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Abstract 

In the search for trace amounts of explosives in various environmental samples, the 
analytical procedure is in need of improvements. If it is for national security or for 
environmental purposes the detection of trace amounts of for example 2,4,6-
trinitrotoluene (TNT) is a costly and time consuming procedure. The use of Raman 
spectrometry for trace amounts detection is one of the research areas that are in the 
advancement and mainly because of the discovery of Surface-Enhanced Raman 
spectroscopy (SERS). Raman spectrometry detects the inelastically scattered light 
from molecules giving a fingerprint spectrum that can be interpreted and species can 
be detected. The inelastically scattering of light only occurs in a small amount of the 
molecules making the signal low and sensitive for interferences. SERS enhances the 
signal from the molecules making it possible to detect very low concentrations. The 
surfaces used in SERS need to be selective for the wanted species to be useful for the 
analysis of environmental samples that often contains a wide variety of compounds. 
 
This project’s aim was to investigate the possibility of modifying gold- and silver-
coated SERS surfaces (provided by DTU Nanotech) to get a selective detection of 
trace amounts of TNT in water and air samples.  
 
The results from the modification indicated some problems with the surfaces. The 
modification molecules were cysteine or cysteamine. The hypothesis was that both of 
them should bind to the surface by sulphur bond. But for cysteine this was not the 
case. The results indicated a binding of the carboxyl group making the use of the 
modification for the selective detection of TNT impossible. The modification by 
cysteamine was more successful but the detection of TNT in water samples was hard 
to get clear results from. The detection of TNT in air samples was carried out by a 
method never tested before using a so-called Linkam cell in conjunction with a TNT 
treated GC-column which together create a controlled environment. The results from 
this experiment were very positive where a clear SERS-signal from TNT could be 
detected.  
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α  Polarizability 
DNT  2,4-dinitrotoluene 
DTU  Danmarks Tekninske Universitet 
ε0  Vacuum dielectric constant 

εm   Surrounding mediums dielectric constant 
E  Incident electric field 
GC  Gas Chromatography 
IR  Infra-red  
IRaman  The intensity of the Raman scattering 
K  An constant including the speed of light, c, among others 
l  The laser power 
LSP  Localized surface plasmon 
P  Strength of the induced polarization  
NIR  Near Infra-red 
NP  Nanoparticle 
NR  Normal Raman 
p(t)  Induced dipole moment 
Qj The normal modes of the molecular vibrations, 3N-6  

(or 3N-5 for a linear molecule) in a molecule with N atoms. 
RIE Reactive ion etching 
SERS Surface-Enhanced Raman Spectroscopy 
SNAr Nucleophilic aromatic substitution 
TNT 2,4,6-trinitrotoluene 
ν The frequency of the incident radiation 
ν0   The frequency of the laser light  
νj   The characteristic harmonic frequency of the jth normal mode 
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1. Introduction 

The detection of chemicals that are used in weapons, which are hazards to the human 
health and to the environment, is of great importance. One of these chemicals is TNT. 
In the last decades a wide disposal of nitro aromatics into the environment, in the 
form of dyes, pesticides and explosives, has been seen [1]. In this sense TNT has been 
known to be a widespread, mutagenic and recalcitrant pollutant [2,3,4].  
 
Detection of TNT is not only important for environmental purposes. It is also 
important for the detection of landmines that today is an expensive and time-
consuming operation. A lot of times the detection of a landmine comes up false due to 
other metallic debris in the soil. Although, the effort of detecting the mines is 
constantly in high gear, the landmine installation overtakes the landmine clearance 
by a 30:1 margin [5]. 
 
TNT levels in contaminated water are approximately 1 μM. Degradation of TNT 
results in a number nitro-aromatic compounds. Whether it is for the protection of the 
environment or for the sake of humans, the detection of TNT must be improved. One 
possible way is to apply Surface Enhanced Raman Spectroscopy (SERS) that 
generates fingerprint vibrational spectra of high sensitivity. 
 
Raman spectroscopy has with the development of lasers and compact instruments 
become a routine analytical tool taking it from the physicist optics table to now days 
commercially available handheld Raman spectrometers aimed for rapid detection. 
The low sensitivity of Raman spectroscopy has made it useless for trace detection 
although it is very molecule specific, and other methods such as Infra-red (IR) 
spectroscopy have therefore been more useful. The low sensitivity of Raman 
spectroscopy is due to the fact that Raman spectroscopy detects the inelastic 
scattering of light from molecules. Only one photon, of about 106-8 [6], is inelastically 
scattered. SERS is a more sensitive form of Raman spectroscopy. The discovery of 
SERS in the year of 1974 [7] made it possible to forge the high sensitivity of SERS 
with a high molecular recognition in normal Raman spectroscopy.  
 
SERS, to be described into detail below, is primarily an effect of the enhanced electric 
field in the close vicinity of a noble metal nanoparticle array in an oscillating electric 
field. To be able to tell if there is unwanted molecular specie in for example a soil 
sample, the SERS surfaces has to be selective to the wanted species. If a lot of 
different molecules are bond to the surface the signal from the analyte can drown in 
the signal from the matrix.  

