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Abstract 

The adsorption of 4-aminobenzenethiol (4-ABT) on Ag and Pt nanoparticles is studied 

by spectroelectrochemical means (cyclic voltammetry, Surface-Enhanced Raman 

Spectroscopy (SERS) and Surface-Enhanced Infrared Reflection Absorption 

Spectroscopy (SEIRAS). Similar SERS spectra are obtained when 4-ABT is adsorbed 

on platinum and silver nanostructured substrates. In addition, unless a low power 

density of the laser is used, these spectra show, both under open circuit conditions and 

when applying electrode potentials above -0.50 V, bands not observed in the normal 

Raman spectrum of 4-ABT. These bands disappear when the electrode potential is 

shifted to more negative values. Conversely, the SEIRA spectra of 4-ABT adsorbed on 

Ag do not show any significant change with the electrode potential, which indicates that 

there are not new species electrochemically formed in the range of potentials 

considered, which include some anodic and cathodic processes as shown in the 

corresponding cyclic voltammograms. In this regard, SERS measurements put in 

evidence the time dependence of the spectra obtained at potentials above -0.50 V just 

after switching on the laser suggesting the formation of new species, probably 

dimercaptoazobenzene (4-4’-DMAB), formed by a photochemical process of the 

adsorbed 4-ABT. 
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1. Introduction 

Raman spectroscopy is a widely used technique. Although it is relatively insensitive to 

free molecules, especially in dilute solutions, adsorption of molecules on nanostructured 

metal surfaces can result in a very large increase in sensitivity. This Surface Enhanced 

Raman Scattering (SERS) was first observed in 1974 [1]. Noble metal nanostructures 

exhibit a surface-enhanced Raman scattering in which the scattering cross sections are 

dramatically enhanced for molecules adsorbed thereon [2]. This enhancement factor can 

be in the order of 10
4
-10

14
 [3] in comparison to that present in the adsorption on a 

metallic smooth surface although the claim of extremely high enhancement factors of 

10
14

 in single-molecule SERS is critically discussed, in particular in the view of recent 

experimental and theoretical results that limits the electromagnetic enhancement to 10
11

 

[4]. It is generally accepted that two different mechanisms must be involved in SERS: 

electromagnetic (EM) and chemical or charge transfer enhancement (CT). The 

electromagnetic theory is based on the excitation of localized surface plasmons while 

the chemical theory assumes the formation of charge-transfer complexes [2, 5, 6]. 

Nano-irregularities allow surface plasmon resonance, resulting in a very strong local 

enhancement of the electric field of both incoming and scattered radiation that explains, 

moreover, that the enhancement extend to at least 10 nm away from the metallic 

surface. Only coinage metals such as Ag, Au and Cu cause a strong enhancement of the 
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Raman scattering due to the favourable characteristics of their dielectric functions. Most 

other metals, including catalytic metals such as Pt or Pd are commonly considered as 

non-SERS actives because the efficient excitation of surface plasmon is unfavourable 

on such highly damping metal surfaces [7-10]. However, by suitable methods (among 

them the oxidation-reduction cycling [11] and nanoparticle-on-electrode approach [12]) 

an adequate surface morphology is made and a sufficient enhancement is produced to 

allow SERS spectra from these metals to be obtained. On the other hand, the exact 

origin of the chemical contribution to the enhancement of the Raman scattering remains 

an active area of research both from a theoretical and experimental points of view. The 

most studied mechanism for the chemical enhancement is the so-called charge-transfer 

mechanism that in turn implies three types, being the two most considered the formation 

of a surface complex either by direct binding to the metal or by indirect binding with the 

assistance of an electrolyte ion. A photon-driven charge transfer between analyte and 

metal has been also considered. While the chemical effect is weaker in magnitude than 

the electromagnetic enhancement, there is a possibility in some cases that the charge-

transfer contribution may dominate the SERS spectrum. In the case of the Pt-group 

metals this chemical enhancement component should play a very important role, to 

compensate for their highly damping metal surfaces [7-10]. 

