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Abstract 

2,4,6-trinitrotoluene (TNT) is one of the most commonly used nitro aromatic explosives in 

landmine, military and mining industry. This article demonstrates rapid and selective 

identification of TNT by surface-enhanced Raman spectroscopy (SERS) using 6-

aminohexanethiol (AHT) as a new recognition molecule. First, Meisenheimer complex formation 

between AHT and TNT is confirmed by the development of pink colour and appearance of new 

band around 500 nm in UV-visible spectrum. Solution Raman spectroscopy study also supported 

the AHT:TNT complex formation by demonstrating changes in the vibrational stretching of AHT 

molecule between 2800-3000 cm-1. For surface enhanced Raman spectroscopy analysis, a self-

assembled monolayer (SAM) of AHT is formed over the gold nanostructure (AuNS) SERS 

substrate in order to selectively capture TNT onto the surface. Electrochemical desorption and X-

ray photoelectron studies are performed over AHT SAM modified surface to examine the 

presence of free amine groups with appropriate orientation for complex formation. Further, AHT 

and butanethiol (BT) mixed monolayer system is explored to improve the AHT:TNT complex 

formation efficiency. Using a 9:1 AHT:BT mixed monolayer, a very low detection limit (LOD) 

of 100 fM TNT was realized. The new method delivers high selectivity towards TNT over 2,4 

DNT and picric acid. Finally, real sample analysis is demonstrated by the extraction and SERS 

detection of 302 pM of TNT from spiked.  

Keywords: 2,4,6-Trinitrotoluene (TNT) sensor; 6-Aminohexanethiol (AHT) and mixed 

monolayer; Surface-enhanced Raman spectroscopy (SERS); Electrochemical desorption and X-

ray photoelectron spectroscopy (XPS); Analysis of explosives in soil  
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1. Introduction 

Trinitrotoluene (TNT), a highly explosive nitroaromatic compound plays very significant 

role in mining industry and underwater blasting [1]. Moreover, TNT is also widely used in 

military and terrorist activities in the form of landmines and bombs for several decades [2, 3]. 

Due to this widespread application, TNT pollution in environment requires ongoing monitoring 

[4, 5]. In particular, soil and ground water is sometimes highly contaminated beyond the human 

tolerant level [4, 5]. Prolonged exposures of TNT to humans result in anemia and liver 

abnormalities [6, 7]. Further, TNT also act as a carcinogen and leads to cancer development in 

living system [8]. Since TNT can easily absorb through the skin [9], external contact of humans 

and other organisms with TNT-contaminated water and soil may create significant damage to 

their biological systems.  

Over the years, numerous analytical methods have been developed for the detection of 

TNT in soil and water [10-14]. However, the in-field and real-time determination of TNT at the 

ultra-trace level still face limitations in terms of sensitivity, selectivity, reproducibility, cost-

effectiveness and suitability to field analysis. Surface-enhanced Raman spectroscopy (SERS) is a 

powerful analytical technique known for its ultra-sensitivity and rapidity in sample analysis [15-

19]. The miniaturization of Raman spectrometer into a handheld device has greatly 

revolutionized the in-field application of Raman spectroscopy [20]. Richard Van Duyne [21] 

recently demonstrated the application of handheld Raman spectrometer for the in-field forensic 

analysis of dyed hair by SERS. This study clearly indicates that SERS will be one of the next-

generation analytical tools for the rapid in-field analysis of target molecules. To realize the rapid 

in-field detection by SERS, cost-effective, sensitive and selective substrates are essential [22]. In 

order to detect TNT in environmental samples, a cost effective disposable SERS strip that is 
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functionalized with a suitable binding molecule to selectively recognize TNT over other 

interfering analytes is highly desirable. This study focuses on finding a new recognition molecule 

for TNT such that the recognition molecule can be attached to the disposable SERS strips 

surface. This recognition molecule should selectively bind TNT onto the strip surface in a 

suitable orientation to enable a high SERS signal enhancement of the analyte Raman fingerprint. 

Further, the recognition molecule should have a higher mechanical and thermal stability which 

will enhance the shelf-life of the sensor [23]. The functionalized SERS strips will lead to rapid 

and selective in-field analysis of TNT trace amounts using handheld Raman device [24].     

Several literatures have been reported over the years for sensitive and rapid SERS based 

detection of TNT using various nanoparticles and SERS platforms. A wide range of primary 

amines has been used for TNT recognition since primary amines effectively form Meisenheimer 

complexes with this nitro aromatic compound. For example, cysteine [25, 26], aminothiophenol 

[1, 27], BSA [28] and cysteamine [29, 30] have been used as selective TNT recognition 

molecules. In the present work, we have chosen 6-aminohexanethiol (AHT) as a potential 

selective TNT recognition molecule.  AHT has several advantages over other primary amines 

that have been utilized for TNT recognition.  These advantages are: i) the longer chain length of 

AHT compared to cysteamine provide an improved long term stable self-assembled monolayer 

(SAM) on SERS substrate. This is due to the enhanced van der Waals lateral interactions 

between adjacent AHT chains [23, 31]. This long-term stability of AHT monolayer on SERS 

active surface will increase the shelf-life of the sensor [23]. ii) AHT forms a vertically orientated 

monolayer with amine groups protruding away from the surface [31-34] and avoids the 

ambiguity of chelate binding of both thiol and amine groups onto the gold surface as in the case 

of cysteamine [35, 36]. iii) AHT delivers the flexibility in forming a mixed SAM by creating a 
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passive backfill layer using shorter thiols such as butanethiol (BT). This shorter backfill 

molecule also acts as a spacer molecule such that it will create enough space between the AHT 

molecules and provides easy access to TNT to bind, via the AHT bridge, in an almost 

perpendicular orientation to the SERS substrate [29, 36-38]. It has been demonstrated in the 

literature that, high SERS enhancement is realized when the molecule’s Raman vibrations have 

large component of polarizability in the direction normal to the SERS surface [29, 39, 40]. On 

the other hand, the least enhanced modes are those whose Raman tensor components involve the 

two axes in the plane of the surface [37]. iv) AHT will not form any chelating complex with 

metal ions, as in the case of cysteine. This is due to the existence of only one metal ion 

coordinating amine group in the AHT molecule. In contrast, cysteine, with both amine and 

carboxylic group, has been known for its ability to form chelating complex with metal ions [41, 

42]. This may hinder the amine group of the cysteine molecule to access TNT, especially in 

environmental samples that may contain several metal ions. v) AHT is a weak Raman scatterer 

and will show less interference with TNT signal when compared to other aromatic primary 

amines [1, 27] used for TNT recognition such as p-aminothiophenol.  