1.1 Aim of the diploma work 
The aim of this diploma work was to investigate if it is possible reach the selectivity 
that is needed for the SERS surfaces to successfully detect trace amounts of TNT. 
This excludes any of the degradation products of TNT thus challenging the researcher 
for reasons that will become clear later in the report. This is hypothesized to be 
achieved by developing a method for the modification with cysteine or cysteamine on 
gold and silver coated SERS-active black silicon surfaces supplied from DTU 
nanotech. These surfaces have shown superior enhancement factors when tested with 
Rhodamine 6G and thiophenol [8].  
 
There are also a lot of molecules that are similar to TNT such as dinitrotoluene (DNT) 
that can interfere with the results. So the surfaces need to be modified in such a way 
that only TNT binds to it and the rest can be washed away leaving the TNT to enrich 
at the surface. Cysteamine and cysteine offers a thiol link to the gold or silver metal 
nanoparticle and positive NH3 group that can bind specifically to TNT, a.k.a. 
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Meisenheimer complex formation. The surfaces shall be subjected to TNT in order to 
investigate the selectivity and detection of TNT on the surfaces. Two different 
environments will be tested, TNT in a suspension and in gas phase generated by 
using a GC column and a Linkam cell.   
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2. Theory 

2.1 Raman Spectroscopy 
To understand Raman scattering one have to begin with equation 1. This equation 
describes the strength of the induced polarization, P, as a product of the polarizability 
of the molecule, α, and the incident electric field, E [9,10].  
 
 

 EP α=        (1) 
 
 
Both classical and quantum mechanical treatments of Raman scattering is based on 
Eq. (1) and that makes this equation an important and useful tool for the 
understanding and interpretation on Raman spectroscopy [9].  
 
There are in general two types of light scattering of a molecule. Elastic Rayleigh 
scattering or inelastic scattering also referred to as Raman scattering [11]. Rayleigh 
scattering occurs when the electron cloud relaxes, after an excitation interaction with 
e.g. laser light, but there is no nuclear movement. Here there is no appreciable 
change in energy so the scattering can be seen as elastic (Figure 1). In Raman there is 
an interaction between light and the electron, and at the same time movement of the 
nuclei. Because the mass of the nuclei is much higher than that of the electron there 
is an appreciable change in energy when the molecule moves between different 
states. If the process starts with the molecule in vibrational ground state and ends in 
a higher energy state the scattering is called Stoke scattering (Figure 1), and if the 
molecule starts in an exited state the scattering is called anti-Stoke scattering (not 
shown in Figure 1) [10].  
 
 

 

Figure 1: Schematic figure of the different vibrational transitions that can occur when a molecule is 
exposed to light. The virtual states are not necessarily the true quantum state of the molecule, but can be 
seen as a very short lived distortion of the electron cloud caused by the oscillating electrical field of the 

light [12].  

 

To understand this more mathematically the following equation can be drawn from 
Eq. 1 (for the full derivation see ref. 9) using a harmonic approximation and a 
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classical point of view. This equation describes the polarization field of a single 
molecule, P, which has been subject to an oscillating external field E0, i.d the laser, of 
frequency ν0.   
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Where Qo

j is the normal modes of the molecular vibrations and the o meaning that 
the vibrational modes are in the ground state, νj is the characteristic harmonic 
frequency of the j:th normal mode, α0 is the first term in the Taylor expansion of α 
(see full derivation in ref. 9) and t is time [9]. This equation describes the different 
scattering events that can occur. If one look at this equation from a classical point of 
view, that is, the polarized molecule will radiate light at the frequency of its 
oscillation, light will be scattered at three different frequencies. The first term is 
Rayleigh scattering which is at the same wavelength as the laser, the second term is 
anti-Stoke which occurs at ν0 + νj and the third term is Stoke at ν0 - νj [9]. The 
transitions associated with Rayleigh and Stokes Raman scattering can be seen in 
Figure 1. 
 
Due to a Boltzmann distribution of the density of states, the Stokes scattering is the 
more common compared to anti-Stoke because it has the more energetically stable 
configuration [9,10]. If the energy of the molecular ensemble is raised, example by 
heating, the anti-Stoke scattering will become more common. Usually Stoke is 
preferred but some time anti-Stokes is used to avoid fluorescence that appear at a 
lower energy [6].   
 
The easiest way to describe the intensity of the Raman scattering is by Eq. 3.  IRaman  is 
the intensity of the Raman scattering, ν  is the frequency of the incident radiation, K 
is a constant and l is the laser power [9,10].  
 
 

 
42ναKlIRaman =  (3) 

 
 
At shorter wavelengths, higher values of ν, the Raman signal is higher but so is often 
also the fluorescence since molecules typically have a larger absorption cross-section 
at lower wavelengths towards UV. Fluorescence is a common problem in Raman 
spectroscopy of biological samples. Even weak fluorescence can overwhelm the 
Raman signal [12]. This can be dealt with by spectral separation of Raman spectra 
from fluorescence emission using principal component analysis [13] or by an 
adequate baseline correction. 
 
