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ABSTRACT 
 

Surface-enhanced Raman scattering of thiobenzoic acid and thiobenzamide 

have been recorded on three different silver colloids in order to find the 

chemical species responsible for the spectra and to detect differences in the 

adsorption with respect to their oxygen counterparts, benzoic acid and 

benzamide, respectively. Very significant and unexpected shifts of opposite 

sign between the Raman and SERS wavenumbers have been detected. By 

comparing the experimental and DFT calculated wavenumbers, it can be 

concluded that the acid is bonded to the metal as thiobenzoate through the sulfur 

atom with unidentate coordination. SERS spectra of thiobenzamide can be 

explained by assuming that it is adsorbed as azanion, like in the case of 

benzamide, linking to the metal through the sulfur and nitrogen atoms of the 

ionized thiocarboxamide group. In order to support these conclusions, 

B3LYP/LanL2DZ force field calculations for different complexes of silver 

cations with the thiobenzoate anion, the neutral thiobenzamide as well as its 

azanion have been carried out. Additionally, the 8a;nring mode is the most 

enhanced band in the SERS of both adsorbates pointing to the participation of 

a metal-to-molecule resonant charge transfer mechanism. 

 

Keywords: SERS, silver sol, Raman, thiobenzoic, thiobenzamide, benzoic, 

benzamide, DFT, adsorption. 
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1. Introduction   
 
 

Nowadays, there is a general consensus on the main role of localized 

surface plasmon resonances (LSPR) in the enhancement mechanism of surface-

enhanced Raman scattering (SERS). LSPR causes an enormous enhancement 

of the Raman signal from molecules near to or adsorbed on nanostructured 

surfaces of Cu, Au and, very especially, Ag [1-4]. Forty years after its discovery, 

the improvement of substrates and devices at the nanoscale have increased the 

applications of SERS in different fields, namely biochemistry and biosensing, 

catalysis or electrochemistry [5,6]. Consequently, SERS is one of the most 

powerful techniques to study adsorption processes at very low concentrations, 

even at molecular level, providing information on the adsorbed species, the 

functional groups interacting with the surface and the changes in the electronic 

structure of the adsorbate. 

The relevant information comes from the comparative analysis of the 

relative intensities and wavenumbers of the Raman and the corresponding 

SERS spectra. However, the interpretation of a particular SERS record can be 

a challenge given that unusual chemical species with unknown Raman spectrum 

can be present at the interface. Another difficulty is the old controversy about 

the origin of the selective enhancement of particular SERS bands which is 

related to the presence of enhancement mechanisms of different nature and 

selection rules [2,3]. The very popular propensity rules derived from the so-

called electromagnetic enhancement mechanism of SERS have been widely 

invoked and are based on the enhancement or weakening of specific 

Raman/SERS bands what would allow to deduce the orientation of the molecule 

with respect to the metal surface [7,8]. More complex selection rules are derived 
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from additional enhancement mechanisms related to the effect of the adsorption 

or the presence of resonance Raman processes (chemical enhancement 

mechanism) involving excited electronic states of the molecule (surface-

enhanced resonant Raman Scattering, SERRS), metal-adsorbate photoinduced 

charge transfer (CT) processes (CT-SERS), or even other electronic resonances 

of the surface complex [9,10]. Although these chemical contributions are 

usually considered as secondary in SERS, they can dominate the relative 

intensities of the bands in a particular spectrum. Depending on the molecule, 

the metal and the experimental conditions, both mechanisms can operate 

simultaneously, making very difficult to recognize and to evaluate their relative 

contributions. However, the vibrational wavenumbers are not dependent on the 

SERS enhancement mechanisms and a very detailed information about the 

molecular adsorption can be obtained by comparing the Raman and SERS 

spectra [11]. This work is focussed on the analysis of the wavenumber shifts 

observed in the SERS of thiobenzoic acid and thiobenzamide upon adsorption 

on silver sols with the help of density functional theory (DFT) calculations. 

Additionally, the participation of photoinduced CT processes could be 

responsible for the specific enhancement of the characteristic 8a;nring band in 

the SERS of both adsorbates.  

Thiocarboxylates are an interesting type of molecules having soft sulfur 

and hard oxygen donors able to bond with soft and hard metal centers, 

respectively [12]. Likewise, the sulfur and the nitrogen atoms of thiobenzamide 

can be coordinated to the surface. However, the chemistry of these molecules, 

especially thiobenzamide, has not been the subject of much attention in spite of 

having very interesting chemical, biological and pharmacological properties. 

