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Abstract The effect of binding pyridine to silver clus-
ters has been studied by density functional calculations
by adopting a hybrid functional. The calculations allow
proposing an explanation for the different SERS spec-
tra of the ligand observed on Ag colloids in the presence
and in the absence of coadsorbed chloride anions. In the
latter case, a better agreement is obtained modeling the
system by adsorption of pyridine on a (Ag4)

+2 surface
cluster.

Keywords DFT · SERS · Colloid · Silver · Pyridine ·
Chloride

1 Introduction

The SERS spectra of pyridine adsorbed on silver col-
loids strongly depend on many experimental conditions
like sol preparation and aging. The addition of halide
anions like chloride and bromide, which are strongly
adsorbed on silver, improves the SERS enhancement
giving rise to positively charged atoms onto the metal
surface [1]. Hence, the formation of surface complexes,
quite similar to coordination compounds, was observed
[2–4]. In Ag hydrosols, activated by coadsorbed chlo-
ride anions, the presence of a pyridine/Ag+ complex has
been proposed on the basis of density functional theory
(DFT) calculations [5,6]. Pyridine is strongly affected by
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the charge transfer between ligand and metal, showing
a SERS spectrum with marked changes with respect to
that observed in Ag hydrosol without halide anions. The
differences in the two SERS spectra mainly concern the
band intensities, as shown in Fig. 1. In salt-free Ag col-
loid, the ring breathing vibration at 1,008 cm−1 is weaker
than the ring trigonal deformation at 1,036 cm−1, as first
observed by Creighton et al. [7]. By adding chloride
ions the relative intensities are reversed, showing the
same spectral pattern usually observed in the SERS of
pyridine adsorbed on silver electrode with KCl electro-
lyte [8,9]. This suggests that the SERS intensity changes
are related to the presence of chloride ions onto the
silver surface. A possible explanation lies in the varia-
tion of the surface charge that could be induced by the
coadsorption of chloride ions. By observing the differ-
ent SERS spectra shown in Fig. 1, other two doublets, at
620–650 and at 1,570–1,600 cm−1, exhibit reversed inten-
sities. The purpose of this paper is to explain this spectral
evidence by means of DFT calculations, performed for
different adsorption models of pyridine on silver. This
procedure has been successfully applied to the inter-
pretation of the SERS of pyridine adsorbed on colloidal
silver in the presence of chloride ions [5]. The previously
adopted model consisted in a single silver ion bound to a
neutral molecule of pyridine, but it could be necessary to
take into account more complex models, based on silver
clusters, to interpret the SERS of pyridine in salt-free
Ag hydrosols. Silver clusters can be considered surface
active sites [10,11], able to promote Raman enhance-
ment by formation of molecule/metal complexes. A use-
ful starting point is represented by the (Ag4)

+ cluster,
proposed by Roy and Furtak [12], like active site for
the adsorption of pyridine. However, the formation of
a double charged surface cluster like (Ag4)

+2 is also
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Fig. 1 SERS spectra of 5 × 10−3 M pyridine in salt-free Ag hy-
drosol (A) and in Ag hydrosols with 5 × 10−4 M NaCl (B) and
with 5 × 10−3 M NaCl (C). Laser excitation line: 514.5 nm

possible during the reduction procedure of the silver
ions, in colloids or at electrodes roughened by oxida-
tion–reduction cycles (ORCs), accordingly to the fol-
lowing mechanism [13,14]:

Ag+ + e− → Ago (1)

Ago + Ag+ → (Ag2)
+ (2)

2(Ag2)
+ → (Ag4)

+2 (3)

The use of the DFT to model silver clusters represents
an attempt to describe the structural and dynamic prop-
erties of the Ag clusters, present in colloids as well as
on roughened electrode surfaces, along with their abil-
ity to interact electronically with the ligand molecules.
The binding energies of pyridine bound to neutral Mn