The formation of self-assembled monolayers (SAMs) has been extensively used 

for solid surfaces as a simple and versatile way to define the chemical composition and 

structure of a surface modification. Among them, SAMs based on aromatic thiols have 

been vastly studied [13, 14]. The formation of organic monolayers by self-assembly is 

directed by a specific interaction between a terminal functional group and the surface, in 

this case, the bond formed between the thiol sulphur and the metal. Research has been 

particularly interested in amino-terminated monolayers because they have been used for 
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several applications such as the attachment of carbon nanotubes on metal surfaces [15, 

16] and the binding of biomolecules, such as DNA [17, 18]. Aminobenzenethiols (ABT) 

are frequently studied as SERS probe molecules [19, 20] and particularly 4-ABT is 

widely used as molecular junction [21, 22] and building block in SAMs [21, 23]. A 

huge amount of work has been reported about the 4-ABT adsorption on Ag and Au due 

to the same specific behaviour under certain experimental circumstances. Nevertheless, 

the SERS from the self-assembled monolayer of 4-ABT on Ag and Au is significantly 

different from the normal Raman spectrum of the molecule in solid state. In normal 

Raman spectrum only bands that correspond to completely symmetric a1 vibrations are 

observed, whereas in its SERS spectrum, non-a1-type bands (1142 cm
-1

, 1390 cm
-1

 and 

1432 cm
-1

)
 
are also present under open circuit conditions [24, 25] or when applying high 

enough electrode potentials [26, 27]. However, SERS spectra from benzenethiol on 

these metals are substantially the same as the normal Raman spectrum. It was 

speculated [24, 25] that the alteration of the spectrum of 4-ABT could be due to the 

contribution of the CT mechanism in enhancement, as a consequence of the alteration of 

electronic states of benzenethiol by the introduction of an NH2 group in the benzene 

ring. Alternatively, it was also shown, based on the spectral similarity of 4-ABT and 

dimercaptoazobenzene (4,4’-DMAB), that the non-a1-type bands correspond to N=N 

stretching vibrations of 4,4’-DMAB produced from 4-ABT via a photocatalytic 

coupling reaction [26, 27]. On the other hand, both CT and EM enhancements in SERS 

of 4-ABT adsorbed onto assemblies of Au(core)/Cu(shell) nanoparticles was separately 

analyzed [28]. The formation of the azo-derivative observed in the cases of Au and Ag 

surfaces was recently claimed to be not observed on a Cu surface [29] activated by 

oxidation-reduction cycling, pointing out that the nature of the metal could also play an 

important role in the azobenzene derivative formation. 
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Apart from the controversy over the possible contribution of the chemical 

mechanism in the SERS of 4-ABT adsorbed on Ag, Au and Cu, in our knowledge the 

spectroscopic behavior of this molecule adsorbed on other metallic materials of both 

fundamental and practical importance as the Pt-group metals has received little attention 

due to their inefficient excitation of surface plasmon on such a highly damping metal 

surface under conditions of visible wavelength. The formation of a SAM of 4-ABT on 

polycrystalline platinum electrodes has been characterized by surface analysis and 

electrochemical techniques [30] and it was concluded that the 4-ABT is adsorbed on the 

Pt surface through the sulphur atom, forming S-Pt bonds and giving an amino-

terminated SAM. However, the presence of the 4,4’-DMAB or the non-a1-type bands 

(1142 cm
-1

, 1390 cm
-1

 and 1432 cm
-1

) was surprisingly not mentioned. On the other 

hand, Ag nanoparticle-mediated Raman scattering measurements were conducted by 

Kim et al. [31] for 4-ABT monolayers assembled on a macroscopically smooth Pt 

substrate [31] at open circuit potential. In this case non-a1-type bands are also recorded. 

An electromagnetic coupling of the localized surface plasmon of Ag nanoparticles with 

the surface plasmon polariton of the Pt substrate is claimed to explain the SERS spectra 

observed while from the excitation wavelength dependence a contribution of the charge-

transfer enhancement that become more important at short-wavelength excitation is also 

proposed.  

In this manuscript we study, for the first time, the adsorption of 4-ABT on Pt 

nanoparticles by spectroelectrochemical means (cyclic voltammetry, and SERS) and we 

compare it with that on Ag. The particular effect of power density of the laser employed 

in the SERS measurement is also evaluated. We study by Surface Enhanced Infrared 

Absorption Spectroscopy (SEIRAS), also for the first time, whether new species can be 

formed by varying the electrode potential without laser excitation when silver is used as 
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substrate. Finally, we perform time dependent SERS measurement in order to support 

the participation of a photochemical (or photothermal) process of the adsorbed 4-ABT 

affected by the energy density of the laser. 

 

 

2. Experimental 
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excitation line was 

provided by a 17 mW He–Ne laser at 632.8 nm (for Pt) or a 50 mW Nd-YAG laser at 

532 nm (for Ag). The

µ
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adsorption of oxygen and thus preserving the initial surface structure of 

the nanoparticles.  

