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6.1 Introduction 

In the previous chapter, we validated the experimentally observed SERS spectrum of 

cystine by utilizing DFT calculations, which unveiled the catalytic role of copper 

nanoparticles in breaking the cystine molecule's disulfide bonds. Similarly, in the present 

chapter, we employed DFT calculations to validate the experimentally observed SERS 

spectrum of PATP, a molecule renowned for its fascinating SERS interactions with 

coinage metals. 

In SERS, PATP is an important probe molecule because of its strong interaction with the 

noble metals. It shows an intense SERS signal and has significance in molecular 

electronics. Also, the PATP molecule is of interest because it is considered a ‘‘push–

pull’’ type molecule containing electron donating and electron accepting groups 

connected by a conjugated π-system.1,2 Besides, PATP has been used to prepare surfaces 

as sensors to study the toxicity levels in human red blood cells.3 Being an organic 

pollutant, PATP causes water pollution, denatures proteins and also its direct intake by 

the human body results in adverse effects.4  

Therefore, the study of the SERS spectrum of PATP is important for toxicological 

understanding. For the SERS of PATP (para-aminothiophenol) many studies have been 

reported where different SERS substrate made up of silver, gold and copper were utilized. 

Initially it was interpreted that the enhanced Raman signals of PATP, observed in SERS 

(on noble metal nano-particles) are due to PD (photo-driven) charge transfer.5–7 Later on 

it was interpreted with the help of experimental as well as theoretical studies that 

enhanced Raman signals observed in SERS are not due to PATP but from its dimer, a 

new surface species, DMAB (p, p’-dimercaptoazobenzene).8–10 This is responsible for 

the abnormal SERS spectra of PATP on SERS substrates such as gold, silver, palladium, 

copper and Au–ZnO nanoparticles.2,11–14 Further, various theoretical and experimental 

studies proved that the supposedly observed SERS spectrum of PATP should actually 

correspond to 4, 4’-dimercaptoazobenzene (DMAB) which is the dimer of PATP, where 

the b2 modes of PATP are converted to the ag modes (at 1140, 1390 and 1432 cm-1 ) of 
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DMAB by surface catalytic reaction.7–9,15–18 The Raman peaks observed at 1390 and 1432 

cm-1, assigned to ag16 and ag17, respectively, correspond to the –N=N– stretching modes 

of DMAB.15 To explain the same Huang et al. carried out SERS study of PATP using 

gold and silver nanoparticles as a SERS substrate.  And they observed the formation of 

DMAB as a function of the incident laser power during their SERS measurement of 

PATP.2,11 Recently, Arathi et al. reported SERS of PATP where the substrate was both 

bulk copper and copper nano-particles coated on pencil graphite and they too observed 

the formation of DMAB.13 They concluded that copper as a substrate behaved similar to 

silver and gold nanoparticles in acting as a photocatalyst transforming PATP to DMAB.  

Measuring the true SERS spectrum of PATP is a challenge although it has been observed 

under specific experimental conditions and different incident laser powers.19-20 Similarly, 

the actual SERS spectra of PATP have also been observed on Pt-based nanostructures.19 

However, since the SERS signals of PATP vary with experimental conditions and with 

different metal SERS substrates, information of metal–PATP adsorption for genuine 

SERS spectra is of essential importance to understand the adsorption behavior of PATP.  

Recently it was reported that a bismuth based non-noble metal can be utilized as a SERS 

active substrate for the study of molecular species20 in lieu of the conventional noble-

metal SERS substrates. Furthermore, bismuth-based nanomaterials have the advantages 

of relatively low cost and high stability and also have unique physical and chemical 

properties,21,22 so they can be considered as highly efficient SERS substrates. 

According to the literature reported, DFT (Density functional theory) methods have been 

found to be very efficient in predicting the interaction between adsorbed molecule/moiety 

and metal surfaces.23–26 Small-sized copper clusters have been found as efficient model 

clusters to represent the metal surface for the study of adsorption as shown by Ahmed et 

al.27 It is to be noted that the model surface clusters provide an easy extrapolation to the 

properties of the metal surface.28 Taking cue from the literature, the molecule–metal 

cluster model, which has been found very effective for the study of adsorption of 

respective molecule on the particular metal, has been employed in this work. 
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Computational validation of DMAB on copper cluster by means of simulated SERS 

spectrum has not been reported earlier to the best of our knowledge.  