For instance, the tautomerism of thiocarboxylic acids has been studied due to 
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the important role of –C(=S)O- and –C(=O)S- groups in the catalytic activities 

of enzymes such as cysteine or serine proteases [13]. On the other hand, 

thiobenzoic acid and its o-fluoro- and m-fluoro-derivatives are antimicrobial 

agents acting as fungicide against Candida albicans [14]. Thiobenzamides are 

used in turn as influenza inhibitors [15] and as drugs to control thyrotoxicosis 

[16], being well known by their hepatotoxicity [17], but a very important 

application is in corrosion inhibition of metals and alloys which are related to 

their adsorption properties [18].  

The aims of this work is to study the effect of substituting oxygen by 

sulfur in the functional groups of benzene-like compounds on the adsorption 

process by comparing the SERS spectra of benzoic acid [19] and benzamide 

[20] with their respective sulfur derivatives, thiobenzoic and thiobenzamide. 

Although thiobenzoic acid has been used as a molecular probe for SERS 

substrates [21] and the Raman spectra of some thiobenzamide derivatives and 

complexes have been reported [22], this is the first SERS study of these two 

molecules which have a rich and complex structure with different tautomeric 

forms for protonated and deprotonated species (Fig. 1) able to bond to the metal 

surface in different ways. 
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 Fig. 1. Formation of: a) thiobenzoate (III,IV) and b) thiobenzamidate (III,IV) 

anions by deprotonation of the tautomeric forms of thiobenzoic acid (I,II) and 

thiobenzamide (I,II), respectively. 

 

2. Methods  
 
 
2.1 Experimental section 
 
Reagents have been purchased from Sigma-Aldrich of the highest purity 

available.  All the solutions were prepared by using Milli-Q quality water 

(resistivity over 18 MΩcm), and the final samples were prepared by adding the 

adsorbate to the colloid as an aqueous solution to obtain the desired 

concentration. pH was adjusted with a NaOH solution and was measured using 

standard paper strips.  

Three different colloidal silver sols have been prepared which will be 

called Ag-BH, Ag-Hx and Ag-Ci henceforth: 

 a) Ag-BH has been obtained according to the method described by Creighton 

et al. [23], which basically consists of reducing one volume of 10-3 M AgNO3 

a)       b) 
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with three volumes of 2x10-3 NaBH4 that has been previously cooled to a 

temperature between 0-5 ˚C.   

b) Ag-Hx has been prepared by the method of Leopold and Lendl [24], by 

reducing AgNO3 with hydroxylamine hydrochloride in a slightly alkaline 

medium. The hydroxylamine hydrochloride/silver nitrate relationship was 

chosen to reach 1.5x10-3 M/10-3 M ratio in the final reaction mixture.  

 c) Ag-Ci has been obtained following the method of Lee and Meisel [25] 

according to which 100 ml of an 1 mM AgNO3 aqueous solution was heated to 

90-100° C and then 2 ml of an 1% trisodium citrate solution was added. All the 

silver sols reported here have a final pH =7.  

UV-VIS spectra of the respective silver sols can be seen in Fig. S1 and 

have been recorded in an Agilent 8453 spectrophotometer. Raman and SERS 

spectra were recorded by using different excitation lines from 488 up to 1064 

nm. Figs. 2 and 4 show the spectra recorded under 514.5 nm excitation by using 

a Renishaw Invia micro-Raman spectrometer equipped with a charge-coupled 

device (CCD) camera at a resolution of 2 cm-1. In the case of liquid samples a 

quartz cell of 1 cm pathlength was used while solids were directly recorded 

from the powder. SERS spectra at 532 and 633 nm were recorded by using a 

SENTERRA dispersive Raman Microscope (Bruker) and a RAM II FT-Raman 

module (Bruker) in the case of the 1064 nm exciting line. The acquisition time 

was 60 s in all the cases. 

 
 
 
 
2.2 Theoretical calculations 
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All calculations have been carried out with the Gaussian 09 program package 

[26]. The optimized geometry and force field of all systems were calculated at 

B3LYP/LanL2DZ [27] level of theory. Becke's three parameter hybrid 

functional combined with the Lee-Yang-Parr correlation function (B3LYP) [28] 

was chosen amongst the DFT methods due to its good performance in molecular 

structure and force field calculations [29]. 