In earlier years other methods such as IR spectroscopy have been more useful when it 
comes to vibrational spectroscopy. This is because of the low sensitivity in Raman 
and the presence of fluorescence. But not all compounds are suitable for IR 
spectroscopy. In general, non-polar bonds are more suitable for Raman spectroscopy 
than polar bonds that are more suitable for IR. This depends on which vibrational 
mode is active in the molecule. If the vibrations in the molecule, caused by the light, 
change the dipole moment of the molecule, that state is IR active. If the polarizability 
is changed, the state is Raman active (se Eq. 2) (Figure 2) [14].  
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Figure 2: A model of the electron cloud of carbon dioxide showing an IR and a Raman active vibration. 
Part of the figure is taken from ref [14] and modified by the writer. 

 
 
The main use of Raman spectroscopy is for qualitative analyses, but it can also be 
used for quantitative measurements. The problem of using Raman spectroscopy in 
quantitative analysis is that there are a lot of factors, such as intensity of the laser, 
angle of the incident beam to the analyte, temperature, and sample stability etc, that 
affect the final result. Quantitative measurements can be done although the 
variations of these variables have to be minimized [15].   
 
Further problem with Raman spectroscopy is the low sensitivity due to the inherently 
low numbers of scattered photons (only one photon of about 106-8 [6]). SERS is a way 
to overcome this problem; it is several orders of magnitude more sensitive than 
Raman scattering [16]. The mechanism of SERS is described below.   

2.2 SERS 
Eq. 3 describes the factors that inflict upon the intensity of the Raman scattering. 
Two of them are dependent on the used spectrometers setup and can be altered with, 
the laser frequency and the power. These can be set to optimize the intensity of the 
Raman scattering within available lasers and without risking altering the system by to 
high power onto the sample. SERS make use of a nanostructured surface of metals 
such as Ag, Au and Cu (Ag is the most common one [17]). Within close vicinity of the 
nanostructure the electromagnetic field is enhanced by several orders of magnitude 
due to localized collective electron oscillations (localized surface plasmon, LSP) in the 
presence of incident light, in eq 1, E is changed l in eq. 3. This will be described 
further in section 2.2.1. 
 
The polarizability, α, of the electron cloud is the other important factor that cannot be 
changed by any mechanical variation [10]. The SERS active surfaces serve twofold 
purposes; firstly they change the surrounding of the molecule in such manner to 
allow a charge transfer mechanism between the molecule and the surface and 
secondly they change α in eq 1, further elaborated in section 2.2.2. 
 
There is a lot of discussion of whether the chemical enhancement really plays an 
important role in the SERS enhancement factor or if the electromagnetic field is the 
important one [18]. In recent years more and more evidence for the chemical charge 
transfer mechanism has been published [19,20,21].    



6 
 

2.2.1 Electromagnetic enhancement 

Enhanced field intensities can be seen in metal nanostructures and are the results of 
free electron oscillations within the nanoparticle in the presence of e.g. laser light. 
The enhancement are induced by the ability of the metal to accumulate similar field 
orientations as in the oscillating field and a dipole is created around the particle [17, 
22, 23] (Figure 3). This is called LSP, localised surface plasmon. 
 

 

Figure 3: An oscillating dipole field (b) is induced by the accumulation of valence band electrons of a 
metal nanoparticle upon interaction with incoming light (a) (picture is taken from reference [23]). 

 
 
The most common metals used for SERS is Ag and Au because their LSP:s resonance 
frequency falls within the visible NIR range, but other transition metals have also 
been demonstrated to be useful in SERS applications [24, 25].   
 
The LSP induces a dipole. If the nanostructure is much smaller than the wavelength 

of the light (the oscillating field) the induced dipole, ( )tp , can be described using the 

quasistatic approximation resulting in the following equation [23]: 
 
 

 ( ) ( )tEtp mεαε 0=       (4) 

 
 
Where ε0 is the vacuum dielectric constant and εm the dielectric constant of the 
surrounding mediums, this constant is given for a given strength of the electric field 

E. α for the nanostructure is given by the Clausius-Mossotti relation: 
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Where εme is the dielectric constant of the metal and V the volume of the 
nanostructure. The equation shows that the choice of the right medium to support 
the LSP:s are of certain importance to optimize the enhancement. Dielectric 
constants are in the generic case replaced by functions of frequency. The choice of 
laser wavelength for optimized SERS signal is dependent both of the molecule (power 
law in eq. 3. and resonance Raman) and on the surface. By changing the frequency 
the polarizability is changed and thereby the intensity of the induced dipole moment.  
 
At certain frequencies eq. 5 will reach a maximum. This frequency is called the 
plasmon resonance frequency and greatly increases the local field experienced by the 
molecule adsorbed on the metal surface. The molecule is basically embedded in a 
freely moving electron cloud. The electrons in the molecule interact with the cloud 
causing greater polarization of the molecule [17, 22] increasing the Raman intensity 
(se eq. 3). This increase in Raman intensity is a short range phenomena and it is 
important for the molecule to be in a short distance from the surface [26] since it is 
decreasing as 1/r3 when moving from the surface, where r is the distance between the 
molecule and the surface [17].               