Also, the DFT calculations were carried out to understand the surface adsorption of PATP 

on the β-Bi2O3/Bi2O2CO3 substrate where the predicted results were found to be in good 

agreement with experimental observations. Moreover, analysis of the projected density 

of states also predicted the charge transfer from the molecule to metal, resulting in an 

enhanced Raman signal of PATP on bismuth based cluster via a chemical enhancement 

mechanism. For future possibilities, it is envisaged that Bi-based nanoparticles could be 

exploited for measuring the real SERS spectra of similar compounds like 4-

nitrobenzenethiol (4NBT) where photodimerization prevents the SERS measurement of 

the monomeric compound.  

Computational results reported herein substantiated above mentioned experimental 

results exceedingly well. 

6.2 Computational details 

For copper surface the Cu5 cluster was utilized since small size metal cluster have been 

found to be a very efficient model cluster for the study of adsorption.27,28 Besides, in 

earlier studies, the predicted results using M5 (M = Ag, Au) cluster have been found in 

good agreement with the experiment.9 Therefore in this study the Cu5 metal cluster was 

utilized throughout the study. The ground state optimization followed by normal modes 

calculations was carried out for the PATP-Cu5 and Cu5-DMAB-Cu5 systems without 

having any constraint on the geometry. Excited state calculation was carried out with the 

help of TD-DFT method. 

Similarly, the ground state geometry optimization was done for β-Bi2O3/ Bi2O2CO3, the 

bismuth oxycarbonate (BOC) cluster, PATP and the PATP–BOC system without any 

constraint on geometry. Vibrational frequencies were computed for the global minimum 

structure. The SERS spectrum of the PATP–BOC system was also simulated.  
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TDOS (Total density of states) calculation was performed utilizing multiwfn software to 

gain insights about the band gap. Molecular electrostatic potential mapping was carried 

out on the optimized geometry of both systems to visualize the charge density 

distribution.  For the calculation of charge value on each atom of the systems MK (Merz-

Kollman) [ESP] charge was calculated. For all the calculation, the generalized gradient 

approximation (GGA) for exchange–correlation functionals PW91PW91 was used and 

Cu and Bi atoms were treated by relativistic effective core potentials (RECP) with 

(LANL2DZ)29 and for C, H, N, and S atoms 6–311+G(d,p) basis set was used. 

Calculations were also performed with B3LYP functional but the predictions using the 

PW91PW91 functional were found to be in significantly good agreement with the 

experimental results and hence this functional was preferred to B3LYP throughout the 

study reported herein. Literature is replete with computational predictions where for 

transition metal elements the LANL2DZ basis set was found to be very efficient and the 

Pople basis set, 6–311+G(d,p), for organic molecules. For all the calculation Gaussian 16 

suite of program was utilized. And the calculated Raman active vibrational modes were 

assigned on the basis of results of the Gaussview 6.0.16 version. 

6.3 Results and discussion 

6.3.1  Geometry optimization and simulated SERS spectrum of PATP/DMAB 

on the copper cluster  
          All optimized structures did not show any imaginary frequency indicating that they 

belong to the minimum region in the potential energy landscape and are not transition 

states. The optimized structures and simulated SERS spectrum of both the systems are 

shown in Fig. 6.1 and Fig. 6.2, respectively. Comparison of the simulated Raman 

spectrum of both the system with the experimentally observed SERS spectrum of PATP 

and normal Raman spectrum of PATP are shown in Table 6.1 and Table 6.3. 
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Figure 6.1: Optimized structure of (a) PATP-Cu5 and (b) Cu5-DMAB-Cu5 systems at 

PW91PW91/LANL2DZ/6–311+G(d,p) level of theory 

Table 6.1: Comparison of Raman spectrum of PATP before and after adsorption on Cu5 

cluster with Experimental Raman spectrum of solid PATP from literature 

Calculated Raman 

peaks [cm-1] (before 

adsorption) 
Calculated SERS 

peaks [cm-1] (after 

adsorption) 