The effect of the adsorption on the wavenumber shifts has been analyzed 

by comparing the calculated wavenumbers of isolated and ionized species with 

their complexes with Ag+. Rough metal surfaces have many different local 

structures at an atomic scale where a single molecule can be bonded. Such 

complex surfaces can be modelled by using large metal clusters in the 

calculations, but they show different geometries with several local sites of 

adsorption what forces to select, more or less arbitrarily, a particular structure 

and site for carrying out theoretical calculations. In this case, wavenumber shifts 

are very dependent on the charge of the metal atom directly bonded to the 

molecule while other atoms of the metal structure do not play any important 

role. This simple Ag+–adsorbate model of the metal-adsorbate complex has 

shown to be useful in explaining the experimental shifts observed in the spectra 

of similar systems as well as in detecting the unexpected ionization of aromatic 

amides [20]. 

 

 
 
 
 
 
 
3. Results and discussion 
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3.1 Thiobenzoic acid (TBA) 
 
Thioacids exist as tautomeric mixtures of both thiolic R-C(=O)SH and thionic 

R-C(=S)OH forms I and II in Fig. 1a, respectively. Previous studies have 

concluded that the corresponding equilibrium is strongly sensitive to the 

environment and the temperature. The majority form in solution is very 

depending on the nature of the solvent and can be modified in gas phase or in 

crystalline state [30,31]. Consequently, the SERS spectra of TBA have to be 

analysed by taking into account both tautomers if the neutral form is assumed 

to be the adsorbed species. Basic medium causes the deprotonation of either the 

-SH of the thiolic group (form I in Fig. 1a) or the -OH of the thionic species 

(form II), giving the two resonant structures (forms III and IV) of the 

thiobenzoate anion, respectively. The excess of delocalized negative charge in 

the anion would facilitate its bonding interaction with metal atoms of the surface 

as with carboxylic acids that are adsorbed as carboxylates on silver 

nanoparticles [19,32].  

Figs. 2a and 2b show Raman spectra of pure liquid TBA and of 1 M 

aqueous solution at pH=14, respectively. Fig. 2c displays in turn the SERS 

spectrum of a 10-5 M solution in Ag-BH colloid at pH=7. SERS spectra of TBA 

at pH values up to 11 do not show any significant change, but the sol destabilizes 

when pH >11. The proposed assignment of the spectra of this molecule is 

summarized in Table S1 on the basis of previous SERS studies of benzoic acid 

and benzoate anion [19,32], the characteristic vibrational wavenumbers of 

thiocarboxylic and thiocarboxylate groups [33-35] as well as on force field 

results. 
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Fig. 2. Raman spectra of: a) liquid TBA, b) 1 M aqueous solution at pH=14, 

and c) SERS spectrum of a 10-5 M solution on Ag-BH silver colloid at pH=7 

(514.5 nm excitation). 

 

The Raman spectrum of pure liquid TBA (Fig. 2a) shows three very strong 

bands at 1002, 1214 and 1596 cm-1 assigned to 12;dring, n(CX) (ring-substituent 

stretching) and 8a;nring vibrational modes, respectively. Medium intensity bands 

recorded at 1662 and 2572 cm-1 must be clearly assigned to n(C=O) and n(SH) 

stretching modes, respectively. The presence of these bands and the absence of 

n(C=S) and n(C-O) vibrations, whose expected wavenumbers would be around 

900 and 1300 cm-1 respectively, point out that the spectrum of Fig. 1a is 
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originated by the thiolic form I of TBA (Fig. 1a). Other bands observed at 690 

and 956 cm-1 correspond to vibrations 1;nring and n(C-S), respectively.  

The n(SH) fundamental is not observed in the Raman spectrum of 

deprotonated TBA- in aqueous solution at pH=14 (Fig. 2b). In turn, the n(C=O) 

vibration is recorded at 1514 cm-1 and undergoes a very significant red-shift 

amounting to -148 cm-1 with respect to the Raman of the pure liquid (1662 cm-

1), whereas the n(CS) band appears at 960 cm-1, very close to its frequency in 

the spectrum of the pure liquid (956 cm-1). This assignment is supported by the 

B3LYP/LanL2DZ calculated wavenumbers which amount to 1662/1500 cm-1 

and 952/923 cm-1 for the n(C=O) and n(CS) vibrations of the acid/anion species, 

respectively (Fig. 3). Other two bands recorded at 1208 and 704 cm-1 are 

assigned to the ring-substituent n(CX) vibration and to mode 1;nring, which are 

only shifted -6 and +14 cm-1, respectively. 

