sol
was uniformly dispersed and appeared brown-red (Fig. S1). There are
no obvious stains on the stir bar, and the pH range of the sol is 5.0～6.4
(Fig. S1). Gold nanoparticle colloids have UV–visible maximum absorption peaks at 520 nm [44], and the average diameter is about
70 nm (Figs. S2 and S3).
2.4. Preparation of SERS substrate
1 mL of citrate-stabilized gold nanoparticle sol was placed in a
centrifuge tube at 8000 rpm for 10 min. After centrifugation, remove
excess supernatant and leave the colloidal precipitate at the bottom to
collect and use. The colloidal precipitation at the bottom is added to the
surface of the clean silicon wafer and used after the colloidal is dried
naturally.
2.5. Samples preparation and SERS measurement
To detect chemical explosives, we added the monoethanolamine
（MEA）solution to the surface of the gold nanoparticle substrate. MEA
solution preparation method: Take 30.18 μL of MEA liquid reagent and
put it into a 50 mL volumetric flask, add ultrapure water to make the
volume, and then obtain a 0.01 M MEA solution. Dilute with ultrapure
water as needed during use. Then, the target explosive solution is added
dropwise based on the above. After the solution is dried, the target is
subjected to SERS detection.
3. Results and discussion

Gold (III) chloride hydrate (HAuCl4·4H2O), monoethanolamine
(MEA), trisodium citrate, ethanol and 2,4-dinitrophenol (DNP) were
purchased from Shanghai Guoyao Group. Picric acid (PA) was purchased from Guangdong Xilong Chemical Company, and nitrophenol
(NP) was purchased from Tianjin Guangfu Chemical Company. 2,4-dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT) originate from the
2
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Scheme 1. Illustration of the SERS sensor for TNT.

through hydrogen bonding. In this scheme, modified MEA molecules
play a key role in capturing TNT molecules and attaching to the surface
of Au nanoparticles. Here, we speculate that the formation of intermolecular bridges is 1) the hydrogen bonding interaction between citrate and MEA hydroxyl groups on the surface of gold nanoparticles and
2) the electron donor-acceptor interaction between the MEA amino
group and the TNT methyl group (see Scheme 1).

Fig. 1B (red spectrum). The Au@MEA optical probe is excited with a
532 nm laser, which causes the TNT molecule to change from a nonresonant state to an electronic resonance state, and generates a strong
SERS signal. According to previous literature reports [26,47–57], the
SERS peak of TNT has been identified. As indicated by Fig. 1B (red
spectrum), the peak at 1626 cm−1 is attributed to the C]C aromatic
stretching vibration and the strong SERS signal at 1374 cm−1 is due to
the NO2 symmetric stretching vibration [12,58]. The band at
1572 cm−1 is attributed to the NO2 asymmetric stretching vibration
[59]. The peak at 1245 cm−1 is attributed to the vibration of the
benzene ring [60]. The peak around 1157 cm−1 is contributed form
C–C (ring) in-plane trigonal bend. The peak at 833 cm−1 is mainly from
NO2 scissors mode [61]. All of the fingerprint peaks are due to TNT
molecule vibration represents an advantage for our method. By comparison, under the same experimental conditions, the SERS detection of
the control group on Au NPs substrate, 1 mM MEA solution and ethanol
solution have not obtained the signal, as shown in Fig. 1B. Therefore,
the detection sensor we constructed can achieve SERS detection of TNT
molecule without interference from substrates and solvents in the above
system.