2.2.2 Charge transfer 

Charge transfer, or chemical enhancement is a collection of different interactions 
between the adsorbed substance and a SERS surface. The different interactions all 
have one thing in common: the change in the molecular polarization upon adsorption 
process. The α2- term in eq. 3 is changed due to the transfer of charges along the 
“bond” and that leads to a higher Raman intensity [17, 27, 28]. SERS is highly 
dependent on the electromagnetic enhancement factor to be useful, but the 
knowledge of the chemical effect tells you what is observed [21].  Having a large 
electromagnetic enhancement, and controlling the charge transfer to fully 
understand the obtained spectrum are keys to analytical chemists [27].  

2.2.3 Hot spot 

Hot spots are created between two nearby NP:s that line up their induced field (Figure 

3) with the external field (Figure 4, B). The closer the distance of opposite charges in 
two neighbouring NP:s the stronger the field [29, 30]. Single molecule detection have 
been reported in certain hot spots, such as in colloidal aggregates, and are believed to 
arise from molecules trapped in the interstices between particles [30, 31, 32] (the star 
in Figure 4, B).    
 

 

Figure 4: For an electromagnetic field perpendicular to the inner particle axis (A) the separation of 
charges becomes larger than for a field along the inner particle axis (B). The induced electrical field will 
then be much larger when the E-vector is along the inner particle axis as in (B) [8]. 
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2.3 Meisenheimer complex 
A Meisenheimer complex, or Meisenheimer-Jakson salt, is a 1:1 reaction adduct 
between an aromatic hydrocarbon (arene), carrying an electron withdrawing group 
(ortho or para to the R-group), and a nucelophile [33,34].  
 
The reaction is often seen as a reaction intermediate, Meisenheimer intermediate, of 
an addition-elimination mechanism called SNAr [33,34]. The basic reaction 
mechanism is described in Figure 5. 
 

  

Figure 5: The mechanism for the formation of Meisenheimer complex.  

 

2.4 Black silicon 
The surfaces used in this project were black silicon surfaces provided by DTU 
Nanotech. The surfaces where fabricated using a two-step process and were 
constructed on clean Si wafer. The first step was to create the structure on the wafer. 
This was done by using a reactive ion etching (RIE) technique (SF6 plasma) under 
extreme conditions. The plasma generates ‘nano-masks’ that are transferred to the 
silicon sample by an etching process (Figure 6 a) [8, 35].   
 
The nanopillars are then coated with Ag and/or Au to facilitate Raman enhancement 
(Figure 6 b). The coating was done by electron beam evaporation (Alcatel SCM 600) 
and by magnetron sputtering (Kurt J. Lesker CMS 18) [8, 35]. 
 
Schematic picture of the surfaces and a TEM picture can be seen in Figure 6 c and d 
respectively.  
 

  

Figure 6: Schematic pictures of the etching and coating procedure (a-c). To the right the real 
surfaces are sown in a SEM picture (d).  Figure taken from [35]. 
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3. Materials 

3.1 Material 

Ag- and Au- coated black silicon surfaces were provided by DTU. Klarite surfaces 
were purchased from D3 Technologies Ltd and were used shortly after opened. All 
surfaces were stored in a freezer before use. Spectroscopic clean methanol and 
deionized water was used throughout the project. The concentrated hydrochloric acid 
was diluted ten times with deionized water. Cysteine was purchased from Sigma 
Aldrich and dissolved in methanol to a concentration of 2 mM. The cysteamine was 
synthesized in house and NMR-tested to determine its purity. The test showed a 
purity of 96 %, and 4 % cystamine (the dimer of cysteamine). Using methanol the 
cysteamine was dissolved to a concentration of 2 mM. TNT and DNT were dissolved 
in methanol in house to a concentration of 1, 10, 100, 1000 µg/ml.  

3.2 Instrumental 
The SERS spectra were acquired with a Horiba Jobin Yvon LabRam HR800 UV 
confocal Raman microscope. A resolution of ~ 6 cm-1 was achieved using a 600 
grooves/mm grating. A 1024x256 pixels CCD thermoelectrically cooled to -65 C° 
detector was used to detect the signal. The laser used was a diode-laser, operating at 
785 nm giving a power of ~30mW and the beam was focused through a 10x (NA 0.25) 
Olympus objective. Accumulation times were generally 10 seconds accumulated two 
times (see text associated with each spectrum).  
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4. Method 

4.1 Modification of SERS-surfaces 
Black silicon Au and Ag SERS-surfaces were modified by both Cysteamine and 
Cysteine (Figure 7).  
 

 

Figure 7: The creation of the complex of Cysteine and AuNP and Cysteamine and AuNP. Figure taken 
from ref [36] and modified by the writer. 