The synthesis of Ag nanoparticles was performed adapting a classical method for 

the synthesis of gold nanoparticles [39]. In brief, a 20 mL water solution of the metallic 

precursor (2.5x10
-4

 M AgNO3) was reduced with ice-cold sodium borohydride (0.6 mL, 

0.1 M) in the presence of sodium citrate (2.5x10
-4

 M), which acts as stabilizer. 

Afterwards, a NaOH pellet (≈ 0.2 g) was added to make the nanoparticles precipitate. 

After complete precipitation, the nanoparticles were collected and washed 3–4 times 

with ultrapure water. 

 

3. Results 

3.1 SERS study 

Figure 1 shows the voltammetric profiles for silver and platinum massive electrodes in 

contact with a 0.1 M NaClO4 + 10
-3

 M 4-ABT solution in the potential window of 

interest for the SERS experiments. In the voltammetric experiments, the working 

electrode contacted the working solution at open circuit potential (approximately 

between -0.4 and -0.5 V) and the electrode potential was then scanned toward less 

negative values. Oxidation currents above -0.20 V could be tentatively related to the 
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oxidation of adsorbed 4-ABT (whose presence will be spectroscopically confirmed 

below) or, eventually, to the oxidation of the electrode surface (more probable in the 

case of the silver electrode). The most interesting feature in the subsequent negative-

going sweep is a cathodic process which takes place at -0.98 and -0.78 V for Ag and Pt, 

respectively. This process has been attributed to an electrochemical reductive desorption 

of the 4-ABT layer which has been adsorbed at higher potentials. This feature explains 

the hysteresis observed in this potential region. At lower potentials, the reduction 

current recorded is due to the hydrogen evolution on the electrode surface. 
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Figure 1. Voltammetric profiles of Ag and Pt massive electrodes in contact with a 0.1 M 

NaClO4 + 10
-3

 M 4-ABT solution. Sweep rate: 50 mVs
-1

. 

 

In figure 2, lines A and B correspond to the SERS spectra of a self-assembled 

monolayer of 4-ABT on a silver massive electrode decorated with silver nanoparticles at 

-0.5 V and -0.9 V, respectively. The used excitation wavelength is 532 nm, but similar 

results have been obtained with the He-Ne laser as excitation source. For the sake of 

comparison, the normal Raman spectrum of the solid 4-ABT is also shown (line C). In 
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addition, in Table 1 the main Raman frequencies of 4-ABT and their assignment, taken 

from [24] and [29],  are summarized. 

 

2500 2000 1500 1000 500

500 cps

A

B

Raman Shift  /  cm
-1

C

500 cps

 

Figure 2. SERS spectra of a self-assembled monolayer of 4-ABT on silver nanoparticles 

at (A) -0.5 V and (B) -0.9 V vs AgCl/Ag (test solution 0.1 M NaClO4 + 10
-3

 M 4-ABT) 

and (C) normal Raman spectrum of the solid 4-ABT 

 

 

  

Table 1. Raman and main SERS and SEIRA vibrational frequencies of 4-ABT  

 

Raman
(a)

 
SERS

(b)
 SEIRA

(b)
 SERS

(c)
 Assignment 

[24, 29]
 

-0.9 V -0.5 V -0.9 V -0.9 V -0.5 V 

200      π[CN]+ π[CS] +τ[CC] (b1) 

 217 217    ν[Ag-S]  

315      δ[CH]+ δ[CS] (b2) 

394 392 392  405 405 ν [CS]+ δ[CC]  (a2) 

475      γ[CCC]  (a1) 

636      γ[CCC] (a1) 

801      ν [CH]+ ν [CS]+ ν [CC] (a1) 
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820      π[CH] (b1) 

1010 1009 1009 1010 1007 1007 γ[CC]+γ[CCC] (a1) 

1089 1083 1080 1083 1078 1078 ν[CS]  (a1) 

1118      δ[CH] (b2) 

  1144   1146 δ[CH]  (b2) 

1170 1178 1187 1178 1177 1177 δ[CH]  (a1) 

1206      δ[CH]  (a1) 

1263   1259   δ[CH]   (a1) 

1307      ν [CC]+ δ[CH]  (b2) 

  1388   1385 ν [CC]+ δ[CH] (b2) 

  1429   1436 ν [CC]+ δ[CH] (b2) 

1479 1490 1490 1488 1487 1487 ν [CC]+ δ[CH]  (a1) 

  1573   1573 ν [CC]  (b2) 

1593 1597 1597 1596 1589 1587 ν [CC]  (a1) 

1616   1625   δ[NH]   

2550      ν [SH]   

(a) Solid 

(b) Adsorbed on Ag surface 

(c) Adsorbed on Pt surface 

 