The present manuscript involves the development of a new Meisenheimer complex 

between AHT and TNT and its subsequent characterization by UV-visible and Raman 

spectroscopy. SAM of AHT alone and mixed monolayer of AHT:BT  are developed on gold 

nanostructured (AuNS) SERS substrate. The developed monolayers are examined for their 

performance as recognition layers that bind TNT to the SERS substrate via the formation of 

selective Meisenheimer complex with the analyte. Various ratios of AHT:BT are attempted for 

the mixed monolayer formation in order to optimize the AHT:BT monolayer for a strong SERS 

signal that allows for the detection of ultra-traces of TNT. To conclude, SERS substrate that is  
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modified with 9:1 AHT:BT mixed monolayer has been employed for the selective and sensitive 

detection TNT in soil through the established calibration curve.  

2. Experimental Section 

2.1. Chemicals and Materials 

Hydrogen tetrachloroaurate (HAuCl4.4H2O), 6-aminohexanethiol hydrochloride (AHT), 

butanethiol (BT), cysteamine hydrochloride (CA), 2,4-dinitrotoluene (DNT), 2,4,6-trinitrophenol 

(picric acid) and sodium hydroxide (KOH) were purchased from Sigma Aldrich. 2,4,6-

trinitrotoluene (TNT) standard (1 mg/mL in 1:1 acetonitrile:methanol) was purchased from 

Merck (Australia).All other chemicals and solvents were of analytical grade and were used 

without further purification. All dilutions were made using deionized water (18.2 MΩ.cm) from 

a Millipore water purification system. Polishing slurries and pads (Microcloth®) were purchased 

from Buehler, Germany. Polycrystalline gold discs (Au) having a geometric area of 0.502 cm2 

and platinum wire (A & E Metals, Australia) were respectively, used as working and counter 

electrode. Dry leakless electrode (DRIREF-2, World Precision Instruments, USA) was used as a 

reference electrode.  

2.2. Instrumentation 

All electrochemical experiments were carried out in Autolab PGSTAT204 potentiostat 

with a custom-made three-electrode cell setup. All Raman measurements were performed using 

the Renishaw InVia Raman microscope equipped with 785 nm laser line as excitation source. 

Spectra were collected using a 50× and 5x objective lens over a wavelength range from 500 cm-1 

to 2000 cm-1 using a laser power of 1 mW for 10s. For each AHT-TNT spectrum, 10 spectra 

were randomly recorded over the entire surface and averaged. X-ray photoelectron (XPS) 

measurement was performed using Omicron Multiscan scanning probe microscopy. UV–vis 
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measurements were carried out in the wavelength range 250–800 nm using the Agilent Cary 60 

UV–vis spectrometer (Agilent Technologies, USA).  

2.3. SERS Substrate Preparation and mixed monolayer formation 

The SERS active substrate was prepared by electrodepositon of gold nanostructure over 

flat gold surface (pAu/AuNS) in accordance with our previous reported method [43]. Self-

assembled monolayer (SAM) of cysteamine, AHT and mixed monolayer of AHT and BT was 

prepared by immersing the substrate in already prepared appropriate ratio of 1 mM aqueous 

solution of respective thiols. After 3 h the substrates were washed with copious amount of water 

to remove the freely adsorbed molecules from the electrode surface. 

The electrochemical desorption measurements were carried out in 0.1 M KOH at a scan 

rate of 0.1 Vs-1. Prior to applying desorption potential, the electrochemical cell was purged with 

argon gas for about 10 minutes to completely remove the oxygen present in the electrolyte 

solution.        

2.4. Preparation of Meisenheimer complex with TNT  

AHT:TNT complex was prepared similar to the reported procedure for other primary 

amines and TNT [29, 44]. Briefly, AHT stock solution (2x 10-4 M) was prepared in MilliQ water 

and the pH is adjusted to 8.5. Equal volumes of TNT and AHT having the desired concentration 

were mixed together. The mixture was then allowed to stand for 15 minutes until the pink color 

of the Meisenheimer complex is fully developed. To prepare the Meisenheimer complex directly 

on pAu/AuNS surface, few drops of TNT at the desired concentration and optimum pH (8.5) was 

placed for about 10 minutes on SERS substrate modified with AHT monolayer. The modified 

pAu/AuNS substrate was then washed with copious amount of NaOH solution (pH 8.5) to 
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remove any un-complexed TNT from the surface. The substrate was then dried in a gentle flow 

of nitrogen and used for SERS measurements.     

2.5 Extraction of TNT from soil 

A known concentration of TNT was spiked into soil and subsequently extracted into a 

water suspension by dispersing the TNT treated soil with water and subjected to centrifugation. 

The extracted aqueous TNT was then interacted with the AHT-modified pAu/AuNS susbtrate to 

form the Meisenheimer complex. The AHT-TNT complex was allowed to stand for 10 minutes 

and then washed with copious amount of NaOH solution (pH 8.5). The substrate was then dried 

under a stream of nitrogen and sent for SERS measurements. 

3. Results and Discussion 

3.1. Characterization of AHT-TNT Meisenheimer complex in solution phase  

Meisenheimer complexes are σ-complexes formed by the nucleophilic addition of 

electron-rich species, usually amines, to the aromatic system of electron-deficient aromatic 

substrates [44, 45]. Due to three strong electron withdrawing nitro groups in its structure, TNT 

exists as an electron deficient aromatic system which readily forms Meisenheimer complex with 

amines [34]. AHT is an electron rich molecule with its amine group capable of contributing a 

lone pair of electrons to form a stable complex with TNT [44, 45]. We carried out the AHT:TNT 

complex formation at alkaline medium (pH 8.5). Fig. 1A shows the UV-visible spectrum of 

AHT, TNT and AHT:TNT mixture at pH 7 and  pH 8.5. As expected, the UV-visible spectrum 

(pink spectrum) of AHT:TNT mixture at pH 8.5 showed a new band at 500 nm confirming the 

formation of Meisenheimer complex. This was adequately supported by the photograph we took 

at a higher concentration (Fig. 1A inset) where the pink color appeared upon the formation of 
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Meisenheimer complex between AHT:TNT. On the other hand, AHT:TNT at pH 7 (red 

spectrum) does not showed any significant intense band at 500 nm which confirms that the 

alkaline medium (pH 8.5) is vital for the complex formation between AHT and TNT. Similarly, 

TNT alone at pH 8.5 (blue spectrum) does not show any bands at 500 nm. The development of 

AHT:TNT complex is vital for the SERS based detection of TNT using AHT as recognition 

molecule. In order to identify the saturation time of the complex formation, the increase of the 

UV-vis signal intensity with time was monitored and recorded (Fig. 1B). According to Fig. 1B, 

the band indicative of AHT:TNT complex formation at 500 nm saturates after 10 minutes where 

no further appreciable increase in absorbance can be observed.  