(M = Cu, Ag, Au; n = 2–4) metal clusters were obtained
and analyzed in terms of low-lying states and excited
charge-transfer states by Wu et al. [15]. The same au-
thors proposed a quantum chemical study of the inter-
action between pyridine and neutral metal clusters in
terms of vibrational frequencies, by comparing different
calculation procedures [16]. More recently, a detailed
analysis of the interaction of pyridine with a silver sur-
face was performed using time-dependent DFT for a
model system of the ligand bound to a fragment of the
bulk silver lattice constituted by 20 atoms [17]. This ap-
proach, however, did not consider the presence of pos-
itively charged Ag clusters, which are essential to the
SERS signal of adsorbates in colloidal suspensions or in
electrochemical cells.

In the present work, the properties of pyridine/silver
complexes have been investigated by DFT calculations
by considering silver ion clusters as active sites for the

adsorption of the ligand on the metal surface. Ab initio
calculations of pyridine adsorbed on Ag+ model clusters
allowed explaining the SERS frequency shifts observed
at silver electrode [11]. Here, the calculated intensities
of pyridine/silver clusters have also been obtained and
compared with the SERS intensities observed in Ag
hydrosols, with and without coadsorbed chloride an-
ions. Actually, the SERS enhancements of the Raman
bands of an adsorbate depend on both electromagnetic
and chemical mechanisms [18]. But, in the case of pyri-
dine adsorbed on Ag colloids, in the presence as well as
in the absence of chloride anions, the molecule/surface
chemical interaction undoubtedly plays an important
role in the adsorption and, consequently, in the SERS
effect, as evidenced by the significant frequency shifts
with respect to the bands observed in the normal Raman
spectra and the occurrence of Ag–N stretching bands in
the low-frequency SERS spectra [5,19]. In addition, our
previous investigation [5] evidenced that the effect of
the electromagnetic mechanism on the SERS intensi-
ties weakens when the laser exciting line is far from
resonance with the secondary surface plasmon band of
the silver nanoparticles. When pyridine is adsorbed on
chloride-free Ag colloid, this secondary plasmon band
occurs at about 645 nm [6], whereas the SERS spectra
are here obtained by excitation with the 514.5-nm laser
line.

The present DFT calculations are performed on
model systems where pyridine is bound to metal clus-
ters constituted by four silver atoms with various pos-
itive charges. This modelization, which could seem too
crude for mimicking the silver surface, should be suit-
able, instead, for representing the surface active sites
where the ligand is really chemisorbed. Actually, these
active sites are called “adatoms” or adclusters” because
they are formed by one or few silver atoms, relatively
isolated from the bulk metal and activated by the pres-
ence of positive charges. Hence, our study of the struc-
tural and vibrational properties of surface complexes of
pyridine bound to silver ion clusters represent a reason-
able attempt to improve the adsorption models previ-
ously proposed [5], and could offer a suitable approach
for interpreting all the experimental data obtained in
Ag colloids with or without coadsorbed chloride anions,
including positions and relative intensities of the SERS
bands.

2 Experimental

Stable Ag hydrosols were prepared according to Creigh-
ton’s procedure [7] and aged a week to prevent the for-
mation of reduction products [20]. Then, NaCl and/or



Theor Chem Acc (2007) 117:451–458 453

pyridine were added to the silver colloids. Ag(I)(pyri-
dine)2NO3 was prepared by dissolving AgNO3 in hot
pyridine in the 1:2 molar ratio, according to Cooney’s
procedure [21].

Raman measurements were performed by using a
Jobin-Yvon HG-2S monochromator, a cooled RCA-
C31034A photomultiplier and a data acquisition facil-
ity. SERS data were obtained with the 514.5 nm exciting
line supplied by an Ar+ laser with a power of 50 mW.
The Raman spectrum of the Ag(I)–pyridine coordina-
tion compound, as solid sample, was measured by using
a defocused laser beam and a rotating device to avoid
thermal effects.