SERS spectra of TBA at pH=7 obtained with the three different silver 

sols are very similar (Fig. S2) and, therefore, all the discussion will be referred 

to the intensities and wavenumbers of the SERS obtained using the Creighton’s 

Ag-BH sol shown in Fig. 2c. SERS bands of TBA can be easily correlated with 

the Raman lines of the aqueous solution (Fig. 2b). There is no evidence of the 

appearance of the n(SH) band indicating that thiobenzoate anion is the adsorbed 

species. It can also be observed the noticeable wavenumber shifts undergone by 

the SERS bands assigned to n(C=O) and n(CS) modes at 1553 and 915 cm-1, 

respectively.  Both of them are strong in SERS, but the most enhanced one is 

mode 8a;nring whose band, recorded at 1593 cm-1, dominates this spectrum.  
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Fig. 3. Structures of neutral TBA, TBA- anion and Ag+-TBA- complexes as well 

as experimental, Raman and SERS, and B3LYP/LanL2DZ calculated 

wavenumbers (cm-1) of selected vibrations. 

 

In our previous study on the SERS of benzoic acid (Ph-COOH) [20], the 

adsorption process has been correlated to the wavenumber shifts of two selected 

fundamentals when the deprotonation of the acid group takes place (Ph-COO-). 

These vibrations are the 1;nring mode, strongly coupled with n(CX) stretching 

and d(COO) deformation coordinates, and the symmetric stretching of both CO 

bonds given that the nas(COO) antisymmetric mode is very weak in SERS. The 

most characteristic feature is the blue-shift of mode 1 when deprotonation 

occurs, from 795 to 844 cm-1. The subsequent adsorption of benzoate anion on 

the silver surface (Ph-COO-/Ag+) causes smaller shifts of the wavenumbers of 

these modes with respect to free carboxylate. All these changes have been 

summarized in Table 1. 

   
 

 
 

System: TBA neutral TBA- anion 
Vibration: 1;nring / n(CS) / n(C=O) 1;nring / n(CS) / n(C=O) 
Raman: 690 / 956 / 1662 704 / 960 / 1514 
Calculated: 686 / 952 / 1662 698 / 923 / 1500 
   
 

  
System: Complex I Complex II 
Vibration: 1;nring / n(CS) / n(C=O) 1;nring / n(CS) / n(C=O) 
SERS: 695 / 915 / 1553 695 / 915 / 1553 
Calculated: 704 / 907 / 1435 694 / 922 / 1465 
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Vibration: 1;nring / n(CS) / n(C=O) 1;nring / n(CS) / n(C=O) 
SERS: 695 / 915 / 1553 695 / 915 / 1553 
Calculated: 710 / 936 / 1432 691 / 895 / 1584 
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In the case of ionized TBA-, both C-S and C=O bonds remain uncoupled 

and this is why the behaviours of benzoic and thiobenzoic acids are different. It 

has already mentioned the noticeable red-shift of n(C=O) stretching mode of 

TBA but, unlike the case of benzoic, n(C-S) (-45 cm-1) and n(C=O) (+39 cm-1) 

modes also shift upon adsorption, while vibration 1 does not. These results point 

to a different interaction of benzoic and thiobenzoic acids with the metal 

surface. 

 

 
Table 1  

Experimental Raman and SERS wavenumbers of selected bands of benzoic and 

thiobenzoic acids as well as the corresponding ionized benzoate and 

thiobenzoate species. 

 
 

	 Raman	 Raman	 SERS	
System:	 Ph-COOH	 Ph-COO-	 Ph-COO-/Ag+	
Vibrational	modes:	 1;nring	/	n(C-O)	/	n(C=O)	 1;nring	/	ns(COO)		 1;nring	/	ns(COO)		
Wavenumber	(cm-1):	 795	/	1290	/	1635	 844	/	1394	 845	/	1390	
	 	 	 	
System:	 Ph-COSH	 Ph-COS-	 Ph-COS-/Ag+	
Vibrational	modes:	 1;nring	/	n(C-S)	/	n(C=O)	 1;nring	/	n(C-S)	/	n(C=O)	 1;nring	/	n(C-S)	/	n(C=O)	
Wavenumber	(cm-1):	 690	/	956	/	1662	 704	/	960	/	1514	 695	/	915	/	1553	
	 	 	 	

 
 

Different types of coordination between thiobenzoate anion and silver 

cations are shown in Fig. 3, namely (I) bridging bidentate, (II) chelating and (III 

and IV) unidentate ligands. A comparison between n(C=O) and n(CS) 

wavenumbers recorded in the SERS and in the Raman of the aqueous solution 

at pH=14 can help to clarify the structure of the metal-adsorbate complex. In 

the case of complex I, the wavenumbers of n(C=O) and n(CS) vibrations will 

be lowered with respect to the thiobenzoate anion. It should be expected that 
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these modes do not shift very much upon bidentate coordination (complex II). 