The formation of Meisenheimer complex between AHT:TNT was further characterized 

by solution Raman spectroscopy. Fig. 2A and B (black) shows the Raman spectrum of clean 

AHT in aqueous medium at pH 8.5. AHT showed good Raman spectrum with characteristic 

bands in the fingerprint region between 1000 cm-1 and 1650 cm-1. The addition of TNT to AHT 

at pH 8.5 (red spectrum in Fig. 2A) showed intense bands at 1349 cm-1 and 1618 cm-1 

corresponding to symmetric NO2 stretching and aromatic ring stretching modes respectively, 

which was not readily noticed in the AHT spectra in Figure 2A (black spectrum). To confirm the 

complex formation between AHT and TNT, we focused our attention to the two bands at 2800 

and 3000 cm-1. According to the literature the bands at 2858 cm-1 and 2910 cm-1 correspond to 

the symmetric and asymmetric CH2 stretching, respectively [25, 46, 47]. Among these, the 

higher frequency CH2 stretching at 2910 cm-1 is very sensitive to the protonation of the amine 

moiety and can be used as a vibrational marker to study the ionization of amine groups [46]. 

Significant changes in the electron density of the amine group leads to a change in the intensity 

of 2910 cm-1 band [46]. A careful examination of the CH2 stretching region (2800 cm-1-3000 cm-
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1) in the SERS spectrum of the AHT:TNT complex (red spectrum in Fig. 2 B) indicates a change 

in the band shape in comparison to that of the clean AHT (black spectrum, in Fig. 2 B). The 2910 

cm-1 band in the AHT:TNT spectrum (red spectrum) almost disappeared and only a broad band 

at 2858 cm-1 is observed. These changes in the CH2 stretching region clearly confirms the 

alteration in the electron density of AHT amine group and, in effect, may indicate the 

development of AHT:TNT Meisenheimer complex at pH 8.5 [25, 46, 47]. On the other hand, the 

mixture of AHT and TNT at pH 7.0 does not show any significant change in the CH2 stretching 

region of AHT and thus indicate the lack of Meisenheimer complex at this pH. Thus, both UV-

visible and solution Raman studies clearly indicate the Meisenheimer complex between AHT 

and TNT at pH 8.5.   

3.2. Electrochemical and XPS characterization of CA and AHT modified electrodes/substrates  

The next part of this study is to confirm the Meisenheimer complex between TNT and 

AHT monolayer on pAu/AuNS surface. As we discussed in the introduction, the upright 

orientation of AHT with free amine groups protruding outwards is critical for the efficient 

complex formation between TNT and AHT. To confirm the orientation of AHT SAM and the 

availability of free amine groups on the substrate’s surface, after functionalization with AHT, 

electrochemical desorption and XPS experiments were carried out. For comparison purposes, we 

also carried out electrochemical desorption and XPS studies of pAu/AuNS surface that was 

modified with cysteamine SAM. Fig. 3 shows the cathodic linear sweep voltammograms (LSVs), 

corresponding to desorption of cysteamine and AHT SAM from pAu/AuNS electrode surface in 

0.1 M KOH. The LSV of AHT (Fig. 3, curve b) showed a sharp cathodic peak at -1.0 V 

corresponding to the cleavage of Au-S bond [31]. The sharp desorption peak of AHT clearly 

depicts that AHT has formed a well packed monolayer on the pAu/AuNS surface [31]. This 
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observation may provide indirect evidence that all the AHT molecules are oriented in the 

preferred trans conformation of alkanethiols on the surface [31, 38, 48]. To the contrary, the 

desorption LSV of cysteamine SAM from the pAu/AuNS surface shows two cathodic peaks at -

0.91 V and -0.77 V. The presence of two desorption peaks of the cysteamine monolayer may be 

attributed in part to different Au-S bond environments and different orientations of cysteamine 

on the pAu/AuS surface [35, 36, 49]. One possible orientation is the vertical standing of 

cysteamine molecule where thiol is anchored to Au surface with amine group pointing vertically 

away from the Au surface [35]. The other possible orientation is bridge-like orientation where 

the amine group of cysteamine may also be bound to the Au surface in addition to the attachment 

of its thiol group to the same surface [35]. Further, the desorption potential of Au-S bond in the 

case of AHT monolayer is higher by ~ 0.1 V than that of the cysteamine monolayer. This can be 

attributed to the higher stability of Au-S bond in the case of AHT monolayer due to increased 

van der Waals lateral integration upon increasing the hydrocarbon chain length of the alkyl thiol 

[31, 48]. Thus, the higher stability of the AHT recognition molecule on the sensor surface is 

essential for the better shelf-life of the sensor.   

In order to validate the conclusions derived from the above electrochemical study we 

carried out XPS investigation of pAu/AuNS surfaces that were modified with cysteamine and 

AHT respectively. We examined the N 1s region of both cysteamine and AHT modified 

surfaces. Fig. 4 shows the raw and peak fitted spectra of the N 1s region of cysteamine and AHT 

modified pAu/AuNS surfaces. The N 1s region of AHT monolayer depicted a sharp peak at 

400.1 eV (spectrum b in Fig. 4) confirming the existence of free amino groups on the substrate 

surface [31, 50]. On the other hand, the N 1s region of cysteamine monolayer showed two peaks 

at 400.1 eV and 398.3 eV. The peak at 400.1 eV is similar to that of the AHT monolayer and 
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corresponds to the free amine groups of cysteamine [31, 50]. The second peak at the lower 

binding energy of 398.3 eV is in agreement with the literature values for  bound amine groups 

and, therefore, corresponds to the surface-bound amine groups of cysteamine [31, 50, 51]. 