Experimental 

Raman peaks 

[cm-1] 13 Tentative 

Assignment# 

367 377  νCS+ γCCC+ δCH 

474 488 472 γCCC+ γCH 

515 546  ωNH2+ γCH 

631 624 639 γCCC+ρNH2 

669 709  γCH+δSH 

821 819 825 πCH 

993 991  αCCC 

1082 1072 1090 νCS+δCH 

1167 1167 1171 δCH 

1283 1277  νCN+ δCH 

1482 1476  νCC+δCH 

1596 1596 1596 νCC+ ɸNH2 

1616 1615  ɸNH2+ νCC 

2562  2565 νSH 

3097 3086 3060 νCH 

3503 3496  νNH 

               # γ = out of plane bending vibration, δ = in plane bending, ρ = rocking vibration, 

ν = stretching vibration and ɸ = scissoring vibration, π = wagging vibration, α = ring 

deformation 
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Table 6.2: Comparison of Simulated SERS of PATP@Cu with previously reported 

Simulated SERS of PATP@Ag and PATP@Au 

Calculated SERS peaks (cm-1) of PATP using 

Y/LANL2DZ/6-311+G(d,p) level of theory 

Tentative 

Assignment# 

on Cu cluster 

(Y=PW91PW91) 

on Ag cluster 

(Y=B3LYP)9 

on Au cluster 

(Y=B3LYP)9 

377 377 377 νCS+ γCCC+ δCH 

488  491 γCCC+ γCH 

546   ωNH2+ γCH 

624 634 628 γCCC+ρNH2 

709   γCH+δSH 

819   πCH 

991   αCCC 

1072 1071 1074 νCS+δCH 

1167 1182 1183 δCH 

1277  1280 νCN+ δCH 

1476 1491 1492 νCC+δCH 

1596 1605 1606 ɸNH2+ νCC 

1615   ɸNH2+ νCC 

               # γ = out of plane bending vibration, δ = in plane bending, ρ = rocking vibration, 

ν = stretching vibration and ɸ = scissoring vibration, π = wagging vibration, α = ring 

deformation 

Table 6.3: Comparison of Experimentally observed SERS of PATP@Cu with simulated 

Raman (DMAB) and SERS of Cu5-DMAB-Cu5 at PW91PW91/LANL2DZ/6–

311+G(d,p) level of theory 

Calculated 

RAMAN 

peaks of 

DMAB (cm
-1

) 

[before 

adsorption] 

Calculated 

SERS of 

DMAB on Cu 

cluster (cm
-1

) 

[Present work] 

[after 

adsorption] 

Experimental 

SERS of 

PATP@Cu 

(cm
-1

)
13

 

Calculated 

SERS of 

DMAB on Ag 

cluster (cm
-1

)
9
  

Calculated 

SERS of 

DMAB on 

Au cluster 

(cm
-1

)
9
 

Tentative 

Assignment
#
 

481 477  480 474 νCS + δCH 

715 709  713 709 αCCC 

1082 1064 1080 1068 1058 νCS + δCH 

1129 1127 1140 1125 1126 νCN+ δCH 

1192 1186  1188 1183 νCN + δCH 
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1277 
1269  

  
δCH 

1332 1329    νCC+ δCH 

1393 1387 1388 1388 1389 νNN+ νCC 

1428 1424 1438 1428 1428 δCH+ νNN 

1467 1460   1463 νNN+ δCH 

1586 
1584 1584 

1582 1583 
νCC+ δCH 

2613 
  

  
νSH 

## ν = stretching vibration, δ = in plane bending vibration, α = ring deformation 

 

Figure 6.2: Simulated SERS spectrum of (a) PATP-Cu5 and (b) Cu5-DMABCu5 system 

The peaks observed at 1090 and 1596 cm-1 in the experiment were assigned to the a1 

mode of PATP (Table 6.1) while the peaks at 1171, 1277, 1476 cm-1 were assigned to the 

b2 mode. It was observed that the peaks of PATP-Cu5 agreed well with the normal Raman 

spectrum of PATP. Earlier, Wu et al. reported the computational backing to the 

experimental observation of DMAB in the SERS of PATP using silver and gold cluster.9 

They calculated SERS of PATP on Ag and Au cluster using B3LYP/ LANL2DZ/6–
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311+G(d,p) level of theory and used differential scaling factors for various bonds to 

match their predicted spectrum with the experimental one, albeit only for PATP. In this 

study also, to confirm the role of copper cluster in the chemical transformation of PATP 

to DMAB, simulation of SERS was done for both PATP and DMAB. Instead of B3LYP, 

the PW91PW91 functional was used without scaling for SERS of both PATP and DMAB 

on copper cluster. Comparing with previous studies (shown in Table 6.2), here too 3 

characteristics peaks were observed in case of PATP adsorbed on copper cluster at 1072, 