On the contrary, unidentate complex through the oxygen atom (complex III) 

must increase n(CS) and reduce n(C=O) wavenumbers while the opposite 

behaviour is expected if the adsorption takes place through the sulfur atom 

(complex IV). The SERS of Fig. 2c shows shifts of +39 and –45 cm-1 for 

n(C=O) and n(CS) bands, respectively, which are compatible with the Ag+-TBA 

complex IV, i.e, unidentate coordination through the sulfur atom. 

In order to confirm the structure of this surface complex, 

B3LYP/LanL2DZ calculations of the equilibrium geometries and the respective 

force fields of TBA monomer, TBA- anion and the metal-TBA complexes 

shown in Fig. 3 have been carried out. The following discussion focuses on the 

wavenumber shifts undergone by 1; nring, n(CS) and n(C=O) vibrational modes. 

The experimental Raman wavenumbers of TBA acid and TBA- anion of these 

three modes are 690/956/1662 and 704/960/1514 cm-1, respectively (Figs. 2a 

and 2b) correlating very well with the calculated values of 686/952/1662 and 

698/923/1500 cm-1, respectively.  SERS wavenumbers of these vibrational 

modes are 695/915/1553 cm-1 and can be compared to the calculated ones for 

different Ag+-TBA- complexes depicted in Fig. 3. As a result, only the 

calculated wavenumbers of unidentate complex IV agree with the experimental 

results. The set of calculated shifts between TBA- and Ag+-TBA- amounts to -

7, -28 and +84 cm-1 for 1; nring, n(CS) and n(C=O) modes, respectively, in 

agreement with the observed -9, -45 and +39 cm-1 in SERS, respectively. 

The optimized geometries and the theoretical Raman spectra of complexes 

I, II, III and IV are shown in Fig. S3. It can be seen that the relative intensities 

of complex IV are very similar to those in the SERS spectrum of Fig. 2c. The 

C-S-Ag bond angle is ca. 120º in the case of complex IV (Fig. S3) and therefore, 
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the chelating interaction with the metal, which involves also the oxygen atom, 

must be discarded.  

Concerning the intensities, it should be stressed the enhancements of 

the SERS bands assigned to n(CS) and n(C=O) fundamentals and recorded at 

915 and 1553 cm-1, respectively, that could be related to the proximity of the –

OCS- group to the metal, but the strongest enhancement is shown by the 8a;nring 

band 1593 cm-1 which could be due to the participation of a resonant charge 

transfer mechanism (SERS-CT) as will be discussed later.  

 

3.2 Thiobenzamide (TBM) 

The adsorption of thiobenzamide (TBM) on silver nanoparticles has 

specific characteristics that do not allow to record good SERS spectra with 

some of the silver sols. This is due to the very fast aggregation process after the 

addition of the adsorbate to the silver colloid, which destabilizes the final 

mixture within a few seconds and prevents the measurements. Fig. S4b shows 

the SERS recorded on Ag-Hx and the poor spectrum obtained with Ag-BH sol 

(Fig. S4a) which gives similar results to than the Ag-Ci colloid. This means 

that the adsorption of thioamide is much stronger than the corresponding acid, 

what is a surprising result given that the carboxylate anions should be bonded 

to the metal surface more strongly than neutral species such as amides or 

thioamides derivatives. Figs. 4a and 4b show the Raman spectrum of solid 

TBM and the SERS spectrum of a 10-5 M TBM solution on Ag-Hx colloid at 

pH=7, respectively. The very low solubility of TBM in water, even under very 

basic conditions, prevents recording the Raman spectrum of the aqueous 

solution. The vibrational assignment of the Raman and SERS spectra of TBM 

are summarized in Table S2 on the basis of previous studies of this molecule 
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[36], the characteristic wavenumbers of the thiocarboxamide group [35] and 

the force field calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Raman spectra of: a) solid TBM and b) SERS spectrum of a 10-5 M 

solution on Ag-Hx silver colloid at pH=7 (514.5 nm excitation). 

