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Computational Details and Experimental Conditions 

Geometry optimization and vibrational frequencies for all pyridine complexes in 

this work were performed at the level of hybrid density functional B3LYP.
1, 2

 All 

geometries were fully optimized, except for (PyAg4Cl3Ag16M3)
0
 series. In 

(PyAg4Cl3Ag16M3)
0
 series, we firstly pre-optimized Ag4Cl3Ag16M3 with C3v 

symmetry with a lower convergence criteria of the geometric optimization in 

Gausian09, then added the pyridine attached on the top silver atoms of Ag4, and 

made the lowermost Ag6 layer and M3 layer frozen during the further optimization 

with standard geometric convergence criteria.  

In the calculation of the interaction energies between pyridine and the left 

substrate Ag4Cl3Ag16M3 of the super-Surface complexes (super-SCs) of 

(PyAg4Cl3Ag16M3)
0
, we divided the super-SCs into pyridine and the left 

Ag4Cl3Ag16M3 fragment which we denoted S. Not only pyridine but also the 

Ag4Cl3Ag16M3 fragment is not re-optimized.  
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The basis sets 6-311++G** for H, C, N, O, Cl atom and LANL2DZ for Ag were 

utilized.
3
 The reliability of method/basis sets has been well checked and used to 

study the chemical enhancement in pyridine/silver systems by many groups.
4, 5

 

Vibrational frequencies, normal modes and Raman activities were all calculated 

with the analytical method. The scale factor for the frequencies below 2000 cm
-1

 is 

0.981, and that above 3000 cm
-1

 is 0.968. Frequency-dependent polarizability 

derivatives was calculated by coupled perturbed Hartree-Fock like (CPHF) method.
6
 

The vertical excitation energy and the corresponding oscillator strength were 

calculated with time-dependent density functional theory (TDDFT).
7
 All 

calculations presented above were performed by using the Gaussian 09 package.
8
 

On the basis of the optimized geometries, the static/dynamic Raman scattering 

factor Si can be directly obtained from Gaussian output file, and then absolute 

Raman intensities (Stokes scattering) with the general formula in harmonic 

approximation, were estimated by the differential Raman scattering cross section 

(DRSC) given by,
9
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where ν0 and νi are the frequencies (in cm
-1

) of incident light and i
th

 vibrational 

mode, respectively. Si is the static/dynamic Raman scattering factor (in Å
4
/amu) 

with respect to the i
th

 vibrational mode, where static means static field perturbation 

corresponding to normal Raman spectrum (NRS), while dynamics means the 

time-harmonic field perturbation corresponding to frequency-dependent Raman 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



 

spectrum (FDRS). For each wavenumber, we sum over all contributions from the 

Lorenzian broaden of the DRSC for each peak.  

Normally, if the static polarizability of the molecule in the equilibrium geometry 

is very large, the static polarizability with respect to the total symmetric normal 

mode is also very much. The absolute intensity of the simulated static Raman of the 

total symmetric normal modes can be understood in terms of the second order 

perturbation theory.
10

  

The static polarizability can be expressed as,
10
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where ni is the occupation number of the i
th

 occupied orbital, index i and m run over 

all occupied orbital i  and virtual orbitals m , respectively. The induced density 

matrix 
imP  by the perturbing dipole field in the α direction is,  

         


 rrrrrdP indextmi

mi

im

 


31
        (S3), 

where  rext  is the external potential and  rind
  is the induced potential which 

includes the Coulomb potential and the exchange-correlation potential, and 
miT  is 

the transition dipole matrix in β direction  

     rrrdT mimi   3                            (S4) 

It can be easily seen that, the energy gap between the transition-allowed occupied 

− virtual molecular orbitals pair is smaller, and then the contribution to the total 

polarizability will be larger. It should be noted that, the aforementioned eqs. S2-S4 
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only work for static polarizability, for frequency-dependent Raman tensors, a 

frequency-dependent version, i.e., the time-dependent Kohm-Sham equations should 

be involved.  