Further, cysteamine monolayer also depicted higher intensity for the 398.3 eV peak in contrast to 

the 400.1 eV peak. This may be attributed to the higher population of the “bridged” cysteamine 

orientation over the vertical orientation confirming that majority of the amine groups in 

cysteamine monolayer are not free. Thus, based on the electrochemical and XPS study we 

conclude that the majority of the amine groups in AHT monolayer are freely available on the 

Au/pAuNS surface. Therefore AHT represents a better recognition layer for the SERS detection 

of TNT over cysteamine. In the forthcoming studies, we employed pAu/AuNS surface that is 

modified with AHT monolayer for the SERS based detection of TNT. 

3.3. Characterization of AHT-TNT Meisenheimer complex on pAu/AuNS surface 

Fig. 5 shows the SERS spectrum of AHT SAM (black spectrum) and subsequent 

AHT:TNT complex (red spectrum) formed directly on the pAu/AuNS surface. The SERS 

spectrum AHT SAM shows two CH2 stretching bands at 2855 cm-1 and 2919 cm-1.The SERS 

spectrum of AHT:TNT modified pAu/AuNS showed intense signals at 1375 cm-1, 1559 cm-1 and 

1608 cm-1. The high intensity of the SERS signal at 1608 cm-1 (aromatic ring stretching) may be 

attributed in part to the vertical orientation of the TNT:AHT complex over the substrate and the 

large Raman cross-section of the aromatic ring when it is in a perpendicular position to the noble 

metal surface [25, 52-54]. The spectrum also depicts a sharp and intense band at 1375 cm-1 

corresponding to NO2 group symmetric stretching vibration of TNT [25, 52-54]. The band at 

1559 cm-1 corresponds to asymmetric NO2 stretching of TNT [25, 52-54]. A closer examination 

of the AHT:TNT complex spectrum in the CH2 region (Fig. 5 inset) shows two bands at 2855 
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cm-1 and 2919 cm-1 which are similar to those of the AHT SAM. This indicates that there may be 

an abundance of free amine groups on the substrate surface, which are not involved in complex 

formation with TNT. However, AHT forms dense monolayer on the surface and therefore TNT 

molecules may experience some steric hindrance to reach the amine groups of the AHT layer 

[55]. Therefore, optimizing the surface distribution of AHT is vital for the effective complex 

formation between AHT and TNT. Beforehand, it is essential to optimize the complex formation 

time between AHT and TNT on pAu/AuNS surface. SERS measurements were carried out for 

the AHT-TNT complex by varying the complex formation time (2-12 min) on the pAu/AuNS 

surface. Fig. 5B shows the corresponding time vs SERS intensity plot where 1608 cm-1 Raman 

band of TNT was used as a reference band for quantifying the SERS intensity. Similar to 

solution phase AHT-TNT complex formation study, the complex formation on surface (Fig. 5B) 

also gets saturated around 10 min. Therefore, in all the forthcoming studies, 10 min incubation 

time were permitted for the AHT-TNT complex formation on pAu/AuNS surface.  

3.4. AHT and BT mixed monolayer system for efficient TNT complex formation 

Mixed monolayer system is one of the best approaches to optimize the distribution of the 

AHT molecules on the substrate surface and minimize the potential steric hindrance of the TNT 

molecules attempting to bind the amine groups of the AHT layer. In this study, we have chosen 

butane thiol (BT) as spacer molecule for developing a mixed monolayer of BT: AHT. BT is 

shorter than the AHT molecule by two carbons. Therefore it can be used as a spacer between 

AHT molecules without causing a steric hindrance to their amine groups. Further, the monolayer 

of BT molecule has free methyl group at the terminal end while its thiol end is bound to the Au 

surface. The free methyl groups do not have the ability to form a donor-acceptor complex with 

TNT due to the lack of free lone pair of electrons when compared to the amine groups on AHT. 
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This is to say that, the methyl groups are not capable of forming complex with the electron 

deficient TNT molecules. We have tested the complex formation between BT and TNT at pH 8.5 

using UV-visible in solution phase and also using SERS on pAu/AuNS surface. As expected, 

both showed negative results confirming that BT is not able to form Meisenheimer complex with 

TNT. Now, to arrive the best ratio of the mixed monolayer system, we carried out SERS 

measurements of TNT using Au/pAuNS surfaces modified with ATH/BT mixed layers at various 

ratios of AHT to BT. Fig. 6 shows the SERS spectrum of TNT captured by pure AHT monolayer 

(black), AHT:BT (1:1) (blue) and AHT:BT (9:1) (red) mixed layers. Among these three ratios, 

AHT:BT (9:1) mixed layer showed the best TNT signal intensity and therefore we used it in the 

forthcoming studies. Thus, the higher SERS intensity of TNT on AHT:BT (9:1) mixed layer 

system clearly confirms that the shorter BT molecule served as an effective spacer between AHT 

molecules at this 9:1 ratio. This provided easy access to large number of TNT to bind to the 

pAu/AuNS surface, via the AHT bridge, in an almost perpendicular orientation to the SERS 

substrate [29, 36-38] and subsequent higher SERS signal. Further, the enhanced SERS intensity 

of TNT on AHT:BT (9:1) mixed layer system indirectly conveys that on pure AHT layer, the 

recognition molecules are closely packed and hence showed hindrance to the effective complex 

formation with incoming TNT molecule.      

For the SERS quantification of TNT by present AHT:BT (9:1) modified pAu/AuNS 

surface, various concentrations of TNT has been used to form Meisenheimer complex over the 

sensor surface. Fig. 7A shows the SERS spectra of TNT between 1 nM and 100 fM.  The band at 

1608 cm-1 was used as a reference band for the quantitative analysis of TNT. The intensity of 

TNT SERS signal increased monotonically with the increase in TNT concentration. Fig. 7B 

illustrates the linear correlation between the logarithmic SERS signal intensity at 1608 cm-1 and 
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the corresponding logarithmic solution concentration of TNT [56]. A good linear response was 

achieved within the given concentration range of 1 nM to 1 fM of TNT with a correlation 

coefficient of 0.9910. The error bars indicate the standard deviations from 10 measurements at 

different spots over the SERS substrate. The lower limit of quantification (LQD) for TNT by the 

present sensor was found to be 100 fM. The theoretical limit of detection (LOD) can be obtained 

from the x-axis intercept of linear regression [56, 57]. We estimated the theoretical LOD to be 

6.3 × 10-14 M for the present TNT sensor [56]. 