In the case of silver, the medium-strong bands in the normal Raman at 200 (b1), 

475 (a1), 801 (a1) and 1206 (a1) cm
-1

 are missing in the spectrum obtained at -0.9 V 

(figure 2, line B) whereas news bands at 392 (a2) and 1490 (a1) cm
-1

 appear. In addition, 

the band at 1010 (a1) cm
-1

 is markedly enhanced. Furthermore, the medium-strong band 

at 1170 (a1) cm
-1

 shifts to 1178 (a1) cm
-1

 and the very-strong bands at 1089 (a1) and 

1593 (a1) cm
-1

 shift in opposite directions to 1083 and 1597 cm
-1

 but keeping the ratio 

of their intensities. Finally, a new band at 217 cm
-1 

assignable to the Ag-S stretching 

[24] appears in the spectra A and B (monolayer adsorbed) whereas the weak band at 

2550 cm
-1

 observed in spectrum C corresponding to the stretching of the S-H bond is 

missing. This fact indicates that the S-H bond is broken in the adsorption process and 

the 4-ABT is adsorbed onto the silver surface through the sulphur atom. On the other 

hand, as it has been previously reported [24, 26, 27], when the electrode potential 

moves from -0.9 V to -0.5 V the recorded SERS spectrum is significantly different. 

Thus, four new bands are visible at 1144 (b2), 1388 (b2), 1429 (b2) cm
-1

 and 1573 (b2) 

cm
-1

 (this later as a broad shoulder). Note, that the latter notation is based on the 

assignments done by [24] (see table 1), who ascribed these bands to ring vibrations of 
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the adsorbed 4-ABT molecule. However, these bands are assigned to different 

vibrational modes of 4,4’-DMBA [27] (see discussion below). 

As previously discussed in the introduction section, platinum is intrinsically a 

weak SERS substrate because, on this metal, the efficient excitation of surface plasmon 

is difficult [7-10]. In order to circumvent this limitation, different strategies have been 

used to obtain SERS information always with the aim of preparing a surface with a 

certain roughness or an appropriate morphology. Examples of these methods are the 

electrochemically activation of the surface (oxidation-reduction cycling [11]), the use 

nanoparticles deposited on a substrate, the so-called nanoparticles-on-electrode 

approach [12], or the Kim approach [31] among others. Interestingly, our experimental 

results obtained for silver at -0.5 V (Fig. 2A) by the nanoparticles-on-electrode 

approach [12] agree with the SERS spectra obtained by Kim [31] after attaching Ag 

nanoparticles to the amine groups of 4-ABT adsorbed on smooth Pt [31]. 

Figure 3 shows the SERS spectra obtained at -0.90 V for 4-ABT adsorbed on Pt 

nanoparticles (spectrum A) and silver (spectrum B). It can be seen that similar features 

appear in both spectra (see also Table 1 and ref. [24] for 4-ABT adsorbed of silver), 

although the two strong bands shift slightly to the red in the case of platinum, at 1078 

and 1589 cm
-1

, and their intensities are similar, whereas the medium-strong low 

frequency band moves to the blue, at 405 cm
-1

. Again, as observed with the silver 

nanoparticles, new bands appear at 1146, 1385 and 1436 cm
-1 

when the electrode 

potential moves from -0.9 V to -0.5 V. A fourth band, about 1583 cm
-1

, overlaps with 

that appearing at 1589 cm
-1

 at -0.90 V (figure 4).  
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Figure 3. SERS spectra of a self-assembled monolayer of 4-ABT on silver (A) and 

platinum (B) nanoparticles at -0.9 V vs AgCl/Ag. Test solution 0.1 M NaClO4 + 10
-3

 M 

4-ABT. 

2400 2000 1600 1200 800 400

14 cps

C

B

Raman shift  /  cm
-1

A
14 cps
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Figure 4. SERS spectra of a self-assembled monolayer of 4-ABT on platinum 

nanoparticles at (A) -0.5 V and (B) -0.9 V vs AgCl/Ag (test solution 0.1 M NaClO4 + 

10
-3

 M 4-ABT) and (C) normal Raman spectrum of the solid 4-ABT.  