 

 

The very strong band recorded at 1594 cm-1 in the Raman spectrum of solid 
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at 892 and 708 cm-1 correspond to Thioamide I (mainly n(C=S)) and 1;nring 

fundamentals, respectively, while the medium intensity band at 1398 cm-1 is 

assigned to Thioamide III, (mainly n(CN)). It is noticeable the relative 

enhancement undergone in the SERS spectrum of TBM (Fig. 4b) of the 8a;nring 

and n(CX) bands at 1593 and 1178 cm-1, respectively. On the contrary,  the 

bands assigned to vibrations 1;nring and n(C=S) are recorded very weak at 705 

and 881 cm-1, respectively. This assignment would agree with previous studies 

of complexes of TBM with gold(I), nickel(II) and palladium(II), where n(CN) 

and n(C=S) bands are recorded in the 1400-1450 cm-1 and 850-890 cm-1 ranges, 

respectively [37,38]. 

The 1515 cm-1 SERS band is not trivial to assign. It is not enhanced in the 

SERS or benzamide or salycilamide [20] and could correspond to mode 19a;nring 

recorded at 1492 cm-1 in the Raman spectrum of solid, but this ring stretching 

vibration is not usually enhanced in the SERS of benzenelike derivatives. The 

noticeably enhancement and broadness of the 1515 cm-1 band aim to be assigned 

as n(CN) in agreement with adsorption studies of thioacetamide on silver 

electrodes where this vibration is recorded at 1497 cm-1 [39]. Theoretical 

calculations support this assignment. 

The main and unexpected conclusion from our previous studies on the 

SERS of benzamide, salycilamide [20], pyrazinamide [40] and pyridinamides 

[41] is that these compounds deprotonate when are adsorbed on silver sols. The 

bands of these amides corresponding to 1;nring, Amide I (mainly n(C=O)) and 

Amide III (mainly n(CN)) are shifted ca. +50, -40 and +10 cm-1 in SERS with 

respect to the normal Raman spectrum, respectively, due to the interaction of 

both O and N atoms of the ionized carboxamide group with the metal surface 

[20,41]. In the case of TBM the behaviour is quite different: mode 1;nring 
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remains almost unshifted in SERS while Thioamide I (n(C=S)) and Thioamide 

III (n(CN)) bands are shifted but in very different amounts and opposite 

directions, -11 and +117 cm-1, respectively. Therefore, the replacement of the 

oxygen of amide group by a sulfur atom produces significant differences in the 

behaviour of the SERS spectra. 

B3LYP/LanL2DZ calculations of neutral TBM predict the wavenumbers 

708, 883 and 1393 cm-1 for 1;nring, n(C=S) and n(CN) fundamentals, 

respectively, in agreement with the Raman spectrum of solid TBM where they 

are observed at 708, 892 and 1398 cm-1, respectively. Thioamides are neutral 

species scarcely soluble in water and their respective anions cannot be obtained 

even under extreme basic conditions. The hypothetical formation of the 

thiobenzamidate anion TBM- can be originated by the deprotonation of either 

the thionic (I) or thiolic (II) tautomers, producing two anionic forms (III and IV, 

respectively), which can be considered as resonant structures of the azanion 

TBM- (Fig. 1b). The excess of negative charge localized in the nitrogen and 

sulfur atoms of this anionic species would facilitate the bonding with the metal. 

The B3LYP/LanL2DZ calculated wavenumbers for the three mentioned 

fundamentals of TBM- anion are 687, 863 and 1493 cm-1, respectively (Fig. 5), 

being noticeable the blue-shift undergone by n(CN) with respect to neutral 

TBM. This result supports the possibility that the broad SERS band at 1515 cm-

1 is assigned to the n(CN) vibration instead of mode 19a.  
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Fig. 5. Structures of neutral TBM monomer, TBM- anion, Ag+-TBM and Ag+-

TBM- complexes as well as experimental, Raman and SERS, and 

B3LYP/LanL2DZ calculated wavenumbers of selected vibrations (cm-1). 