3.5. Interference Study 

2,4-DNT and PA are two major contaminants usually co-exist with TNT [29]. Further, 

both compounds have Raman fingerprints similar to TNT. Therefore, it is very important to 

selectively identify TNT in presence of DNT and PA in order to demonstrate the method for 

practical in-field applications. We reacted both DNT and PA individually with AHT at pH 8.5 

and subsequently monitored the UV-visible spectrum. The UV-vis spectra of the 2,4-DNT/AHT 

and PA/AHT mixtures did not show any change to the absorption spectra of 2,4-DNT or PA 

(Fig. 8). Also, the visual inspection did not indicate any colour change unlike the AHT-TNT 

reaction. This clearly indicates that AHT selectively forms a Meisenheimer complex with TNT 

while completely disregarding 2,4-DNT and PA even though both molecules are also electron 

deficient. The reason for this is the lack of nitro group in 2,4-DNT prevents distribution of 

anionic charge throughout the benzene ring and therefore 2,4-DNT may not form Meisenheimer 

complex with AHT [25]. Although PA has a similar structure to TNT, the –OH group can easily 

lose a proton which would reduce the charge transfer between AHT and PA and thus less likely 

to form a complex [52]. In order to further confirm the selectivity of the AHT towards TNT, 

SERS investigation of DNT and PA was carried out on AHT modified surface. Both AHT-DNT 
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and AHT-PA modified surfaces were prepared similar to that of AHT-TNT modified surface as 

presented in the experimental section. As expected, the SERS spectra of AHT-DNT and AHT-

PA surface do not show Raman bands corresponding to aromatic NO2 stretching except the 

SERS spectral features similar to AHT monolayer (Fig. 2A black spectrum). This clearly 

confirms that AHT is does not form Meisenheimer complex with DNT and PA on surface and 

hence no interference.  

3.6. Detection of TNT in soil 

In order to demonstrate the practical application of the present sensor, we carried out the 

detection of TNT spiked into soil. Before spiking the TNT into soil, the soil sample was tested 

for any pre-existing TNT. The SERS spectrum of the soil extract, before spiking with TNT, 

confirmed the absence of pre-existing TNT. 2 nM TNT was then spiked in soil and subsequently 

extracted into the aqueous medium. The TNT extract was then screened by pAu/AuNS SERS 

substrate modified with 9:1 AHT:BT mixed monolayer (Fig. 9).  The SERS spectrum of 

extracted TNT showed similar fingerprint pattern to that of TNT standard. To demonstrate the 

repeatability of TNT detection from soil, SERS measurements were repeated on two separate 

dates with 10 SERS spectra measured on each date (total n=20). The reproducibility of the SERS 

sensor was determined based on the SERS signal obtained from random spots across the entire substrate 

under the same experimental conditions. The relative standard deviation of the characteristic SERS 

peaks of TNT for the 20 measurements was found to be 5.23% confirming the reproducibility of 

the sensor. The concentration of TNT extracted by water medium was calculated from the 

calibration curve (Fig. 7B) and was found to be 302 pM only. This is due to the poor extraction 

of TNT that is caused by its poor solubility in water (0.13 g/L at 20 °C) [58]. Despite the low 

recovery, these results clearly demonstrate that the present methodology can be employed to 

identify TNT in-field for environmental and forensic applications.  
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4. Conclusion 

In this article, we have demonstrated a simple, rapid and selective approach for the 

detection of trace amounts of TNT in aqueous media via SERS. The method utilized AHT as the 

new TNT recognition molecule. The Meisenheimer complex formed between AHT and TNT 

was supported by UV-visible and Raman spectroscopy. The complex formation was rapid and 

the reaction completed in almost 10 min, which laid platform for the rapidity of the present 

method. Prior to the formation of AHT:TNT complex on the surface, AHT SAM modified 

surface was characterized by electrochemical desorption and XPS studies. Both the studies 

provided supportive evidence for the availability of free amine groups on the surface with 

suitable orientation. AHT SAM and AHT:BT mixed SAM system was explored to enhance the 

TNT SERS signal. AHT:BT mixed SAM in 9:1 ratio delivered higher TNT SERS signal with a 

LOD of 100 fM. Further, the new sensor is selective towards TNT over 2,4-DNT and picric acid. 

Thus, the present method is rapid and selective which satisfies the requirements for the detection 

of TNT in real life samples. Finally, this new sensor successfully demonstrated the detection of 

TNT in soil with a calibration curve developed between 1 nM and 100 fM of TNT concentration. 

Thus, the present TNT sensor can be used for the rapid screening of TNT residues in soil and 

water.  

5. Acknowledgement 

The Authors sincerely thank Bharati Gupta, CPME, QUT for XPS analysis and 

discussions. 

 

 



Page 18 of 34

Acc
ep

te
d 

M
an

us
cr

ip
t

18 

 

References 

[1] L. Yang, L. Ma, G. Chen, J. Liu, Z.-Q. Tian, Ultrasensitive SERS Detection of TNT by 
Imprinting Molecular Recognition Using a New Type of Stable Substrate, Chemistry – A 
European Journal, 16(2010) 12683-93. 
 
[2] P.T. Charles, B.M. Dingle, S. Van Bergen, P.R. Gauger, C.H. Patterson Jr, A.W. Kusterbeck, 
Enhanced Biosensor Performance for On-site Field Analysis of Explosives in Water Using Solid-
phase Extraction Membranes, Field Analytical Chemistry and Technology, 5(2001) 272-80. 
 
[3] K.D. Smith, B.R. McCord, W.A. MacCrehan, K. Mount, W.F. Rowe, Detection of smokeless 
powder residue on pipe bombs by micellar electrokinetic capillary electrophoresis, Journal of 
Forensic Sciences, 44(1999) 789-94. 
 
[4] K. Ayoub, E.D. van Hullebusch, M. Cassir, A. Bermond, Application of advanced oxidation 
processes for TNT removal: A review, Journal of Hazardous Materials, 178(2010) 10-28. 
 
[5] D.R.S. Lima, M.L.S. Bezerra, E.B. Neves, F.R. Moreira, Impact of ammunition and military 
explosives on human health and the environment, Reviews on Environmental Health, 26(2011) 
101-10. 
 
[6] P. van Dillewijn, J.L. Couselo, E. Corredoira, A. Delgado, R.-M. Wittich, A. Ballester, et al., 
Bioremediation of 2,4,6-Trinitrotoluene by Bacterial Nitroreductase Expressing Transgenic 
Aspen, Environmental Science & Technology, 42(2008) 7405-10. 
 