 
 
The modification was done by submerging surfaces in 4 ml of a 2 mM cysteine- or 
cysteamine-solution in a small glass beaker with lids. The surfaces were left in the 
solution for generally 2 hours (if otherwise, see text associated with each spectrum) and 
then picked up with a nipper. Another study that had worked with modification using 
cysteine had used a longer time for the cysteine to bind to the nanostructure [36]. 
After that, they were left to dry in atmospheric conditions. The surfaces were then 
analysed by Raman spectrometry and then washed by methanol and analysed again. 
This was done until the Raman signal had stabilised.  
 
To lower the pH of the cysteine solution, hydrochloric acid was dripped into the 
solution until a pH of about 2 was reached. This was done to neutralise the negative 
charge of the non-hydrogenated carboxylic group. At lower pH then the pKa of 
cysteine (pH ~2) the molecule is neutralized and positive attractions will have little 
affects on the molecule.  

4.2 Detection of TNT in liquid phase by modified SERS-surfaces 
To detect TNT the modified surfaces were subjected to TNT solution in four different 
concentrations, 1, 10, 100 and 1000 µg/ml. The surface bond cysteamine/cysteine 
was supposed to react with TNT forming a Meisenheimer complex (Figure 8). One 
drop was placed on the surface and let to dry, starting with the lowest concentration. 
Between each drop the surface was analysed by SERS.      
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Figure 8: The creation of Meisenheimer Complex between TNT and the surface bond molecule. The 
image was taken from ref [36] and modified by the present author. Image is not scaled. 

 
 
In the case of cysteine the Meisenheimer complex helps to create a hot spot (Figure 9). 
Other studies on NP:s in colloidal suspensions have been done and creation of hot 
spots by aggregation of the NP:s have been indicated [36]. This formation of a hot 
spot is not as favourable for the complex with cysteamine because of the missing 
carboxyl group making the attraction between particles weaker. The surfaces that 
have been used in this study do not have colloidal particles, instead the nanostructure 
on those surfaces are pillars (Figure 6). The hot spots that could be created in this 
case are between the pillars. When a hot spot is created in this way the signal from 
the cysteine should increase but the signal from the TNT will not necessarily increase 
[36].  

 

Figure 9: The formation of a hot spot, increasing the signal from the TNT bond to the Cysteine by a 
Meisenheimer complex. The image was taken from ref [36] and modified by the present author. Image is 
not scaled. 

 
 
To test the selectivity of the surfaces, DNT was also tested in the same way as the 
TNT.  

4.3 Detection of TNT in gas phase by modified SERS-surfaces 
The detection of TNT in gas phase was done using a dedicated flow cell (Linkam cell) 
and a pre-treated fused-silica GC-column (~3 m long, inner diameter of 0,32 mm). 

 o 
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The pre-treatment of the column was done by first washing the column with 
methylene chloride. This was done by suctioning the solvent through the column 
using a water aspirator. The column was then coated with TNT by dipping the end of 
the column in a saturated solution of TNT for about 0,5 sec. In this way a solution 
plug was passed through the column and then gently purged with pure gas to 
evaporate the solvent leaving the TNT on the column wall.  
 
To get an indication on how much TNT that is subjected to the SERS-surface, the 
vapour pressure of TNT was determined in accordance to a method developed by 
Rittfeldt [37]. 
 
The detection was done by putting a modified SERS-surface into the Linkam cell. The 
pre-treated column was then inserted into the cell and locked in place with a ~45 
degree angle to the SERS-surface (Figure 10).   
 
 

 

Figure 10: Schematic image of the Linkam Cell and the set-up of the GC-column and SERS-surface. 
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5. Results and discussion 

5.1 Modification of SERS-surfaces 

5.1.1 Modification by Cysteine 

The exposure time of the surfaces to the cysteine or cysteamine was set to 2 and 20 
hours (Figure 11). The results showed that longer exposure time had small effects on 
the results and 2 hours were used for convenience in later experiments.  
 

 

Figure 11: These spectra are representative for surfaces that have been exposed by cysteine solution for 
two respective 18-20 hours.  

 
 
SERS-spectra of cysteine on black silicon SERS surface are showed in Figure 12. The 
results from the SERS signal were not the expected results for cysteine bond to the 
surface of Au. The results were consistent with the results from experiments using an 
electrical potential and an Au coated cathode attracting the negatively charged 
carboxyl group [38,39]. This indicated that the carboxyl group probably binds to the 
surface and that the sulphur was pointed away from the surface. That in turns made 
the sulphur bridge possible (peak at 503 cm-1 in Figure 12). In the case of Ag, the 
results were not good (Figure 12), no significant peaks could be observed indicating 
that no or very little cysteine was bond to the surface. Therefore modification with 
cysteine was mainly done on Au-surfaces.   
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Figure 12: SERS spectrum of cysteine on an Au surface. Peak assignment of the cysteine on Au surfaces 
has been done, see Table 1. 

 
 
Table 1: Peak assignment of Cysteine following Liu Z.; Wu G. [38]. Their study have been done on a Au 
SERS electrode in a 10-3 M solution of cysteine using 1,0 V potential.    