 

DFT calculations of different metal-molecule complexes shown in Fig. S5 

have been carried out in order to confirm this assignment as well as to identify 

the type of coordination established between thiobenzamide and the silver 

nanoparticles. Neutral molecule is acting in the TBM-Ag+ complexes (Fig. S5a) 

as unidentate ligand bonded either through the sulfur (complex I) or the nitrogen 

atoms (complex II), as chelating ligand (complex III), and as bridging bidentate 

ligand (complex IV). Furthermore, theoretical calculations have also been done 

for similar complexes with the TBM- azanion by assuming that the 

thiocarboxamide group deprotonates upon adsorption. These four models are 

labelled as V, VI, VII and VIII in Fig. S5b. All the geometries have been 

optimized and the corresponding normal modes have been calculated at 

B3LYP/LanL2DZ level, focussing the discussion on the wavenumbers of the 

characteristic 1;nring, n(C=S) and n(CN) fundamentals.  
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Optimization of the geometries of complex II and III (Fig. S5a) leads to 

the same final structure of complex I. A similar behaviour is observed in 

complexes V and VI converging, in these cases, towards the structure of 

complex VII. While all of the discussed systems have a planar structure, the 

optimized geometry of complex IV looks like complex I but with a second silver 

atom located out of the ring plane and close to a CH bond in ortho position (see 

Fig. S6). Therefore, the eight models initially considered are reduced to the 

three complexes I, VII and VIII shown in Fig. 5. This Figure summarizes also 

the respective experimental Raman and SERS wavenumbers as well as the 

calculated values for vibrations 1;nring, n(C=S) and n(CN) of TBM neutral, 

TBM- anion and these complexes. In spite of the simple metal-adsorbate models 

assumed to simulate the real systems, a quite good agreement between 

calculated and experimental wavenumber shifts is obtained in the case of 

complexes VII and VIII. Only these two forms are able to account for the 

experimental shifts observed for these three fundamentals, -3, -11 and +117 cm-

1, respectively. The calculated values are –20, -11 and +99 cm-1 for complex VII 

and -7, +9 and +113 cm-1 for complex VIII, respectively.  Fig. S6 shows the 

optimized geometries of complexes I, IV, VII and VIII and the corresponding 

calculated Raman spectra. It is remarkable the agreement between the 

calculated spectrum for complex VIII and the experimental SERS.  

Summarizing, the analysis of the SERS wavenumbers points out that TBM 

is adsorbed on silver nanoparticles as azanion and links to the metal through the 

nitrogen and sulfur atoms of the deprotonated thiocarboxamide group, acting 

either as bridging bidentate ligand (complex VIII) or as chelating ligand 

(complex VII). Electron rich donors, such as carboxylate anions, are very good 

ligands and have strong affinity for silver or gold surfaces, while neutral 

species, like amides, should be less likely to be adsorbed. The much faster 
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precipitation of thiobenzamide-sol than thiobenzoic-sol samples is evidence of 

the deprotonation of the amide group. The corresponding amidate anion is 

strongly adsorbed and causes the fast flocculation of the colloidal solution 

because of the external non-polar part of the molecule reduces the repulsion 

between surface charges of the covered nanoparticles.  Colloid aggregation 

caused by adsorbed molecules is a very well known phenomenon in SERS [2,3] 

and a standard topic in colloidal science [42,43]. 

 

3.3 Charge transfer mechanism in the SERS of TBA 

 

Besides the shifts between the Raman and SERS wavenumbers, it is 

interesting to analyse changes in the relative intensities of the bands of both 

types of spectra given that the selective intensification of particular SERS lines 

can be related to the presence of different enhancement mechanisms [2,3]. This 

is a controversial subject in SERS due to the difficulty of recognizing the 

presence of physical/plasmonic [7,8,44] and/or chemical [8,45] contributions to 

the overall enhancement. The most important chemical contribution is due to 

photoinduced metal-molecule charge transfer resonances, which is similar to a 

resonance Raman process occurring when the energy of the laser photon 

matches that of an excited CT state of the metal-molecule surface complex [9].  

We have shown in previous studies of six-membered aromatic molecules 

[46,47] that the main feature of a SERS spectrum where resonant metal-to-

molecule CT processes are present (SERS-CT) is the strong and selective 

enhancement of the band corresponding to the 8a;nring mode, which is recorded 

at characteristic wavenumbers of about 1600 cm-1. Consequently, we have 

proposed a simple propensity rule to detect the participation of the CT 

enhancement mechanism in a particular spectrum of benzene-like molecules by 
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checking the selective enhancement of this normal mode. The greater or lesser 

contribution of the SERS-CT mechanism in a spectrum depends on the nature 

of the adsorbate and the metal as well as on the experimental conditions [46,47], 

especially the electric potential of the interface and the energy of the laser 

excitation [9,47] which determine the resonant condition. For this reason, the 

presence of resonant processes can be detected by studying the dependence of 

the relative intensities on the energy of the laser photon [48]. 