1167, and 1596 cm-1 . On the basis of vibrational analysis these bands were attributed to 

the C–S stretching, C–H in plane bending and the C–C stretching in combination with 

NH2 scissoring vibration, respectively. The peak at 377 cm-1 may be considered as a 

combination band of C–S stretching, C–C–C bending and C–H in-plane bending 

vibrations. Though, the peak at 377 cm-1 was of very weak in nature. The modes were 

assigned after visualizing them in Gaussview platform and corroborating with various 

past studies.18,30,31 The weak C–S srteching mode in combination with other bending 

modes observed in the low frequency region has been reported, besides PATP, for 2-ATP 

and 1,2- benzenedithiol as well.44 Besides, Wu et al.18 also assigned these low frequency 

band as C–S stretching vibration. In the experiment it was observed that the b2 modes of 

PATP were enhanced significantly than the a1 mode but these b2 modes transformed into 

ag modes of DMAB. This observation was confirmed by comparing the simulated Raman 

of Cu5-DMAB-Cu5 (Fig. 6.2) with the experimentally observed SERS of PATP on 

copper.  

The experimentally observed three intense peaks (1140, 1388 and 1438 cm-1) were in 

reasonable match with the peaks predicted at 1127, 1387, 1424 in the simulated SERS 

spectrum of DMAB. The 1127 cm-1 arises from the C–N symmetric stretching coupled 

with C–H in-plane bending vibration. The 1387 cm-1 peak has contributions from the 

N=N stretching coupled with C–C stretching vibrations and the 1424 cm-1 is assigned to 

the N=N stretching coupled with the C–H in-plane bending vibration. It is obvious that 

these three vibrational modes display very strong Raman signals related to the azo -C–

N=N–C functional group. These calculated results too were in good match with the 
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previous study.9 The comparison of SERS of DMAB on Ag, Au and Cu cluster is shown 

in Table 6.3.  

The band at 1064 cm-1 (ag type) of DMAB may be correlated to the 1072 cm-1 band of 

PATP (a1 type) but its intensity in simulated SERS spectrum was very less compared to 

the N=N stretching band at 1387 and 1424 cm-1 which were the significant difference 

between the two spectra. 

Thus the above theoretical vibrational spectroscopic analysis, substantiated the 

experimental results reported earlier by Arathi et al.13 very well. 

6.3.2 Photon-driven charge transfer (PD-CT) excited state calculations for 

PATP/DMAB on copper cluster   

    The relative Raman intensity of the adsorbed molecule is directly influenced by the 

formation of photon-driven charge transfer (PD-CT) states. Thus to know the PD-CT 

excited state calculations were carried out using TD-DFT method. In case of PATP-Cu5, 

the first excited state has an excitation energy 2.00 eV although with a very low oscillator 

strength of 0.0001 (transition from level 80 to 81 as shown in Fig. 6.3). This excited state 

arises from the π bonding orbital to the copper 4s antibonding orbital. From Fig. 6.3 

shown below, the transition from the level 80 to 82 has relatively larger oscillator strength 

with excitation energy 2.27 eV where the charge transfer (CT) happens largely from the 

molecule to metal as well as a small portion from molecule to molecule also (π → π*).     

In this case also the charge transfer (CT) direction is seen to be on opposite direction of 

what was reported by Osawa et al. who measured the SERS of PATP on Ag surface.32 

Although the predicted results reported herein are similar to the earlier predictions made 

for Ag and Au metals.9  

The CT state from Cu metal to PATP molecule (transition from level 76 to 82) has 

excitation energy 2.77 eV which is high compared to molecule to metal CT state. 

Whereas in case of Cu5- DMAB-Cu5 the excited state with large oscillator strength 

(0.3828) was observed from a mixed excitation of the metal to molecule and π → π* 

transition in DMAB itself. And the excitation energy was calculated to be 2.13 eV. This 



Chapter-6: Metal-molecule…….clusters 

 

IIT (BHU), Varanasi.  222 
 

analysis indicates that the metal to molecule CT is more difficult in PATP-Cu5 while it 

is more feasible in Cu5-DMAB-Cu5. The molecular orbital plots of PATP and DMAB 

interaction with copper cluster involved in Photon-driven charge transfer processes are 

shown in Fig. 6.3. 