 

 

On the other hand, it has been reported that the power density of the laser 

employed in the SERS measurements has a great influence and may induce the 

formation of new compounds [26]. To evaluate this particular effect, two different sets 

of spectra have been obtained working at the same potentials for the same substrate but 

changing the power density of the applied laser. In more detail, we have changed the 

incident power density by defocusing the laser beam on the substrate and opening, at the 

same time, the confocal aperture. Spectra obtained in the case of silver (A, B) and 

platinum (C, D) nanoparticles are reported in Figure 5. When the power density is low 

(about 10
2
 mWcm

-2
) the SERS spectra for 4-ABT adsorbed on platinum are dominated 

by the bands at 1007, 1078, 1177, 1487 and 1588 cm
-1

 attributed to a1 modes of 4-ABT, 

together with the a2 band at 405 cm
-1

. No bands related to non-a1-type modes are 

observed irrespective of the electrode potential. Nevertheless, when a higher power 

density (about 10
7
 mWcm

-2
) is used without changing the sampling position, three new 

bands appear at 1146, 1385 and 1436 cm
-1

 in the spectra collected for potentials above -

0.50 V. In addition, the band about 1588 cm
-1

 becomes broader and can be 

deconvoluted into two bands at 1583 (b2) and 1587 (a1) cm
-1

. All four bands can be 

assigned to non-a1-type symmetry species. Interestingly, if the potential is shifted to 

values below -0.60 V (where a cathodic current is observed in the voltammogram 

(figure 1)) these bands disappear. A similar behaviour is observed in Figure 5 for 4-

ABT adsorbed on silver. In this regard, it is worth noting that similar bands were also 
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observed in other comparable systems such as 4-ABT and p-nitrothiophenol (4-NBT) 

on Cu2O nanoparticles [40].  
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D - Pt
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C - Pt
f

B - Ag
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A - Ag
f

-0.3 V

-0.4 V

-0.5 V

-0.6 V

-0.8 V

500 cps

-0.4 V
-0.5 V
-0.6 V
-0.7 V

 

-0.3 V

-0.4 V

-0.5 V

-0.6 V

-0.8 V

14 cps

Raman Shift  /  cm
-1

 

Raman Shift  /  cm
-1

-0.9 V

 

-0.4 V

-0.5 V

-0.6 V

-0.7 V

-0.9 V

 

 Figure 5. SERS spectra recorded at different electrode potentials for a self-assembled 

monolayer of 4-ABT on (A and B) silver and (C and D) platinum nanoparticles focused 

(A and C) and defocused (B, 300 µm, and D, 40 µm) at the electrode surface. Test 

solution 0.1 M NaClO4 + 10
-3

 M 4-ABT. 
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Finally, in order to evaluate the behaviour of the isolated aggregates of Pt 

nanoparticles and avoid any possible contribution from the Pt support, we have 

decorated a glassy carbon electrode with the Pt nanoparticles which have been 

employed as SERS substrate for the adsorption of 4-ABT. The set of spectra observed 

(not shown) follows the same pattern as those obtained with the Pt electrode decorated 

with the same Pt nanoparticles (figure 5). Thus, when the electrode potential is set at –

0.9 V several bands are obtained at 1009, 1083, 1178, 1485 and 1594 cm
-1

 attributed to 

a1 modes of 4-ABT, beside the D-band of carbon at 1330 cm
-1

. Nevertheless, at -0.3 V, 

three new bands are clearly visible at 1144, 1387 (as a shoulder in the D-band of the 

carbon) and 1427 cm
-1

 all of them non-a1-type. At this time, an interesting question 

about whether or not the time between acquisitions of spectra could have some 

influence comes up. In this regard, Figure 6 shows three spectra obtained at the same 

surface position and with a power density of about 10
7 

mWcm
-2

. First, a spectrum at -

0.9 V was obtained (spectrum A in figure 6). Then, the laser was shut off and the 

electrode potential was changed to -0.3 V where, according with the SEIRA spectra of 

4-ABT adsorbed onto a silver film (see later, figure 7), no new species should be 

formed only by pure electrochemical means in this range of potentials. After four 

minutes at this potential, the laser was once again opened and a spectrum was 

immediately recorded in a few seconds (spectrum B in figure 6). Interestingly, and in 

spite of the fact that the electrode potential was maintained at -0.3 V for four minutes 

(with the laser shut off), the differences between these two spectra (6A) and (6B) are 

hardly noticeable, but spectra (6B) and (6C) show clear differences. However, if we 

hold the potential with the laser on for one minute and then a new spectrum is recorded 

at the same position (spectrum C in figure 6), the presence of non-a1-type bands is now 

clearly observed. These results suggest that these non-a1-type bands come from new 
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species formed by a photochemical process of the adsorbed 4-ABT. This experimental 

evidence seems to be in agreement with Tian’s group [26, 27] who claimed that the 

non-a1-type bands would correspond to N=N stretching vibrations of 4,4’-

dimercaptoazobenzene (4,4’-DMAB) produced from 4-ABT via a photocatalytic 

coupling reaction (according to the spectral similarity of 4-ABT and 4,4’-DMAB). 