3 Calculation method

All ab initio calculations have been performed by the
Gaussian 98 package [22], adopting the B3LYP hybrid
exchange correlation functional [23,24], along with the
Lanl2DZ basis set. This latter consists of the Dunning/
Huzinaga full double zeta [25] on first row atoms and
of Los Alamos pseudopotential for core electrons plus
a double zeta basis for valence electrons [26–28]. The
structures were optimized with a tight criterion and
the harmonic frequencies were calculated using an
improved grid in the calculation of the integrals [Inte-
gral(Grid = 199,974)], with 0.98 scaling factor.

The Raman intensities of the vibrational modes, com-
puted on the basis of the double harmonic approxi-
mation, i.e., without taking into account the electric
and mechanical anharmonicities, correspond to spatially
averaged values according to the usual formula reported
in standard textbooks [29]:

IRaman ∝ 45α2 + 7γ 2

α = (1/3)
[
(∂αxx/∂Qk)o + (∂αyy/∂Qk)o + (∂αzz/∂Qk)o

]

γ 2 = (1/2)
{[

(∂αxx/∂Qk)o − (∂αyy/∂Qk)o

]2

+ [
(∂αyy/∂Qk)o − (∂αzz/∂Qk)o

]2

+ [
(∂αzz/∂Qk)o − (∂αxx/∂Qk)o

]2
}

The derivatives of the molecular polarizability with re-
spect to the atomic displacements are considered as a re-
sponse to an applied external electric field of 0.00189 a.u.
Hence, the intensities depend only on the variation of
the molecular polarizability due to the molecular vibra-
tion or rotation.

4 Results

First, we want to check the reliability of clusters with
four silver atoms in reproducing the Raman bands ob-

Fig. 2 Optimized structures of silver clusters

served in the low-frequency region, for Ag hydrosols
with or without chloride anions. In the 50–300 cm−1

spectral range, the bands related to the vibrational mo-
tions of silver clusters occur, along with those due to
Ag–ligand vibrations. Hence, Ag clusters constituted by
four atoms with 0 or +1 or +2 net charge have been
examined with and without the presence of a chloride
ion. Without chloride ion, stable rhombic structures are
obtained for (Ag4)

+ and (Ag4)
o, while the optimized

structure of (Ag4)
+2 is tetrahedral (Fig. 2). The normal

modes, reported in Table 1 for all the optimized struc-
tures, can be satisfactorily compared with the low-fre-
quency Raman bands of chloride-free colloids, where
only two broad bands are detected at about 70 and
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Table 1 Calculated
frequencies of silver clusters
compared with the SERS
frequencies

aIn chloride-free Ag colloid

(Ag4)
+ rhombic (Ag4)

+2 tetrahedral (Ag4)
o rhombic SERSa

Species νcalc. Species νcalc. Species νcalc. νobs

Au 18 E 67 Au 34
Bu 69 E 67 Bu 67
Ag 81 T2 83 Ag 74 70
Ag 85 T2 83 Ag 97
Bu 122 T2 83 Bu 146
Ag 157 A1 138 Ag 172 160

Fig. 3 Low-frequency SERS spectra of silver hydrosols. A Salt-
free colloid without ligand; B salt-free colloid with 5 × 10−3 M
pyridine; C colloid with 5×10−4 M NaCl; D colloid with 5×10−3 M
pyridine and 5 × 10−4 M NaCl. Laser excitation line: 514.5 nm

160 cm−1 (Fig. 3A). In particular, the latter band can be
related to the Debye frequency of solid silver occurring
at 156 cm−1, as previously proposed [30]. In Ag colloids
with addition of chloride anions the same bands are ob-
served, along with a strong band at 240 cm−1 attributable
to the Ag–Cl stretching vibration (Fig. 3C). These bands
correspond to those observed by Roy and Furtak on
roughened Ag electrode with KCl as electrolyte, where
also another weak band was detected at about 110 cm−1

[12]. By the adsorption of pyridine on chloride-free col-
loid, a SERS band at 210 cm−1 (Fig. 3B) is observed,
attributable to Ag–N stretching vibration. When both
pyridine and chloride ions are present in the Ag hydro-
sol, only one band with asymmetric structure occurs
at 238 cm−1 (Fig. 3D), due to the overlapping of the
Ag–N and Ag–Cl stretching vibrations.