 SERS spectra of TBA and TBM are characterized by the strong selective 

enhancement of the 8a;nring band (Figs. 2 and 4). This vibration is recorded at 

1593 cm-1 in both cases, being particularly strong in the SERS of the acid. This 

result points to the participation of the SERS-CT enhancement mechanism in 

the spectra of both adsorbates. A series of SERS spectra excited at several 

wavelengths have been recorded in order to observe the effect of the excitation 

energy on the relative intensities of the bands. This study focuses on the SERS 

of TBA in Ag-Ci colloids given the very fast flocculation of TBM samples. 

TBA/Ag-Ci samples are moderately stables and with a large distribution of 

aggregates of different sizes and shapes allowing to use a wide range of 

excitation energies which are red-shifted with respect to the broad plasmons 

resonances (Fig. 6b) [49]. 
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Fig. 6. a) SERS spectra of 10-5 M solutions of TBA on Ag-Ci sols with different 

exciting wavelengths. b) UV-vis spectra of Ag-Ci colloid (solid line) and of 

aggregated solutions of 10-5 M TBA on Ag-Ci sols (dotted line). Inset in Fig. 

6b shows the dependence on the exciting wavelength of the ratio between the 

SERS intensities of the 1593 and 1000 cm-1 bands. 

 

Fig. 6a shows the SERS spectra of 10-5 M solutions of TBA on Ag-Ci 

sols recorded with different exciting lines, from 488 nm to 1064 nm. It can be 

seen that the band of mode 8a becomes stronger as the laser lines are more 

energetic. This implies the presence of a resonant Raman process and rules out 

the adsorption as the cause of its selective enhancement. Strong adsorption can 

modify the electronic structure of these adsorbates in the ground electronic state 

and, therefore, could modify the relative intensities but this effect should not be 

sensitive to the excitation energy. 

 

The inset in Fig. 6b shows the ratio between the intensities of the 1593 

and 1000 cm-1 SERS bands of modes 8a and 12;dring, which has been taken as 

an internal standard. The ratio ranges between 1, with the 1064 nm line, up to 

3.8, when the 488 nm line is used, which should be close to the maximum of 

the CT electronic transition given that the relative intensities of this last 

spectrum are very similar to that recorded at 514.5 nm.  This implies that the 

energy of the excited metal-to-molecule charge transfer state should be of the 

order of these two more energetic laser lines, ca. 2.4-2.5 eV. 
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Finally, it should be stressed that the assignment of the vibrations of these 

two molecules on the basis of the Wilson´s nomenclature [50] and of simple 

internal coordinates for the functional group can only be considered as rough 

labels for the normal modes where several internal motions can be coupled in a 

complex way. Figs. S7 and S8 summarize the calculated wavenumbers and the 

corresponding atomic displacements of the selected vibrations of both systems. 

 

4. Conclusions 

 
 The analysis of the Raman and SERS spectra with the help of DFT 

calculations has allowed to conclude that thiobenzoic acid is adsorbed on 

colloidal silver nanoparticles through the sulfur atom (monodentate) of its 

anionic species. Thiobenzamide is also adsorbed deprotonated on the silver 

surface just as others aromatic amides do [20,41].  This can be the cause of the 

very fast flocculation of the colloids when thiobenzamide is added. The 

corresponding azanion links to the metal through the sulfur and nitrogen atoms 

of the ionized thiocarboxamide group (bridging bidentate). The adsorption of 

the corresponding oxygen derivatives, benzoic [19] and benzamide [20], is quite 

different. They are also deprotonated upon adsorption, but both CO/CO or 

CO/CN bonds are involved in the bonding to the silver surface, giving bidentate 

coordination. This differentiated behaviour is due to the strong affinity of sulfur 

for the surface given that a single silver atom can only bind to a sulfur in 

monodentate or bridging bidentate complexes, respectively.  

 The substitution of light oxygen by a heavier sulfur modifies the 

characteristic vibrations of the function group as well as the coupling between 

the internal coordinates of the substituent and the ring-stretching modes. 

Vibration 1 undergoes a significant blue-shift when benzoic or benzamide are 
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losing the proton while its wavenumber remains almost unchanged in the 

corresponding thio-derivatives. n(C=O) and n(CS) vibrations of thiobenzoate 

shift +39 and –45 cm-1, respectively, while n(CN) and n(C=S) modes are shifted 

+117 and –11 cm-1 in the spectra of thioamide, respectively.  

 Finally, the strong relative enhancement of the characteristic band of the 

8a;nring fundamental observed in the SERS of both molecules confirms the 

participation of resonant photoinduced CT processes between the metal and the 

adsorbates. 
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