Therefore, the proposal of a contribution of the CT mechanism of enhancement as a 

consequence of the alteration of electronic states of benzenethiol by the introduction of 

an NH2 group on the benzene ring [24, 25] cannot only explain, in our opinion, the time 

dependence observed. 

 

2000 1600 1200 800 400

C

B

Raman Shift  /  cm
-1

A

14 cps

 

Figure 6. SERS spectra recorded at the same position of a self-assembled monolayer of 

4-ABT on PtNP deposited onto a glassy carbon at (A) -0.9, (B) -0.3 (after keeping that 

potential for four minutes with the laser shut off) and (C) -0.3 V after another minute at 
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that potential with the laser on. Test solution 0.1 M NaClO4 + 10
-3

 M 4-ABT. Dotted 

lines indicate the non-a1-type bands. The feature at 1330 cm
-1

 corresponds to the D-band 

of the carbon substrate. 

 

3.2 SEIRAS study 

Taking into account the existence of the redox processes shown in the cyclic 

voltammetry of the 4-ABT reported in figure 1, it is interesting to check whether the 

electrode potential alone can give rise to some of the characteristics features observed in 

the SERS spectra of the adsorbed molecule reported in Figures 2 to 5. This can be done 

by analyzing the potential-dependent behaviour of the infrared spectra of adsorbed 4-

ABT, i.e. under conditions where no laser is used. This kind of experiment is facilitated 

by the surface-enhanced absorption that takes place when the probe molecule is 

adsorbed on a metal thin film (the so-called SEIRA effect [41, 42]). Higher 

enhancements and easier preparation conditions for the silver thin films when compared 

to platinum, has prompted us to choose the former metal to carry out the SEIRAS 

experiments to obtain the potential-dependent infrared spectra of adsorbed 4-ABT. 

These experiments were performed under attenuated total reflection conditions 

(Kretschmann’s configuration [41]) with a silver thin film chemically deposited onto a 

germanium substrate [33]. The obtained SEIRA spectra, which are reported in Figure 7, 

are referred to the single beam spectrum collected at -1.0 V before dosing 4-ABT to the 

sodium perchlorate test solution. Thus, infrared bands related to adsorbed 4-ABT (as 

well as those for any other species not being present when collecting the reference 

spectrum) are expected to appear as positive-going features. The SEIRA spectrum 

collected at -1.0 V after dosing 4-ABT shows several bands at 1010, 1083, 1178, 1259, 

1488 and 1596 cm
-1

 which also appear in the SERS spectrum of 4-ABT at this electrode 

potential (see table 1). A weak band at 1625 cm
-1

 could be tentatively assigned to the 
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δ[NH] [24] of the amine group in the adsorbate. However, some contribution to this 

feature from the uncompensated (O-H) bending mode of interfacial water can be also 

expected. Since non-a1-type modes are missing in the SEIRA spectra, their assignment 

to ring vibrations of the 4-ABT molecules would imply that the latter must be adsorbed 

normally to the surface. Main changes observed in the spectra collected at -1.0 V when 

the electrode potential is stepped to increasingly higher potentials up to 0 V are related 

to a) an increase of the intensity of the band at 1625 cm
-1

 described above, b) the 

observation of a small feature at ca. 1200 cm
-1

 (also observed in the Raman spectrum of 

solid 4-ABT (see table 1) but hardly visible in the SEIRA spectrum collected at -1.0 V), 

c) the upward shift and broadening of the band initially at 1259 cm
-1

 and d) the 

development of a strong absorption band at ca. 1100 cm
-1

. This feature, which is 

observed with a similar potential-dependent behaviour in the SEIRA spectra collected 

for the silver thin film electrode in the 4-ABT-free sodium perchlorate solution, can be 

related to the presence of co-adsorbed perchlorate anions whose surface coverage would 

increase as the electrode potential increase. In the same way, the increasing intensity of 

the band at 1625 cm
-1

 in Figure 6 could be related to the coadsorption of interfacial 

water molecules associated to the perchlorate anions. In any case, it is clear from the 

spectra reported in Figure 6 that none of the bands appearing in the SERS spectrum 

collected at potentials equal or higher than -0.50 V for 4-ABT adsorbed on silver 

(spectrum A in Figure 2) appears in the SEIRA spectra collected for the silver electrode 

in the presence of 4-ABT in a similar potential range.  
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Figure 7. SEIRA spectra of 4-ABT adsorbed onto a silver film recorded at different 

electrode potentials. Test solution: 0.1 M NaClO4 + 10
-3

 M 4-ABT. The reference 

spectrum was collected at -1.0 V before the dosing of 4-ABT.  