By applying DFT calculations to metal clusters bound
to a chloride ion, stable structures are obtained for

(Ag4)
+Cl− and (Ag4)

oCl− complexes in pseudo-rhom-
bic arrangements and for (Ag4)

+2Cl− complex in a pyra-
midal arrangement (Fig. 4). The chloride anion results
bound to (Ag4)

o, (Ag4)
+ (Ag4)

+2 as monodentate, bid-
entate and tridentate ligand, respectively. On the basis
of the calculated frequencies reported in Table 2, the
presence of the (Ag4)

o cluster bound to a chloride ion
can be ruled out, because the calculated Ag–Cl stretch-
ing mode is too high with respect to the corresponding
band observed in the SERS spectrum at about 240 cm−1,
whereas the bands observed at about 70 and 110 cm−1

are underestimated. (Ag4)
+Cl− and (Ag4)

+2Cl− com-
plexes are, instead, more probable. Actually, a mean
deviation of 13.8 cm−1 is obtained for the neutral silver
cluster, whereas a mean deviation of 8.2 cm−1 for the
two other clusters.

The same silver clusters, (Ag4)
+ and (Ag4)

+2, can
be taken into consideration for the DFT calculations as
surface active sites for the adsorption of a ligand like
pyridine (hereafter Py). Py results bound to a (Ag4)

+
pseudo-rhombic cluster or to a (Ag4)

+2 pyramidal clus-
ter, as shown in Fig. 5. The calculated normal modes
are reported in Table 3 with the corresponding Raman
intensities, in comparison with the SERS frequencies
and intensities. Our previous calculations [5] for pyri-
dine bound to a single Ag+ ion were able to reproduce
satisfactorily both band positions and intensities when
compared to the SERS of pyridine adsorbed on silver
colloid in the presence of chloride ions. Now, by con-
sidering pyridine bound to the (Ag4)

+ cluster, a little
worse agreement is obtained, with 8.0 cm−1 mean devi-
ation instead of 7.2 cm−1; e.g., the ring-breathing mode
downshifts to 996 cm−1 with respect to the observed
value at 1008 cm−1 and the Ag–N stretching mode to
197 cm−1, instead of 210 cm−1, as experimentally found
(Fig. 3). It is also interesting to check the behavior of
the calculated intensities in the 1,000–1,050 cm−1 spec-
tral region: on going from Py/Ag+ to Py/(Ag4)

+, the
ring trigonal deformation mode strongly decreases in
intensity with respect to the ring breathing mode, in
contrast with the experimental findings. The Py/(Ag4)

+
model complex can be considered therefore less able to
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Fig. 4 Optimized structures of silver/chloride clusters

Table 2 Calculated
frequencies of silver clusters
bound to a chloride ion,
compared with the SERS
frequencies

aIn Ag colloid with chloride
anions
bAt Ag electrode [12]

(Ag4)
+Cl− pseudo-rhombic (Ag4)

+2Cl−pyramidal (Ag4)
oCl− pseudo-rhombic SERSa

νcalc. νcalc. νcalc. νobs

23 62 28
45 62 41
58 76 53
78 76 54 70
99 87 57
126 107 95 110b

136 107 145
159 143 158 160
248 243 262 240

Fig. 5 Optimized structures of pyridine bonded to silver clusters

predict the SERS intensities of pyridine in Ag/Cl− col-
loid. A further attempt of improving the results was also
done by considering pyridine bound to a neutral silver

cluster, (Ag4)
o, but in this case a marked downshift is

calculated for the ring-breathing mode (calc. 996 cm−1)
as well as for the Ag–N stretching mode (calc. 194 cm−1).
Moreover, the ratio between the calculated intensities of
the ring trigonal deformation and of the ring breathing
mode becomes 1:4, in contrast with the experimental
findings. This confirms the conclusions of the previous
work [5], that in Ag hydrosols with coadsorbed chloride
anions the species responsible of the SERS is suitably
modeled by a single silver ion bound to pyridine, closely
resembling the Ag(I)–pyridine coordination compound,
whose Raman spectrum is reported for comparison in
Fig. 6. In fact, the adsorption of chloride anions on Ag
colloidal particles induces the formation of surface Ag+
ions [1]; hence, pyridine molecules react with these ac-
tive sites by forming σ -bonds with the silver ions via
the nonbonding electron pairs (n2) on the N atoms, very
much like to what found in the coordination complexes
[31].