 

Figure 6.3: Molecular orbital plots of PATP and DMAB adsorbed on copper cluster 

involved in photon-driven CT processes 

6.3.3 Geometry optimization and simulated SERS spectrum of PATP on the 

bismuth oxycarbonate (BOC) cluster 

         BOC cluster was modeled and optimized at the PW91PW91/ LANL2DZ/6-

311+G(d,P) level of theory (Fig. 6.4). Then PATP and the system containing both PATP 

and the BOC cluster were optimized at the same level of theory, i.e. 

PW91PW91/LANL2DZ/ 6-311+G(d,P), as shown in Fig. 6.4c. The interaction energy 

for the PATP–BOC system was observed to be -54.87 kcal mol-1 after subjecting it to 

BSSE correction, suggesting a strong interaction between the BOC cluster and PATP 

molecule. Table 6.4 compares the experimental and simulated SERS of PATP. In the 

simulated SERS spectrum of PATP, the peaks at 1070 cm-1 and 1591 cm-1 are attributed 

to the a1 modes of PATP and found to be in good agreement with the experimentally 

observed SERS peaks (at 1079 cm-1 and 1590 cm-1).  
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Figure 6.4: Optimized structures; (a) PATP, (b) BOC cluster and (c) PATP-BOC system 

[the numbers after atom represent the label of respective atom] 

Table 6.4: Comparison of the calculated and experimental SERS vibrational frequencies 

of PATP on the BOC cluster at the PW91PW91/LANL2DZ/ 6-311+G(d,p) level of 

theory 

Experimental SERS 

peaks of PATP on 

BOC nanoparticles 

(cm-1)  

Calculated SERS peaks 

of PATP on BOC cluster 

(cm-1) 

Tentative 

Assignment## 

630 632 γCCC 

822 817 πCH 

- 991 Benzene 

deformation 

1079 1070 vCS 

1174 1157 δCH 

- 1224 vCN+ δCH 

1482 1458 vCC+ γCH 

1590 1591 vCC 

## γ = bending vibration, ν = stretching vibration, δ = bending vibration, π = vibration 
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6.3.4 FMO (frontier molecular orbital) analysis of PATP@BOC 

To have an insight about stability and chemical reactivity, FMO calculations have been 

found to be very efficient. Here, for the calculation of the HOMO–LUMO gap, the ground 

state properties of PATP–BOC were used. The HOMO is considered as the electron 

donor, while the LUMO is considered as the electron acceptor. Therefore, to know how 

the reactivity of PATP changes upon interaction with the BOC cluster through the change 

in its HOMO–LUMO gap, the FMO calculation was performed at the 

PW91PW91/LANL2DZ/6-311+G(d,P) level of theory. It can be seen from Fig. 6.5 that, 

before interaction with the cluster, the HOMO–LUMO gap of PATP was very large, 

whereas it was significantly reduced in the PATP–BOC system, indicating the increased 

reactivity of PATP after interaction with the cluster. These observations are confirmed 

by the total density of states (TDOS) plot (Fig. 6.7) for the BOC cluster before and after 

the adsorption of PATP on it.  

 

Figure 6.5: Frontier Molecular Orbital diagrams of: (a) HOMO-LUMO of PATP (b) 

HOMO-LUMO of PATP-BOC system and (c) HOMO-LUMO of BOC cluster  
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6.3.5a TDOS (total density of states) analysis of PATP/DMAB @ Cu5 cluster 

     The ground state HOMO (highest occupied molecular orbital)-LUMO (lowest 

unoccupied molecular orbital) gap and the contribution of atoms in HOMO and LUMO 

of the PATP-Cu5 and Cu5-DMAB-Cu5 systems was calculated using the TDOS (total 

density of states) method. The reduced band gap in case of Cu5-DMAB-Cu5 than PATP-

Cu5 complex from the TDOS plot shown in Fig. 6.6 suggests a strong interaction between 

DMAB and copper cluster which provides the stability to this system. From the analysis 

of the projected density of states (PDOS) it was observed that in the HOMO of the PATP-

Cu5 the contribution of PATP is about 65% while Cu5 contribution is about 35%. 