 

 

4. Conclusions 

We have studied the adsorption of 4-ABT on Ag and Pt substrates by 

spectroelectrochemical means. Similar SERS spectra were obtained when 4-ABT is 

adsorbed on Ag and Pt. Interestingly, new species are progressively observed in the 

SERS spectrum when the potential range is more positive than -0.6 V which disappear 

if the potential is shifted to more negative values. The particular effect of power density 

of the laser employed in the SERS measurement has been also evaluated. These new 

species seem to be related to a photochemical process of the 4-ABT which is clearly 
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affected by the energy density of the laser (defocusing experiments) and could give rise 

to the formation of 4,4’-dimercaptoazobenzene (4,4’-DMAB). On the other hand, from 

the SEIRA spectra of 4-ABT adsorbed onto a silver film recorded at different electrode 

potentials, we have concluded that no new species were formed only under 

electrochemical control. In this way, the voltammetric reduction currents observed 

below -0.98 and -0.78 V for Ag and Pt, respectively, in the absence of laser irradiation 

do not seem to be related to the reduction of 4,4’-DMAB. Additional time dependent 

experiment supports the occurrence of a photochemical process. The participation of a 

possible CT enhancement as a consequence of the alteration of the electronic states of 

benzenethiol by the introduction of an NH2 group on the benzene ring should not the 

main responsible of the appearance of the new SERS bands. 

 

Acknowledgements 

Financial support from Ministerio de Ciencia e Innovación (projects CTQ2010-16271, 

CTQ2009-13142, and Fondos Feder), Generalitat Valenciana (Prometeo/2009/045 and 

ACOMP/2011/200), and University of Alicante is greatly acknowledged. 

 

References 

[1] M. Fleischmann, P.J. Hendra, A.J. McQuillan, Chem. Phys. Lett. 26 (2) (1974) 163-

166. 

[2] M. Moskovits, Reviews of Modern Physics 57 (3) (1985) 783-826. 

[3] C.X. Zhang, L. Su, Y.F. Chan, Z.L. Wu, Y.M. Zhao, H.J. Xu, X.M. Sun, 

Nanotechnology 24 (33) (2013) 335501. 

[4] B. Pettinger, Mol. Phys. 108 (16) (2010) 2039-2059. 

[5] A. Otto, I. Mrozek, H. Grabhorn, W. Akemann, J. Phys.: Condens. Matter 4 (5) 

(1992) 1143-1212. 

[6] J.R. Lombardi, R.L. Birke, Acc. Chem. Res. 42 (6) (2009) 734-742. 

[7] A.Y.C. Yu, W.E. Spicer, G. Hass, Physical Review 171 (3) (1968) 834-835. 

[8] J.H. Weaver, Phys. Rev. B 11 (4) (1975) 1416-1425. 

[9] B.T. Sullivan, Appl. Opt. 29 (13) (1990) 1964-1970. 

[10] M.E. Abdelsalam, S. Mahajan, P.N. Bartlett, J.J. Baumberg, A.E. Rusell, J. Am. 

Chem. Soc. 129 (23) (2007) 7399-7406. 

[11] W.B. Cai, B. Ren, X.Q. Li, C.X. She, F.M. Liu, X.W. Cai, Z.Q. Tian, Surf. Sci. 

406 (1-3) (1998) 9-22. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

23 

 

[12] R. Gómez, J.M. Pérez, J. Solla-Gullón, V. Montiel, A. Aldaz, J. Phys. Chem. B 108 

(28) (2004) 9943-9949. 

[13] V. Batz, M.A. Schneeweiss, D. Kramer, H. Hagenström, D.M. Kolb, D. Mandler, 

J. Electroanal. Chem. 491 (1-2) (2000) 55-68. 

[14] C.R. Raj, F. Kitamura, T. Ohsaka, Langmuir 17 (23) (2001) 7378-7386. 

[15] Z. Liu, Z. Shen, T. Zhu, S. Hou, L. Ying, Z. Shi, Z. Gu, Langmuir 16 (8) (2000) 

3569-3573. 

[16] X. Nan, Z. Gu, Z. Liu, J. Colloid Interface Sci. 245 (2) (2002) 311-318. 

[17] J.M. Brockman, A.G. Frutos, R.M. Corn, J. Am. Chem. Soc. 121 (35) (1999) 8044-

8051. 