The SERS of pyridine in salt-free silver colloid,
instead, is well reproduced only by DFT calculations
performed for pyridine bound to a (Ag4)

+2 pyramidal
cluster. In the low-frequency region the Ag–N stretch-
ing mode is calculated at 213 cm−1, in close agreement
with the experimental value at 210 cm−1 (see Fig. 3).
The strongest vibration is not the ring breathing mode
anymore, but the ring trigonal deformation, in close
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Table 3 Calculated frequencies of pyridine/silver complexes compared with the SERS frequencies observed in Ag colloids (Calculated
relative Raman intensities reported in parentheses)

Py/(Ag4)
+2 Py/(Ag4)

+ Py/Ag+ Py on Ag, colloid I Py on Ag, colloid II
Species Calc. Calc. Calc. Obs. SERS Obs. SERS

(Ag–N) 213 (4.2) 197 (12.1) 201 (5.6) 210 br (238)a

A2 392 (0.2) 391 (0.2) 392 (0.2)
B1 425 (0.2) 427 (0.0) 427 (0.6) 416 vw
A1 644 (29.4) 636 (2.6) 644 (10.2) 623 m 623 w
B2 649 (11.0) 652 (7.3) 649 (14.2) 649 w 649 m
B1 708 (0.0) 714 (0.1) 708 (0.9) 708 vw
B1 772 (1.2) 770 (0.3) 771 (2.4)
A2 889 (0.1) 897 (0.2) 892 (0.1)
B1 962 (1.0) 961 (0.7) 963 (0.6) 942 vw 942 vw
A1 997 (100.0) 996 (100.0) 1,000 (100.0) 1,008 vs 1,008 vvs
A2 1,004 (0.1) 1,003 (0.4) 1,004 (0.1)
A1 1,039 (190.4) 1,036 (27.9) 1,038 (88.4) 1,036 vvs 1,036 vs
B1 1,046 (0.0) 1,040 (0.0) 1,044 (0.0)
B2 1,065 (1.0) 1,067 (4.2) 1,077 (1.4)
A1 1,076 (0.8) 1,073 (0.1) 1,067 (0.5) 1,065 m 1,065 m
B2 1,191 (3.9) 1,191 (3.9) 1,189 (4.7) 1,199 vw 1,199 vw
A1 1,230 (17.7) 1,229 (11.0) 1,232 (11.1) 1,221 w 1,221 w
B2 1,298 (0.2) 1,292 (0.0) 1,295 (0.1) 1,298 vw
B2 1,372 (1.3) 1,372 (0.3) 1,373 (2.2) 1,376 vw
B2 1,453 (2.2) 1,451 (0.6) 1,454 (1.4)
A1 1,479 (2.4) 1,480 (3.0) 1,480 (2.2) 1,486 vw
B2 1,574 (20.4) 1,579 (12.6) 1,578 (26.2) 1,574 m 1,574 w
A1 1,603 (24.3) 1,605 (41.4) 1,606 (34.7) 1,599 w 1,599 m

Symmetry species referred to pyridine; colloid I without chloride anions, colloid II with chloride anions
aOverlapping of Ag–N and Ag–Cl stretching vibrations

Fig. 6 Raman spectrum of the Ag(I)–pyridine coordination
compound. Laser excitation line: 514.5 nm

analogy with findings in Ag colloids without chloride
ions (Fig. 1A). A similar intensity inversion is observed
for the doublet at 620–650 cm−1; moreover, in the high-
frequency region the C=C stretching mode calculated
around 1,600 cm−1 becomes weaker, as experimentally
observed. Hence, in the absence of coadsorbed halide
anions, pyridine can be considered as bound to a pyra-
midal silver cluster, as previously suggested by Roy and
Furtak [12], but with a doubly positive charge.