Similarly, LUMO of PATP-Cu5 consists of 96% contribution from Cu5 while 4% 

contribution from PATP molecule. It means 61% electron density is transferred from 

PATP to Cu5 cluster during the transition from HOMO to LUMO of the PATP-Cu5 

system. While in case of Cu5-DMAB-Cu5 a reverse trend was observed. Where, in the 

HOMO the contribution of DMAB is about 63% and Cu cluster contribution is about 

37%. And in the LUMO of Cu5-DMAB-Cu5 system the contribution from DMAB is 

about 95% and from copper cluster the contribution is about 5%. Therefore, unlike to 

PATP-Cu5 system here 32% electron density is transferred from Cu metal cluster to 

DMAB molecule during the transition from HOMO to LUMO of the Cu5-DMAB-Cu5 

system. These Charge transfer observations in both the systems agree significantly with 

the previously reported theoretical study9 where the adsorption of the same molecules 

was studied on silver and gold instead of copper cluster.  
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Figure 6.6: TDOS plot for (a) PATP-Cu5 and (b) Cu5-DMAB-Cu5 systems at 

PW91PW91/LANL2DZ/6-311+G(d,p) level of theory 

6.3.5b TDOS (total density of states) analysis of PATp @ BOC  

From the TDOS plot shown in Fig. 6.7, it can be said that the energy band gap of the 

BOC cluster was reduced after interacting with PATP from 0.77 eV to 0.69 eV. This 

reduced band gap, besides indicating a stronger interaction between the cluster and 

PATP, confirms the transfer of electron density from PATP to the BOC cluster. From the 

analysis of the projected density of states (PDOS) it was observed that in the HOMO of 

the PATP–BOC system the contribution of PATP is about 99.5%, while the BOC cluster 

contribution is about 0.5%. Similarly, the LUMO of the PATP–BOC system consists of 

100% contribution from the BOC cluster and 0% contribution from the PATP molecule. 
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This means 99.5% electron density is transferred from PATP to the BOC cluster during 

the transition from the HOMO to the LUMO of the PATP–BOC system. Thus, here, in 

the case of the BOC cluster there is a molecule to metal charge transfer and this may be 

the reason for the genuine SERS spectrum of PATP observed experimentally. 

 

Figure 6.7: Total density of plot of (a) BOC (Bismuthoxycarbonate) cluster (b) PATP 

and (c) PATP-BOC system showing energy of HOMO, LUMO and band gap (∆E) 

6.3.6 Electrostatic potential maps (MEPs) of PATP/DMAB @ Cu5 cluster 

        To visualize the possible reactive sites whether electrophilic or nucleophilic and the 

charge density distribution the molecular electrostatic potential mapping was done on the 

optimized structures of both systems (PATP/DMAB @ Cu5 cluster). The blue color 

represents the positive electrostatic potential surface which refers to the lower electron 

density regions while the red color represents the negative electrostatic potential surface 
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refers to more electron density regions respectively. Fig. 6.8 shows the ESP map on the 

optimized structures of PATP-Cu5 and Cu5-DMAB-Cu5 systems. It can be inferred from 

Fig. 6.8(a) that there is more electron density around sulfur atom and less positive 

electrostatic potential around Cu cluster which suggests, the interaction between sulfur 

moiety of PATP and copper cluster occurs via charge density transfer from sulfur to 

copper cluster. Whereas, in case of Fig. 6.8(b) the electron density around sulfur atoms 

is more than (a) while there is very less electron density i.e. very high positive 

electrostatic potential around Cu cluster in (b) comparatively. Thus the ESP map shown 

in (b) indicates the negative charge density being transferred from copper cluster to 

DMAB molecule. These observations from ESP mapping reinforced the results obtained 

from DOS calculations.  

ESP [MK(Merz-Kollman)] charges were calculated in order to know the exact charge 

value on each atom for both the systems (PATP/DMAB @ Cu5 cluster). From the 

ESP[MK] charges it was observed that the sulfur atom acquired more negative charge in 

Cu5-DMAB-Cu5 than in PATP-Cu5. Similarly, copper atoms had more positive charges 

in Cu5-DMAB-Cu5 than in PATP-Cu5, as shown in Table 6.5. This observation also 

supports the DOS results where charge transfer occurred from molecule to metal in 

PATP-Cu5 and metal to molecule in Cu5-DMAB-Cu5 due to which these differences in 

charges on sulfur as well as on copper atoms were observed.  

 

Figure 6.8: ESP map on optimized structures of (a) PATP-Cu5 and (b) Cu5-DMAB-Cu5 
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Table 6.5:  ESP[MK] charge values (a.u.) calculated for Cu5-DMAB-Cu5 and PATP-

Cu5 system at PW91PW91/LANL2DZ/6–311+G(d,p) level of theory 

Cu5-DMAB-Cu5 PATP-Cu5 

Atoms Charge (a.u.) Atoms Charge (a.u.) 