This study Liu [38] Assignment 

cm-1 cm-1   

503 505 S-S bond 

652 657 CO2
-
 bending 

683 682 C-S stretch 

837 832 HCS bend 

1133 1135 CH2 rocking 

1237 1231 CH2 twisting 

1317 1318 C-H bending 

1352 1348 CH2 bending 

1425 1430 CO2
-
 bond 

 
 
The results indicated an orientation of the surface bond cysteine that was not 
desirable for subsequent Meisenheimer complex formation with TNT. A binding of 
the carboxyl group to the surface is not as strong as the sulphur bond. Studies have 
shown that the binding of the carboxyl group is more favourable in the case of an 
positive potential [38,39]. In an ambition to attain sulphur-surface bond, the pH of 
the cysteine solution was lowered by adding 2 M HCl to a pH of ~2. By lowering the 
pH the carboxylic group loses its charge by the binding of hydrogen. If the surface 
had a positive potential this alternation of pH could lead to higher amounts of 
cysteine that are bond via sulphur to the surface. The rest of the procedure was 
carried out as mentioned in the method section. The results from this experiment can 
be seen in Figure 13.  
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Figure 13: (To the left) Spectra of the Au surface unwashed and washed. (To the right) Spectra of the 
Ag surface unwashed and washed. The peaks were compared to the results of Liu [38]. 

 
 
The result for the Ag surfaces further indicates a possible electrical potential on the 
surfaces [39]. The results from washing showed that the signal changed after only 
one wash. This could be because of the weak interactions between the carboxyl group 
and the surface. The cysteine that was bond to the Ag surface was simply washed 
away. Similar results were also seen for the Au surfaces, but not as drastic as the 
results for the Ag surface. This trend was observed in all the experiments using 
cysteine. This illustrates that the surfaces (Ag) are sensitive for a solvent and that 
when surface chemistry can be better controlled the spectra appear more consistent, 
as is also the case when drop coating thiophenol to estimate surface enhancement 
factor [40]. 
 
An alternative explanation of these findings using cysteine in the modification is that 
the surfaces maybe do not have a complete metal coating and Si is therefore able to 
bind directly with the carboxyl group of cysteine. 

5.1.2 Modification by Cysteamine 

To avoid the results of the carboxyl group binding to the surface, cysteamine was 
used instead of cysteine. Cysteamine does not have the carboxyl group and therefore 
should not have the same orientation as cysteine when it binds to the surface. 
Representative results from the experiments can be seen in Figure 14. The very weak 
peak at 500 indicated that there were almost no sulphur bridges. That in turn 
indicates a cysteamine that is surface bond through a sulphur bond [38]. 
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Figure 14: (To the left) Cysteamine SERS spectra using silver (black) and gold (red) surfaces. The peaks 
are assigned accordingly to Kedelski [41] (Table to the right). Kudelskis study have been done on Ag 
SERS surfaces.  

 
 
The weak signals from the cysteamine on the Au surfaces were hard to assign and 
further experiments were mainly done on Ag surfaces.  
 
The peak at 973 cm-1 is in the current situation unassigned. 
  
The results from washing the surfaces can be seen in Figure 15. The biggest change was 
between the unwashed surface and the surface that had been washed one time. The 
second wash gave no significant results and further washes were not needed. Because 
the signal stayed strong for the Ag surfaces even after the washing, this could indicate 
that the cysteamine was bond by the sulphur to the surface and thus provide a 
platform for successful detection of e.g. TNT.     
 
 
 
 

 

Figure 15: SERS spectra of cysteamine obtained after washing. Au to the left and Ag to the right. 

 

This study 
Kudelski 
[41] Assignment 

cm-1 cm-1   

634 640 C-S gauche 

726 725 C-S trans 

937 940 C-C(-N) trans 

973 -- -- 

1015 1015 C-C(-N) trans 
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5.2 Detection of TNT in a liquid medium by modified SERS-surfaces 
The detection of TNT was then tested on modified surfaces. In the case of cysteine the 
Au surfaces were used and with cysteamine the Ag-surfaces were used. Few tests with 
cysteine on Ag-surfaces and cysteamine on Au-surfaces were also done but gave not 
any reliable results, which probably is a consequence of difficulties related to the 
modification step. 

5.2.1 Reference 

To get a reference of TNT on a SERS-surface, 3 µl of 1000 µg/ml TNT was dropped 
onto an Au surface and then analysed by Raman. A representative SERS spectrum of 
TNT can be seen in Figure 16, and the peaks are in good agreement with literature 
values (Table 2).  

 

Figure 16: Spectrum of TNT on a clean Au SERS surface.   

 

Table 2:  The peak assignment of TNT according to Clarkson et al. [42].  