 

Experimentally, we used the cyclic linear potential method to sweep twice at 100 

mV s
-1

 between 0 and + 900 mV relative to saturated calomel potential to roughen 

the silver electrode in KCl solution (pH = 2), so that the electrode was covered with 

AgCl layers. Then we immersed the electrode in 0.5 M KCl + 0.1 M pyridine 

solution and for experiment. The electrochemical Raman experiments were 

performed on a LabRam I system. The excitation line is 632.8 nm with power of 1.1 

mW. 
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Fig. S1 Experimental surface Raman spectra of a roughened silver electrode in 0.5 

M KCl + 0.1 M, with the applied potential from -0.75 to -0.50 V (a) and from -0.45 

to -0.15 V (b), the excitation line: 632.8 nm. 
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Fig. S2 The optimized geometries of (a) PyAg4
+
, (b) PyAg4

2+
, (c) PyAg4Cl3

2−
, (d) 

PyAg4Cl3
−
, (e) PyAg4Ag20, (f) PyAg4Ag20

+
 and (g) PyAg4Ag20

2+
.  
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Fig. S3 Simulated normal Raman spectra (NRS) of free pyridine (Py) (A), and 

surface complexes (SCs), (B) (PyAg4)
+
, (C) (PyAg4)

2+
, (D) (PyAg4Cl3)–, and (E) 

(PyAg4Cl3)
2–

, at an incident wavelength of 632.8 nm, differential cross section in 

units 10
-30

 cm
2
/sr and Raman shift in cm

-1
. Spectra have been broadened by a 

Lorenzian line shape with a width of 10 cm
-1

.  
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Fig. S4 Simulated normal Raman spectra of surface complexes (SCs) (PyAg4Ag20)
q
 

(q = 0, +1, +2) [(A) (PyAg4Ag20)
0
, (B) (PyAg4Ag20)

+
, and (C) (PyAg4Ag20)

2+
] at an 

incident wavelength of 632.8 nm, different cross section in units 10
-30

 cm
2
/sr and 

Raman shift in cm
-1

. Spectra have been broadened by a Lorenzian having a width of 

10 cm
-1

.  
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Fig. S5 (A) Experimental surface Raman spectra (a) to (e) of a roughened silver 

electrode in 0.5 M KCl + 0.1 M pyridine, at − 0.35, − 0.45, − 0.55, − 0.65 and − 

0.75 V, respectively. The excitation line: 632.8 nm. (B) Simulated NRS (a) to (e) of 

SCs (PyAg4Cl3)
0 

on the model surface with different “applied potential”, (Ag16M3)
3+

 

(M
+ 

= Li
+
, Na

+
, K

+
, Rb

+
, Cs

+
) at an incident wavelength of 632.8 nm, differential 

cross section in units 10
-30

 cm
2
/sr and Raman shift in cm

-1
. Spectra have been 

broadened by a Lorenzian line shape with a width of 10 cm
-1

. 
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Fig. S6 Simulated frequency-dependent Raman spectra of (A) to (E) of super-SCs
 

(PyAg4Cl3Ag16M3)
0
 (M

+ 
= Li

+
, Na

+
, K

+
, Rb

+
, Cs

+
) (calculated by 

Coupled-Perturbation Hartree-Fock like method) with perturbing electric dipole 

field at the wavelength of 632.8 nm, differential cross section in units 10
-27

 cm
2
/sr 

and Raman shift in cm
-1

. Spectra have been broadened by a Lorenzian line shape 

with a width of 10 cm
-1

.  
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The total symmetric vibrational modes (υ6a, υ1, υ12, υ18a, υ19a, υ19a, υ8a) of pyridine 

(using Wilson’s notation for benzene
11

) of the structures considered in this work are 

plotted in Fig S7. 
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Fig. S7 The normal modes of υ6a, υ1, υ12, υ6a, υ8a, υ9a, υ19a and υ8a of pyridine.  
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Table S1 Selected molecular orbital plots of (PyAg4Cl3Ag16M3)
0
 (where S= 

Ag4Cl3Ag16, M
+
=Li

+
, Na

+
, K

+
, Rb

+
, Cs

+
), and the relative orbital energy with 

respective to the corresponding orbital energy of HOMO 
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