C1 0.006 C1 -0.004 

C2 0.015 C2 0.012 

C3 0.009 C3 0.011 

C4 -0.006 C4 -0.005 

C5 -0.028 C5 -0.021 

C6 -0.023 C6 -0.020 

H7 0.018 H7 -0.003 

H8 0.026 H8 0.024 

H9 -0.002 H9 -0.006 

H10 -0.050 H10 -0.034 

C11 0.015 N11 0.028 

C12 0.005 H12 0.033 

C13 -0.023 H13 0.021 

C14 -0.028 S14 -0.043 

C15 -0.006 Cu15 -0.023 

C16 0.009 Cu16 -0.009 

H17 0.025 Cu17 0.0005 

H18 0.018 Cu18 0.013 

H19 -0.051 Cu19 0.025 

H20 -0.002   

N21 0.015   

N22 0.015   

S23 -0.057   

S24 -0.057   

Cu25 -0.018   

Cu26 -0.019   

Cu27 0.040   

Cu28 0.035   

Cu29 0.039   

Cu30 -0.018   

Cu31 -0.018   

Cu32 0.040   

Cu33 0.035   

Cu34 0.039   

# number after atoms represents the label of that atom in optimized structures shown in 

figure 6.1. 
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6.4 Conclusion  

It was experimentally known that similar to silver and gold nano-particles, copper 

nanoparticles also act as a photocatalyst for the chemical transformation of PATP to 

DMAB. This experimental observation was further supported in present computational 

study. comparing the simulated Raman spectrum of both PATP and DMAB molecules 

on the copper cluster with the experimentally observed SERS spectrum of PATP on 

copper it is concluded that the enhanced b2 modes of PATP in reality are the ag modes of 

DMAB. Thus choice of the level of theory namely, PW91PW91 functional and Cu atoms 

treated by relativistic effective core potentials (RECP) with (LANL2DZ) and for C, H, 

N, and S atoms 6–311+G(d,p) basis set may be used for future predictions as the results 

matched exceedingly well with the experiment. Excited state calculations revealed that 

photon-driven charge transfer occurred form molecule to metal in PATP-Cu5 while from 

metal to molecule in Cu5-DMAB-Cu5 which further reinforced that enhanced peaks are 

not due to PATP but due to its azodimer, DMAB. The low band gap of Cu5- DMAB-Cu5 

than PATP-Cu5 suggests higher stability of the system. Also the charge transfer direction 

were found opposite in both systems where, it was molecule to metal charge transfer in 

PATP-Cu5 while it was metal to molecule in Cu5-DMAB-Cu5. Molecular electrostatic 

potential map and MK[ESP] charges further suggest the electron density was transferred 

from copper to molecule as there is more negative charge on sulfur atoms in Cu5-DMAB-

Cu5 system respectively. Thus it can be inferred from this study that copper behaved 

similar to silver and gold in the surface dimerization reaction of PATP molecule and the 

reason behind enhanced ag mode of DMAB on copper is metal to molecule charge 

transfer along with more stability of Cu5-DMAB-Cu5 system. 

PW91PW91/LANL2DZ/6–311+G(d,p) level of theory may be considered most accurate 

to study such systems in future. 

Whereas, in case of non-noble metal cluster that is bismuth based cluster (BOC) since 

the genuine SERS spectrum of PATP was observed in which the peaks of DMAB at 1140, 

1390 and 1432 cm-1 were absent. This is in contrast to the case of noble metal SERS 

substrates. Therefore DFT calculations were carried out and have been found very helpful 
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in gaining an insight into the interaction between PATP and the BOC cluster. An 

interaction energy of -54.87 kcal/mol suggests the strong interaction between these 

moieties. FMO analysis revealed the stability of this (PATP@BOC) system. Also from 

the analysis of the projected density of states it can be inferred that there is charge transfer 

from the PATP molecule to the BOC cluster which further supports the experimentally 

observed chemical enhancement effect. The simulated SERS spectrum of PATP@BOC 

is in good agreement with the currently reported experimental SERS spectrum. Thus this 

study validates the experimental observation where the genuine SERS spectrum of PATP 

can be obtained using β-Bi2O3/Bi2O2CO3 nanoparticles. Moreover, these nanoparticles 

can also be taken into consideration in the future to obtain the genuine SERS spectra of 

other molecules where there is a possibility for dimerization.  
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