3.2. Feasibility of the strategy for SERS sensing of TNT molecules
Fig. 1 shows the UV–vis absorption spectra of MEA only, TNT only
and MEA-TNT mixture at ethanol and water solution. As expected, the
UV–visible spectrum (spectrum 3 and 4) of MEA-TNT in the mixed
solution showed a new strong long-wavelength plasmon band at
526 nm, confirming the formation of the chromophore [46], which was
due to caused by the oscillation of conduction band electrons. However,
MEA or TNT does not show any significant intense band at 526 nm. We
noticed that when the colorless solutions of TNT and MEA were mixed
together, they turned red instantly (Fig. 1A) and could be directly observed with the naked eye. This was supported by the photograph we
took at different concentrations (Fig. 1A, inset) where the red appeared
upon the formation of chromophores between MEA and TNT. With the
increase of TNT concentration, the absorbance at 526 nm increased by
1.91 times and the color of the mixed solution deepened. The development of the MEA-TNT complex is vital for the SERS based detection
of TNT using MEA as a probe molecule.
Upon addition of the TNT solution and wait until the solution is
dried, strong SERS signals of TNT are clearly observed, as seen in

3.3. Sensing detection of TNT standard solution
We further examined the SERS spectrum variation under spiking
with a series of concentrations of TNT solution (Fig. 2B). As expected,
the signal intensity of the spectrum increased gradually with the increasing TNT solution concentration (see Fig. 2C). As illustrated, at
relatively high concentrations, six easily distinguishable SERS peaks at

Fig. 1. (A)UV–vis absorption spectra and photographs of the solutions of 1 mM MEA(1), 1 mM TNT (2), MEA-TNT complexes at concentrations of 0.1 mM (3) and1
mM (4), respectively. (B)SERS spectra of TNT on the Au@MEA substrate, and Raman spectrum of MEA, ethanol, blank substrate.
3
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Fig. 2. (A) Scheme representation of the interaction between TNT and Au NPs by MEA. (B) The SERS spectra of different concentrations of TNT solution: a,
1 × 10−8 M; b, 1 × 10−9 M; c, 1 × 10−10 M; d, 1 × 10−11 M. (C) SERS intensity of TNT at 1374 cm−1 as a function of the negative logarithmic TNT concentrations,
and the insets show the corresponding calibration curves. The error-bar represents the standard deviation of independent 10 times SERS measurements. (D) SERS
intensity of 0.1 nM TNT at 1374 cm−1 at 10 points collected randomly.

Fig. 3. (A) Schematic diagram of a photoelectric sensor test system. (B) Time-dependent sensor response curve for trinitrotoluene and air. The spectral intensity at
1374 cm−1 at different times was used to create a SERS signal response curve. (C) Changes in spectral intensity under different integration time conditions.

833, 1157, 1245, 1374, 1572, and 1626 cm−1 can be used as ‘‘fingerprint’’ for the detection of trinitrotoluene solution. Interestingly, the
presence of MEA on the surface of the gold nanoparticles in photoelectrochemical sensor test system activated the SERS signal of TNT
molecule (Fig. 3), most likely due to the high affinity of Au@MEA to
TNT, which allowed for efficient adsorption of the analyses and collected TNT molecules in the vicinity of the gold nanoparticles. The
results are shown in Fig. 3B, which is the change in SERS intensity over
time. It shows that the intensity of all Raman spectral bands is almost
constant for about 100 s after the TNT sample solution is dried. This
means that after the solution sample is dried, the adsorbed material has

uniformly covered the surface of the gold nanoparticles. The intensity
of the SERS peak of the TNT molecule was changed by the different
integration time of the sample to be detected under the 532 nm laser
(Fig. 3C). As the integration time increases, the peak intensity of the
main characteristic peaks of the target also increases.
Nevertheless, at relatively low concentration, the TNT solution still
had obvious peaks at 1374 cm−1, while the other signature SERS signals gradually weakened. The low detection limit is mainly contributed
by the molecular activation effect and highly selective recognition
property between MEA and TNT. Compared with bare gold nanoparticles, the amino-modified molecules on the gold surface tend to
4
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increase the number of target molecules on the surface of the gold
sphere. A larger number of TNT molecules can be embedded in the “hot
spot” formed between the nanoparticles. After the sensing detection is
completed, the SERS displacement intensity of the target molecule at
1374 cm−1 and the TNT concentration are plotted, as shown in Fig. 2.
We use concentrations ranging from 1 × 10−7 M to 1 × 10−11 M,
spanning 5 orders of magnitude. It could be seen that the dose response
is pretty good. Calculated through related formulas [62,63], the limit of
detection (LOD) and the limit of quantity (LOQ) are 21.47 pM and
71.57 pM based on signal-to-noise ratios of 3:1 and 10:1, respectively
(Fig. 2C and inset). Here, the linear dynamic detection range is from
1 × 10−10 M up to 1 × 10−8 M (R2 = 0.9997), spanning 3 orders of
magnitude. At the same time, the accuracy and precision of sensor
detection were verified and calculated. The standard deviation (SD) and
relative standard deviation (RSD) of the 0.1 nM TNT solution were 91
and 6.74%, respectively (Fig. 2C, inset and D).