[18] E.A. Smith, M.J. Wanat, Y. Cheng, S.V.P. Barreira, A.G. Frutos, R.M. Corn, 

Langmuir 17 (8) (2001) 2502-2507. 

[19] W.P. Griffith, T.Y. Koh, Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy 51 (2) (1995) 253-267. 

[20] Q. Zhou, G. Zhao, Y. Chao, Y. Li, Y. Wu, J. Zheng, J. Phys. Chem. C 111 (5) 

(2007) 1951-1954. 

[21] Q. Zhou, X. Li, Q. Fan, X. Zhang, J. Zheng, Angew. Chem. Int. Edit. 45 (24) 

(2006) 3970-3973. 

[22] D.R. Ward, N.J. Halas, J.W. Ciszek, J.M. Tour, Y. Wu, P. Nordlander, D. 

Natelson, Nano Lett. 8 (3) (2008) 919-924. 

[23] H. Chen, Y. Wang, S. Dong, E. Wang, Spectrochimica Acta - Part A: Molecular 

and Biomolecular Spectroscopy 64 (2) (2006) 343-348. 

[24] M. Osawa, N. Matsuda, K. Yoshii, I. Uchida, J. Phys. Chem. 98 (48) (1994) 

12702-12707. 

[25] K. Kim, K.L. Kim, K.S. Shin, J. Phys. Chem. C 117 (11) (2013) 5975-5981. 

[26] Y.F. Huang, H.P. Zhu, G.K. Liu, D.Y. Wu, B. Ren, Z.Q. Tian, J. Am. Chem. Soc. 

132 (27) (2010) 9244-9246. 

[27] Y.F. Huang, D.Y. Wu, H.P. Zhu, L.B. Zhao, G.K. Liu, B. Ren, Z.Q. Tian, Phys. 

Chem. Chem. Phys. 14 (24) (2012) 8485-8497. 

[28] L. Cao, P. Diao, L. Tong, T. Zhu, Z. Liu, ChemPhysChem 6 (5) (2005) 913-918. 

[29] M. Dendisová, L. Havránek, M. Ončák, P. Matějka, J. Phys. Chem. C 117 (41) 

(2013) 21245-21253. 

[30] B.I. Rosario-Castro, E.R. Fachini, J. Hernández, M.E. Pérez-Davis, C.R. Cabrera, 

Langmuir 22 (14) (2006) 6102-6108. 

[31] K. Kim, H.B. Lee, J.K. Yoon, D. Shin, K.S. Shin, J. Phys. Chem. C 114 (32) 

(2010) 13589-13595. 

[32] R. Gómez, J. Solla-Gullón, J.M. Pérez, A. Aldaz, ChemPhysChem 6 (10) (2005) 

2017-2021. 

[33] R. Gómez, J. Solla-Gullón, J.M. Pérez, A. Aldaz, J. Raman Spectrosc. 36 (6-7) 

(2005) 613-622. 

[34] F.J. Vidal-Iglesias, J. Solla-Gullon, J.M. Perez, A. Aldaz, Electrochem. Commun. 8 

(1) (2006) 102-106. 

[35] J.M. Delgado, J.M. Orts, A. Rodes, Langmuir 21 (19) (2005) 8809-8816. 

[36] J.N. Keuler, L. Lorenzen, R.D. Sanderson, V. Prozesky, W.J. Przybylowicz, Thin 

Solid Films 347 (1-2) (1999) 91-98. 

[37] J. Solla-Gullón, V. Montiel, A. Aldaz, J. Clavilier, J. Electrochem. Soc. 150 (2) 

(2003) E104-E109. 

[38] J. Solla-Gullón, A. Rodes, V. Montiel, A. Aldaz, J. Clavilier, J. Electroanal. Chem. 

554 (2003) 273-284. 

[39] M.-C. Daniel, D. Astruc, Chem. Rev. 104 (1) (2003) 293-346. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

24 

 

[40] T. You, L. Jiang, P. Yin, Y. Shang, D. Zhang, L. Guo, S. Yang, J. Raman 

Spectrosc. 45 (1) (2014) 7-14. 

[41] M. Osawa, Bull. Chem. Soc. Jpn. 70 (12) (1997) 2861-2880. 

[42] R. Aroca, Surface enhanced vibrational spectroscopy, Wiley, 2006. 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

25 

 

 

Graphical abstract 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

26 

 

Highlights 

 

  The adsorption of 4-ABT on Ag and Pt by spectroelectrochemical means is studied  

  No new species are formed only by electrochemical means as suggested by SEIRAS  

  SERS spectra are dependent on the laser power density and the electrode potential  

  SERS spectra show a strong time dependence 