This study Clarkson [42]  Assignment 

cm-1 cm-1   
794 794 Ring in plane bend, C-CH3 stretch, 2,4,6-NO2 scissors 
826 824 2,4,6-NO2 Scissors 
1209 1208 Ring breathing 
1326 1326 4-NO2 symmetric stretch from 13C15N or impurity such as 

2,4-DNT 
1356 1356 4-NO2 symmetric stretch  
1543 1543 2,6-NO2 asymmetric stretch 
1619 1618 2,6-NO2 asymmetric stretch 

 
 
The droplet tends to spread on the surface providing evidence of superhydrophilicity. 
This made the concentration hard to determine and the amount detected uncertain. 
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5.2.2 Cysteine 

The SERS spectrum of TNT drop-coated on Au-surfaces modified by cysteine can be 
seen in Figure 17. 

 

Figure 17: An Au SERS surface modified by cysteine and then subjected to TNT in four different 
concentrations.  

 
The detection of TNT showed non-consistent results. One indication of TNT adsorbed 
on the surface can be seen in the growth of the peak at ~1350 cm-1. This is one of the 
characteristic peaks of TNT (Table 2) but the trend is not seen in all the experiments. 
The background (signal from the cysteine) is changing to an extent which could 
prevent detection of small spectral differences, resulting from e.g. TNT adsorption. 
These results could be because of the poor binding of the cysteine to the surface 
indicated by the results from the washing in previous experiments. The drops of TNT 
seemed to wash away the cysteine. The results also indicated that the Meisenheimer 
complex were in a low concentration or not even present at all. No broadening of the 
band around 2900 cm-1 due to the NH2

+ symmetric stretch, C-H stretching and CH2 
asymmetric stretching could be seen which would indicate a formation of a 
Meisenheimer complex [36]. Other peaks that could indicate a creation of 
Meisenheimer complex is 1595 and 1644 (both due to C=C symmetric stretch and 
C=O stretch) but the results showed no growing of peaks at these wavenumbers [43]. 
Test was done with a 514 nm laser to get better results in the 3000 cm-1 region, but 
the surfaces seemed to not be compatible with that wavelength on the laser. No peaks 
could be seen from either the cysteine or TNT.  
 
As stated earlier, the creation of hot spot could lead to a higher Raman signal from 
the cysteine [36]. In the spectra no such increase was observed and that further 
indicates the absent of Meisenheimer complex. 
 
Reference experiment on DNT was planned to test the selectivity of the surfaces but 
since the detection of TNT gave so unstable results this was not carried out.  

5.2.3 Cysteamine 

The results from the TNT detection on cysteamine modified Ag surfaces showed 
much higher degree of consistency (Figure 18).  
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Figure 18: The results from an Ag SERS surface modified by cysteamine and then subjected to TNT in 
four different concentrations. The important peaks are zoomed in to the right. 

 
The results showed some possible indications for a positive detection of TNT. The 
peaks at 634 cm-1 and 726 cm-1 are the gauche and trans conformation of the 
cysteamine bond on the surface [41, 44, 45, 46]; see Figure 14 for peak assignment. In 
the gauche conformation the ammonium is attracted to the metallic surface [46]. In 
this conformation the TNT cannot bond to the ammonium. In order to bond to the 
ammonium, a shift in the conformation into a trans confirmation was needed. 
Comparing the two peaks and the integral under them could indicate this shift. If a 
shift is occurring, the 634 cm-1 peak integral should decrease and the 726 cm-1 peak 
integral increase. In Figure 19 the ratio between the peak of 634cm-1 and 726cm-1 have 
been blotted and fitted to a linear regression model. The ratio for the TNT had a 
negative slope indicating that the hypothesis seemed to be right. In contrary the 
model is poorly fitted and have a R2 of about 0,90 indicating a bad regression model.   
 
 

 

Figure 19: Ratio of the peak-areas of 634 cm-1 and 726 cm-1. The plotted values are means from data 
obtained with 0, 1, 10, 100 and 1000 μg/ml DNT or TNT. A linear regression model has been applied to 
fit the data.  

 
 
There was also a small tendency of band broadening of the peak at 2900 (Figure 18) 
indicating a possible Meisenheimer complex. 
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To get an indication of the selectivity of the modification using cysteamine, DNT was 
used instead of TNT (Figure 20). 
 

 

Figure 20: The results from an Ag SERS surface modified by cysteamine and then subjected to DNT in 
four different concentrations.  The important peaks are zoomed in to the right. 

 
Parts of the spectra of TNT (Figure 18) and DNT (Figure 20) indicated some differences. 
The first was the ratio between the peaks at 634 cm-1 and 726 cm-1 (Figure 19). In the 
case of TNT, the ratio changed as the concentration was raised. The same trend could 
be seen for the DNT, but not to the same extent. The slope for TNT was about -0,05 
and for DNT -0,02. The difference in the results could indicate that DNT did not form 
Meisenheimer complex as easy as TNT did. This could be because, as explained 
earlier, of the fewer resonance structures for DNT in the creation of a Meisenheimer 
complex. The low R2 of DNT:s regression model (Figure 19) does not allow to draw any 
further conclusions and it is likely a multivariate data analysing approach of more 
data is needed. The second observation in the comparison of these two spectra was 
the changes in the peak at 973 cm-1. In the case of TNT, the peak tended to grow, 
compared to the case of DNT, where the peak almost disappeared. The chemistry 
behind this observation was not clear leaving the question of selectivity unanswered. 
To understand this, the result from earlier that indicated some electrical potential on 
the surfaces, has to be investigated thoroughly.    