[7] J. Hawari, S. Beaudet, A. Halasz, S. Thiboutot, G. Ampleman, Microbial degradation of 
explosives: biotransformation versus mineralization, Appl Microbiol Biotechnol, 54(2000) 605-
18. 
 
[8] H.M. Bolt, G.H. Degen, S.B. Dorn, S. Plöttner, V. Harth, Genotoxicity and potential 
carcinogenicity of 2,4,6-TNT trinitrotoluene: Structural and toxicological considerations, 
Reviews on Environmental Health, 21(2006) 217-28. 
 
[9] B.H. Woollen, M.G. Hall, R. Craig, G.T. Steel, Trinitrotoluene: Assessment of occupational 
absorption during manufacture of explosives, British Journal of Industrial Medicine, 43(1986) 
465-73. 
 
[10] J. Wang, Electrochemical sensing of explosives, Electroanalysis, 19(2007) 415-23. 
 
[11] Y. Ma, S. Wang, L. Wang, Nanomaterials for luminescence detection of nitroaromatic 
explosives, TrAC - Trends in Analytical Chemistry, 65(2015) 13-21. 
 
[12] N. Miura, D.R. Shankaran, T. Kawaguchi, K. Matsumoto, K. Toko, High-performance 
surface plasmon resonance immunosensors for TNT detection, Electrochemistry, 75(2007) 13-
22. 
 



Page 19 of 34

Acc
ep

te
d 

M
an

us
cr

ip
t

19 

 

[13] Gaurav, V. Kaur, A. Kumar, A.K. Malik, P.K. Rai, SPME-HPLC: A new approach to the 
analysis of explosives, Journal of Hazardous Materials, 147(2007) 691-7. 
 
[14] M. Pumera, Analysis of explosives via microchip electrophoresis and conventional capillary 
electrophoresis: A review, Electrophoresis, 27(2006) 244-56. 
 
[15] R.A. Alvarez-Puebla, L.M. Liz-Marzán, SERS detection of small inorganic molecules and 
ions, Angewandte Chemie - International Edition, 51(2012) 11214-23. 
 
[16] D. Cialla, A. März, R. Böhme, F. Theil, K. Weber, M. Schmitt, et al., Surface-enhanced 
Raman spectroscopy (SERS): Progress and trends, Anal Bioanal Chem, 403(2012) 27-54. 
 
[17] A. Sivanesan, J. Kozuch, H.K. Ly, G. Kalaivani, A. Fischer, I.M. Weidinger, Tailored silica 
coated Ag nanoparticles for non-invasive surface enhanced Raman spectroscopy of biomolecular 
targets, Rsc Advances, 2(2012) 805-8. 
 
[18] A. Sivanesan, E. Witkowska, W. Adamkiewicz, Ł. Dziewit, A. Kamińska, J. Waluk, 
Nanostructured silver-gold bimetallic SERS substrates for selective identification of bacteria in 
human blood, Analyst, 139(2014) 1037-43. 
 
[19] A. Sivanesan, G. Kalaivani, A. Fischer, K. Stiba, S. Leimkühler, I.M. Weidinger, 
Complementary surface-enhanced resonance raman spectroscopic biodetection of mixed protein 
solutions by chitosan- and silica-coated plasmon-tuned silver nanoparticles, Analytical 
Chemistry, 84(2012) 5759-64. 
 
[20] J. Jehlička, P. Vandenabeele, H.M. Edwards, A. Culka, T. Čapoun, Raman spectra of pure 
biomolecules obtained using a handheld instrument under cold high-altitude conditions, Anal 
Bioanal Chem, 397(2010) 2753-60. 
 
[21] D. Kurouski, R.P. Van Duyne, In Situ Detection and Identification of Hair Dyes Using 
Surface-Enhanced Raman Spectroscopy (SERS), Analytical Chemistry, (2015). 
 
[22] E.P. Hoppmann, W.W. Yu, I.M. White, Highly sensitive and flexible inkjet printed SERS 
sensors on paper, Methods, 63(2013) 219-24. 
 
[23] X.F. Ang, A.T. Lin, J. Li, J. Wei, Z. Chen, C.C. Wong, Stability of self-assembled 
monolayers on gold for MEMs/NEMs applications,  ASME International Mechanical 
Engineering Congress and Exposition, Proceedings2009, pp. 5-10. 
 
[24] M. Karsenty, S. Rubin, M. Bercovici, Acceleration of surface-based hybridization reactions 
using isotachophoretic focusing, Analytical Chemistry, 86(2014) 3028-36. 
 
[25] S.S.R. Dasary, A.K. Singh, D. Senapati, H. Yu, P.C. Ray, Gold Nanoparticle Based Label-
Free SERS Probe for Ultrasensitive and Selective Detection of Trinitrotoluene, Journal of the 
American Chemical Society, 131(2009) 13806-12. 



Page 20 of 34

Acc
ep

te
d 

M
an

us
cr

ip
t

20 

 

[26] X. Zhou, H. Liu, L. Yang, J. Liu, SERS and OWGS detection of dynamic trapping 
molecular TNT based on a functional self-assembly Au monolayer film, Analyst, 138(2013) 
1858-64. 
 
[27] K. Qian, H. Liu, L. Yang, J. Liu, Functionalized shell-isolated nanoparticle-enhanced 
Raman spectroscopy for selective detection of trinitrotoluene, Analyst, 137(2012) 4644-6. 
 
[28] A. Mathew, P.R. Sajanlal, T. Pradeep, Selective Visual Detection of TNT at the Sub-
Zeptomole Level, Angewandte Chemie International Edition, 51(2012) 9596-600. 
 
[29] A.K. Jamil, E.L. Izake, A. Sivanesan, P.M. Fredericks, Rapid detection of TNT in aqueous 
media by selective label free surface enhanced Raman spectroscopy, Talanta, 134(2015) 732-8. 
 
[30] A.K.M. Jamil, E.L. Izake, A. Sivanesan, R. Agoston, G.A. Ayoko, A homogeneous surface-
enhanced Raman scattering platform for ultra-trace detection of trinitrotoluene in the 
environment, Anal Methods, 7(2015) 3863-8. 
 
[31] W.A. Marmisollé, D.A. Capdevila, E. de la Llave, F.J. Williams, D.H. Murgida, Self-
Assembled Monolayers of NH2-Terminated Thiolates: Order, pKa, and Specific Adsorption, 
Langmuir, 29(2013) 5351-9. 
 