proton which would reduce the charge transfer between MEA molecule
and PA and thus less likely to form the new complex. The main reason is
that due to the lack of nitro groups in the DNT molecular structure,
negative charges cannot be dispersed throughout the DNT molecular
structure, indicating that DNT cannot form an effective charge transfer
complex chromophore with MEA. For NP and DNP molecules, their
single or two nitro groups may greatly reduce the effective charge
transfer between the molecule and the MEA. Due to the lack of sufficient charge, DNP, DNT, NP and PA may not form strong interactions
with MEA molecules, and thus will not generate effective charge
transfer complex chromophore. All in all, the experimental data clearly
show that MEA as an active molecule has a high selectivity for trinitrotoluene, and it can easily distinguish TNT molecules from other nitro
compounds.
In order to further confirm the selectivity of the optical probe towards the TNT molecule, SERS detection of NP, PA, DNP and DNT was
carried out on a sensing platform. Table 1 compares the analytical
performance of trinitrotoluene based on various Messenheimer reactions, showing that our SERS sensor is comparable to other detection
methods reported in the literature. Fig. 4 A3-E3 shows a series of SERS
spectra collected on the MEA-modified Au NPs substrate for different
structural analogs of nitro explosives. It is clear that SERS activity is
significantly more sensitive to TNT molecules than other compounds.
The experimental results show that in the presence of Au@MEA, PA,
DNP and DNT have no SERS signal, indicating that the probe has good
selectivity for PA, DNP and DNT molecules. Remarkably, nitrophenol
molecules exhibit their own characteristic peak at 1333 cm−1, which is
evidently distinguished from TNT molecules. Compared to TNT molecules, NP, PA, DNP and DNT molecules were not enhanced. Because the
TNT molecule contains three nitro groups that can withdraw electrons,
the negative charge may be dispersed throughout the molecular structure, which causes the electron density on the aromatic ring to decrease
greatly. The peaks at 833, 1157, 1245, 1374, 1572, and 1626 cm−1 are
characteristic vibration modes of the TNT molecule, which are not

3.4. Specificity of the SERS sensor
After adding different organic nitro compounds such as DNP, DNT,
NP, PA, and TNT to the probe molecule solution, the spectra were
collected using a UV–visible spectrophotometer (Fig. 4 A2-E2). Adding
a 4 × 10−4 M DNP, DNT, NP or PA solution to the MEA solution did not
cause absorption bands between 450 and 700 nm. When DNP, NP and
PA were added, peak positions could be observed only in the wavelength range of 300–450 nm. At the same time, no peaks appeared in
the range of 300–700 nm after adding the DNT solution. However,
when a TNT solution of the same concentration was added to the MEA,
a larger absorption band was observed at 526 nm. In the presence of
TNT molecules, the plasma energy band moves to longer wavelengths
with a color change (as shown in Fig. 4 A2, inset and Fig. 1 A, inset).
The results show that the reduction potential of the TNT molecule is
much lower than that of DNP, DNT, NP or PA. Although PA has a similar molecule structure to TNT, the hydroxyl group can easily lose a