5.3 Detection of TNT in a gas medium by modified SERS-surfaces 
The determining of the vapour pressure at 20 ⁰C gave a result of 0,25 ng/ml. The flow 
rate in the column was 10 ml/min giving 2,5 ng TNT  emitted from the column each 
minute.  
 
The detection of TNT in a gas medium was first carried out on a clean Klarite surface 
(Figure 21).  
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Figure 21: Spectra of a Klarite surface subjected to TNT in a gas phase. The first spectrum was taken 
after 24 minutes of constant TNT blowing and the second after 40 minutes. The spectra taken after 40 
minutes also had a longer accumulation time so that the results should be more distinct. 

 
 
In Figure 16 typical SERS spectra are shown where the peaks can be attributed to TNT 
(Table 2). In other words TNT could be directly detected and identified in a gas 
medium. The amount of TNT flowed on the surface was about 100 ng, but not all 
were bond or even in contact with the surface. The actual concentration of TNT on 
the surface cannot be determined from this experiment. The experiments also 
showed that the results differed significantly between different sites on the surface 
indicating a low and unevenly distributed concentration. The exposure time was quite 
high  in order to clearly see TNT peaks. However, similar successful experiments have 
not been found presented in literature. 
 
The black silicone surfaces were then tested. The unmodified surfaces were treated in 
the same way as the Klarite surface. The results can be seen in Figure 22. 

 

Figure 22: Spectra measured with black silicon surfaces in contact with TNT gas. To the left - clean Au 
and to the right - clean Ag. The varying adsorption times are given.  
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The surfaces did not show a similarly clear result as with Klarite. This could be 
because the surfaces from start had some substrate on them. The substrate was 
believed to come from the package that the surfaces were stored in. Some peaks 
seemed to grow with time. But in the Ag case, those peaks were already present in the 
background, so indication of TNT was hard to prove. In the Au case the peak at ~1350 
cm-1 could be seen in the spectra at longer times. That peak could be a combination of 
the peaks 1326 and 1356 cm-1 found in the spectra of TNT (Figure 16) and it was also 
seen when TNT was solved in methanol and pipetted on Au surface of black silicon 
substrate (Figure 17).  
 
To verify if the TNT could be detected on modified surfaces, Ag and Au surfaces were 
modified using the same method as described earlier and subjected to TNT in the 
same way as the Klarite surface. The results can be seen in Figure 23. 

 
 
Figure 23: Spectra of the modified Ag (to the left) and Au (to the right, top end bottom) surfaces that 
were subjected to TNT in a gas medium for different times. 

 
 
The spectra of Au had the same problem as had been observed earlier (Figure 17) with 
the poor stability. So no clear result could be drawn from these spectra. The spectra 
of the Ag surface had a more stable background but no indication of TNT was found. 
The indication of TNT stated earlier (results from Figure 18) could not be seen in this 
experiment and could be because the concentration of TNT was too low.  
 
 
 
 
 
  



 

23 
 

6. Conclusions and Summary 

The most important thing when dealing with SERS is that the surface chemistry is 
defined and well known. To be able to detect something one must be sure of what to 
look for. In this case the properties of the surfaces were not as well known as we first 
thought. The strange binding of the cysteine to the surface probably has its origin in 
the properties of the surface attracting positive charges.  To be able to successfully 
modify the surfaces the chemical properties have to be defined. The structure of the 
surface also has to be investigated further. If the surfaces do not have a complete 
metal coating and Si is exposed to the cysteine the carboxyl group will bind to the Si 
causing the observed results. Until these questions have been evaluated the 
modification of the surfaces is not a reliable detection method for any molecule.  
 
Because the cysteine was poorly bond to the surface the use of it in the detection of 
TNT was limited. With a correct cysteine-surface binding hypothetically a very low 
specific TNT detection can be reached due to formation of hot spots. But to do so, 
more work on the surfaces has to be done.  
 
The selectivity to TNT is hard to determine because of the uncertainty in the 
modification. The background of the surface with the cysteine has to be more stable to 
further examine the selectivity. In the case of cysteamine the detection of TNT and 
DNT displayed some differences. But the orientation of the cysteamine on the surface 
is a problem here. Because of the switch in trans and gauche conformation of the 
cysteamine, the properties of the surface is of crucial importance and makes the 
selectivity hard to evaluate.  
 
The detection of TNT in a gas medium seems to be possible even at room 
temperatures were the concentration of TNT is very low. If the modifications of the 
surfaces would have been successful, the TNT could enrich and the creation of hot 
spots could greatly decrease the detection limit and by that lower the time the surface 
have to be exposed to the gas.  
 
The Klarite surfaces should be investigated further, in this project little time was 
spent on the modification of Klarite. The result from the gas phase detection with 
naked Klarite was very promising.  
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