[32] G.-X. Wang, Y. Zhou, M. Wang, W.-J. Bao, K. Wang, X.-H. Xia, Structure orientation of 
hemin self-assembly layer determining the direct electron transfer reaction, Chemical 
Communications, 51(2015) 689-92. 
 
[33] A. Sivanesan, P. Kannan, S. Abraham John, Electrocatalytic oxidation of ascorbic acid 
using a single layer of gold nanoparticles immobilized on 1,6-hexanedithiol modified gold 
electrode, Electrochimica Acta, 52(2007) 8118-24. 
 
[34] M. Ciobanu, H.A. Kincaid, V. Lo, A.D. Dukes, G. Kane Jennings, D.E. Cliffel, 
Electrochemistry and photoelectrochemistry of photosystem I adsorbed on hydroxyl-terminated 
monolayers, Journal of Electroanalytical Chemistry, 599(2007) 72-8. 
 
[35] J. Zhang, A. Bilic̄, J.R. Reimers, N.S. Hush, J. Ulstrup, Coexistence of Multiple 
Conformations in Cysteamine Monolayers on Au(111), The Journal of Physical Chemistry B, 
109(2005) 15355-67. 
 
[36] S.Y. Lee, J. Noh, E. Ito, H. Lee, M. Hara, Solvent effect on formation of cysteamine self-
assembled monolayers on Au(111), Japanese Journal of Applied Physics, Part 1: Regular Papers 
and Short Notes and Review Papers, 42(2003) 236-41. 
 
[37] J. Chowdhury, J. Sarkar, T. Tanaka, G.B. Talapatra, Concentration-dependent orientational 
changes of 2-amino-2-thiazoline molecule adsorbed on silver nanocolloidal surface investigated 
by SERS and DFT, Journal of Physical Chemistry C, 112(2008) 227-39. 
 



Page 21 of 34

Acc
ep

te
d 

M
an

us
cr

ip
t

21 

 

[38] T. Kawaguchi, D.R. Shankaran, S.J. Kim, K. Matsumoto, K. Toko, N. Miura, Surface 
plasmon resonance immunosensor using Au nanoparticle for detection of TNT, Sensors and 
Actuators B: Chemical, 133(2008) 467-72. 
 
[39] M. Moskovits, Surface selection rules, The Journal of Chemical Physics, 77(1982) 4408-16. 
 
[40] J.A. Creighton, Surface raman electromagnetic enhancement factors for molecules at the 
surface of small isolated metal spheres: The determination of adsorbate orientation from sers 
relative intensities, Surface Science, 124(1983) 209-19. 
 
[41] M. Koneswaran, R. Narayanaswamy, l-Cysteine-capped ZnS quantum dots based 
fluorescence sensor for Cu2+ ion, Sensors and Actuators, B: Chemical, 139(2009) 104-9. 
 
[42] F. Chai, C. Wang, T. Wang, Z. Ma, Z. Su, L-cysteine functionalized gold nanoparticles for 
the colorimetric detection of Hg2+ induced by ultraviolet light, Nanotechnology, 21(2010). 
 
[43] A. Sivanesan, W. Adamkiewicz, G. Kalaivani, A. Kaminska, J. Waluk, R. Holyst, et al., 
Towards improved precision in the quantification of surface-enhanced Raman scattering (SERS) 
enhancement factors: a renewed approach, Analyst, 140(2015) 489-96. 
 
[44] F. Fant, A. De Sloovere, K. Matthijsen, C. Marlé, S. El Fantroussi, W. Verstraete, The use 
of amino compounds for binding 2,4,6-trinitrotoluene in water, Environmental Pollution, 
111(2001) 503-7. 
 
[45] G.A. Olah, H. Mayr, Carbanions. II. Carbon-13 nuclear magnetic resonance study of 
Meisenheimer complexes and their charge distribution pattern, The Journal of Organic 
Chemistry, 41(1976) 3448-51. 
 
[46] L. Riauba, G. Niaura, O. Eicher-Lorka, E. Butkus, A Study of Cysteamine Ionization in 
Solution by Raman Spectroscopy and Theoretical Modeling, The Journal of Physical Chemistry 
A, 110(2006) 13394-404. 
 
[47] A. Kudelski, W. Hill, Raman Study on the Structure of Cysteamine Monolayers on Silver, 
Langmuir, 15(1999) 3162-8. 
 
[48] E. Pensa, C. Vericat, D. Grumelli, R.C. Salvarezza, S.H. Park, G.S. Longo, et al., New 
insight into the electrochemical desorption of alkanethiol SAMs on gold, Physical Chemistry 
Chemical Physics, 14(2012) 12355-67. 
 
[49] L.-J. Lai, Y.-W. Yang, Y.-K. Lin, L.-L. Huang, Y.-H. Hsieh, Surface characterization of 
immunosensor conjugated with gold nanoparticles based on cyclic voltammetry and X-ray 
photoelectron spectroscopy, Colloids and Surfaces B: Biointerfaces, 68(2009) 130-5. 
 
[50] R. Stine, D.Y. Petrovykh, Oriented self-assembled monolayers of bifunctional molecules on 
InAs, Journal of Electron Spectroscopy and Related Phenomena, 172(2009) 42-6. 
 



Page 22 of 34

Acc
ep

te
d 

M
an

us
cr

ip
t

22 

 

[51] B. Roelfs, E. Bunge, C. Schröter, T. Solomun, H. Meyer, R.J. Nichols, et al., Adsorption of 
Thymine on Gold Single-Crystal Electrodes, The Journal of Physical Chemistry B, 101(1997) 
754-65. 
 
[52] X. He, H. Wang, Z. Li, D. Chen, Q. Zhang, ZnO-Ag hybrids for ultrasensitive detection of 
trinitrotoluene by surface-enhanced Raman spectroscopy, Physical Chemistry Chemical Physics, 
16(2014) 14706-12. 
 
[53] S. Sil, D. Chaturvedi, K.B. Krishnappa, S. Kumar, S.N. Asthana, S. Umapathy, Density 
Functional Theoretical Modeling, Electrostatic Surface Potential and Surface Enhanced Raman 
Spectroscopic Studies on Biosynthesized Silver Nanoparticles: Observation of 400 pM 
Sensitivity to Explosives, The Journal of Physical Chemistry A, 118(2014) 2904-14. 
 