Fig. 4. SERS sensor detects the schematic, physical, ultraviolet, colorimetric and SERS spectral characterization of different target molecules. A,TNT; B,NP; C,PA;
D,DNP; E,DNT. UV–vis absorption spectral changes of MEA with the addition of 4 × 10−4 M TNT(A2), 4 × 10−4 M NP(B2), 4 × 10−4 M PA(C2), 4 × 10−4 M DNP
(D2) and 4 × 10−4 M DNT(E2). SERS spectra of 1 × 10−6 M trinitrotoluene (A3), 1 × 10−5 M nitrophenol (B3), 1 × 10−5 M picric acid (C3), 1 × 10−5 M 2,4dinitrophenol (D3), and 1 × 10−5 M 2,4-dinitrotoluene (E3) on the Au@MEA substrates.
5
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Table 1
Comparison of related literatures on the detection of trinitrotoluene based on Messenheimer reaction.
Nanomaterials

Probe molecule

Method

SERS detection selectivity

Detection limits

Reference

Au NPs
Au@PAT NPs
Gold monolayer film

Cysteine
2-aminothiophenol
Cysteine

Selective for DNT
–
Selective for DNT, NP

2 pM
10 μM
1 nM

[12]
[45]
[57]

Gold nanodumbbell

L-cysteine,

SERS
SERS
Optical waveguide spectroscopy, dynamic
SERS
SERS

–

1 pM

[50]

SERS-electrodeposition
SERS
SERS

–
Selective for 2,4-DNT, picric acid
–

0.1 pM
0.1 nM
0.1 pM

[64]
[55]
[26]

SPR-enhanced photothermal nanosensor
SERS indirect detection - electrospinning

–
–

0.31 μM
–

[65]
[66]

SERS

Selective for NP,PA, DNP and
DNT

21.47 pM

This study

pAu/Au NS
Au NPs
Au NS
Au NPs
Positively charged silver nanoparticles
Au NPs

4-mercaptopyridine
Cysteamine
Cysteamine
6-aminohexanethiol,
Butane thiol
Cysteamine
L-cysteine,
4-aminothiophenol
Monoethanolamine

found in the SERS spectra of the other four molecules. Although PA and
DNT molecules are structurally similar to TNT molecules, they did not
show SERS enhancement. These results clearly show the good selectivity of the SERS sensor for the detection of other nitro compounds.

obtained from a real matrix doped with TNT powder after drying. The
TNT powder in the envelope, luggage, clothes surface or water sample
is first mixed with ethanol and then collected through a centrifuge tube
and sonicated. The mixed solution was centrifuged at 5000 rpm for
2 min to remove the solid impurities. Finally, a sample of the upper
supernatant was taken and tested after drying. When comparing the
spectra of TNT in ethanol solution (Fig. 2 B) with those in actual
samples (Fig. 5), a little difference can be observed. For example, the
peak at 1157 cm−1 in TNT of luggage samples and the peak at
1626 cm−1 in TNT of clothing and luggage samples are less distinguishable. Owing to certain interference components were extracted
along with the target molecule and the SERS signal was affected. These
interfering components of the real sample competed for an effective
enhancement region on the substrate surface, weakened the creation of
characteristic peaks of the TNT molecule, and generated a little effect
on the spectrum.
There is no significant difference between the practical detection

3.5. Simulated real sample analysis
In order to explore the applications of this novel method in actual
samples, the chemical explosives of the SERS sensor was employed to
detect trinitrotoluene to simulate real samples. We have further extended the application of this method to the detection of TNT residues
in various matrices. We chose envelope, luggage, lake water and
clothing as the target carriers, added 2 mg TNT powder to their surfaces
or water sample, and then dissolved in ethanol at room temperature.
MEA molecules modified on the Au NPs substrate can capture the
solution trinitrotoluene molecules and lead to the signal enhancement
of SERS spectra. Fig. 5 shows the SERS spectrum of a solution sample

Fig. 5. To detect the TNT residues in various matrices. The SERS spectra of TNT were obtained from the Au@MEA substrates after the integration time of 2s: (A)
envelope, (B) luggage, (C) lake water and (D) clothing.
6
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method and the laboratory analysis, which confirmed that the SERS
sensor using the complex molecule coupled with the gold substrate can
be used for the detection of trinitrotoluene in simulated real samples.
The sensor chip-based SERS detection technology is very economically
feasible and will greatly expand the application range of chemical
sensors.
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