[54] R. Kanchanapally, S.S. Sinha, Z. Fan, M. Dubey, E. Zakar, P.C. Ray, Graphene Oxide–Gold 
Nanocage Hybrid Platform for Trace Level Identification of Nitro Explosives Using a Raman 
Fingerprint, The Journal of Physical Chemistry C, 118(2014) 7070-5. 
 
[55] D. Stan, C.-M. Mihailescu, R. Iosub, C. Moldovan, M. Savin, I. Baciu, Electrochemical 
studies of homogeneous self-assembled monolayers versus mixed self-assembled monolayers on 
gold electrode for “label free” detection of heart fatty acid binding protein, Thin Solid Films, 
526(2012) 143-9. 
 
[56] M. Liu, W. Chen, Graphene nanosheets-supported Ag nanoparticles for ultrasensitive 
detection of TNT by surface-enhanced Raman spectroscopy, Biosensors and Bioelectronics, 
46(2013) 68-73. 
 
[57] M. Riskin, R. Tel-Vered, O. Lioubashevski, I. Willner, Ultrasensitive surface plasmon 
resonance detection of trinitrotoluene by a bis-aniline-cross-linked Au nanoparticles composite, 
Journal of the American Chemical Society, 131(2009) 7368-78. 
 
[58] K.S. Ro, A. Venugopal, D.D. Adrian, D. Constant, K. Qaisi, K.T. Valsaraj, et al., Solubility 
of 2,4,6-trinitrotoluene (TNT) in water, Journal of Chemical and Engineering Data, 41(1996) 
758-61. 

 



Page 23 of 34

Acc
ep

te
d 

M
an

us
cr

ip
t

23 

 

Arniza K. M. Jamil is currently pursuing her PhD at Queensland University of Technology in 

the discipline of Nanotechnology and Molecular Science, under the supervision of Dr. Emad L. 

Izake. Her research topic is centered on detection of energetic materials.  

Arumugam Sivanesan completed his PhD in 2010 at Gandhigram Rural Institute, India. 

Currently he is a Research staff at Nanotechnology and Molecular Sciences Discipline, Science 

and Engineering Faculty at Queensland University of Technology. His research interests centers 

around sensors and analytical applications by means of nanomaterials, surface-enhanced Raman 

spectroscopy and Electroanalytical chemistry. 

Emad L. Izake is the Senior Lecturer in Forensic Science at Nanotechnology and Molecular 

Sciences Discipline, Science and Engineering Faculty at Queensland University of Technology. 

His research interests are constructing chiral sensors for rapid detection and enantiomeric 

analysis of illicit drugs, development and application of field deployable Raman spectroscopic 

tools for non-contact and remote sensing of unknown hazards and cost effective direct osmosis 

system for water desalination in gas mining. 

Godwin A. Ayoko is a Professor of Chemistry and Leader of the Nanotechnology and Molecular 

Sciences Discipline at the Science and Engineering Faculty at Queensland University of 

Technology. His research interest centres around environmental analytical chemistry and the 

application of multivariate data analysis techniques to environmental data. 

Peter M. Fredericks is an Adjunct Professor of Chemistry at Nanotechnology and Molecular 

Sciences Discipline, Science and Engineering Faculty at Queensland University of Technology. 

His research interests are surface-enhanced Raman scattering for bioassays, on-line analysis in 

polymer processing and degradation of polymers. 



Page 24 of 34

Acc
ep

te
d 

M
an

us
cr

ip
t

24 

 

Figures 

 

 

 

 

 

 

 

 

 

Fig. 1. (A) UV–vis absorption spectra of aqueous 1:1 Meisenheimer complex between AHT and 

TNT at neutral and alkaline pH and (B) Absorbance vs time plot for the formation of 

Meisenheimer complex between AHT and TNT at pH 8.5.    
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Fig. 2. (A) Solution Raman spectra of 1 mM AHT at pH 8.5 (black), TNT at pH 8.5 (blue), 

AHT:TNT mixture at pH 7 (green) and pH 8.5 (red). (B) The same spectra as shown in A 

focused at 2800-3000 cm-1 region.  
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Fig. 3. Cyclic voltammograms obtained for the self-assembled monolayer of (a) cysteamine (b) 

AHT in 0.1 M KOH at a scan rate of 0.1 Vs-1.  
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Fig. 4. XPS spectra corresponding to N 1s region of self-assembled monolayer of (a) cysteamine 

(b) AHT. 
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Fig. 5 (A) SERS spectra of AHT monolayer (black) and AHT+TNT surface bound complex on 

pAu/AuNS surface at pH 8.5. 1 nM TNT concentration was used for complex formation. Inset 

shows the zoomed in amine stretching region. (B) SERS intensity vs time plot for the formation 

of Meisenheimer complex between AHT and TNT at pH 8.5.    
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Fig. 6. SERS spectra of TNT complex at pH 8.5 on pure AHT monolayer (black), AHT and BT 

mixed monolayer in the ratio of 1:1 (blue) and 9:1 (red). 
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Fig. 7. (A) SERS spectra @1608 cm-1 obtained for various concentrations of TNT on AHT:BHT 

(9:1) modified pAu/AuNS surface at pH 8.5. (B) Plot demonstrating the linear correlation 

between logarithmic solution concentration of TNT and logarithmic SERS intensity of the AHT-

TNT complex. 
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Fig. 8. UV-vis absorption spectra of  DNT (green), PA (brown), TNT (blue),  AHT+DNT 

(black), AHT+PA (red) and AHT+TNT (pink) at pH 8.5. 
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Fig. 9. SERS spectra of 1 nM (black) and 2 nM soil extracted (red) TNT on AHT:BHT (9:1) 

modified pAu/AuNS surface at pH 8.5.  
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Highlights 

• 6-Aminohexanethiol (AHT) was used as new recognition molecule for TNT via selective 

Meisenheimer Complex 

• Self-assembled monolayer (SAM) of AHT was formed over gold nanostructured (AuNS) 

SERS active surface to capture TNT  

• The availability of the free amine groups and vertical orientation of AHT SAM was 

supported by electrochemical desorption and XPS studies   

• AHT:Butanethiol (9:1) mixed monolayer system showed enhanced SERS signal for TNT 

• Cysteamine selectively forms Meisenheimer complex with trinitrotoluene in presence of 

dinitrotoluene and picric acid 

• Detection of 302 pM TNT was achieved over AuNS SERS substrate 

• Selective detection of TNT in soil was demonstrated  
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