Fig. 7 Calculated SERS spectra of pyridine bound to silver clus-
ters: (Ag4)

+2 (A); (Ag4)
+ (B); and Ag+ (C)

The visual comparison between the calculated Raman
spectra of pyridine bound to Ag+, (Ag4)

+ and (Ag4)
+2

is reported in Fig. 7, where the bands are shown as
Lorentzian shapes having 4-cm−1 bandwidths.
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5 Discussion and conclusions

On the basis of DFT calculations, the formation of sil-
ver clusters on Ag colloidal particles has been analyzed
and the SERS spectra of pyridine adsorbed on silver
have been interpreted by explaining the different inten-
sity pattern observed in the presence and in the absence
of chloride anions. Actually, the validity of this method
to investigate the adsorption of a ligand on silver lies in
correctly reproducing both SERS frequencies and inten-
sities. Recently [32], ab-initio calculations on a Hartree–
Fock level, performed on Py/Ag+ or Py/(Ag5)

+ model
system, did not successfully reproduce the SERS relative
intensities. The present DFT approach, which consid-
ers clusters with four silver atoms and different positive
charges, is able, instead, to describe satisfactorily the
SERS spectra of pyridine. Hence, it represents a valid
attempt to mimic the effect of the surface active sites by
the interaction of the metal electrons with the electronic
distribution of the molecule.

Two different pyridine/metal surface complexes are
here proposed: in Ag colloids with chloride anions, the
adsorbate closely resembles the ligand in the Ag(I) coor-
dination compound; in salt-free colloids, instead, the
pyridine molecules can be modeled as chemisorbed onto
(Ag4)

+2 pyramidal clusters like surface active sites. This
finding can be extended to the behavior of pyridine
adsorbed on silver electrode as a function of the ap-
plied electrode potential. Two different explanations
were proposed for the role of the chloride ions in the
charge transfer between molecule and silver substrate.
Hildebrand et al. [33] suggested that the role of chemi-
sorbed anions like Cl− or Br− is to promote positively
charged SERS-active sites. Henglein et al. [34], instead,
proposed a change in the electron density on the col-
loid surface when nucleophilic ligands, as for example
chloride anions, are adsorbed on silver, by varying the
Fermi level position of the metal nanoparticles, in close
analogy to what happens by changing the electrode po-
tential in an electrochemical cell. Actually, the position
of the Fermi level of an electrode is controlled by a po-
tentiostat, whereas in a metal hydrosol this level can
float upon chemisorption of nucleophiles [35]. Hence,
the SERS spectra obtained from Ag colloids can be
compared with those from electrode. A detailed anal-
ysis of the SERS spectra of pyridine in an electrochem-
ical cell has been reported by Arenas et al. [8], taking
Ag/AgCl/KCl electrode as reference. At negative elec-
trode potentials, but more positive with respect to the
zero-charge potential (E ∼ −0.75 V), the SERS corre-
sponds to that observed in Ag/Cl− colloid. At E = 0,
when the surface is more positively charged, the SERS
spectrum closely resembles the SERS of pyridine ad-

sorbed on salt-free Ag colloid. This further supports the
model here proposed, constituted by pyridine bound to
a pyramidal silver cluster with doubly positive charge.

Some considerations can be done on the kind of
interaction between ligand and substrate. On the ba-
sis of the Mulliken atomic charges, calculated by DFT
method, the electron charge transfer from molecule to
metal is evaluated as 1/3 e for both the Py/(Ag4)

+2 and
Py/Ag+ species, which are considered the most probable
in salt-free Ag colloid and in Ag colloid with chloride
anions, respectively. The species Py/(Ag4)

+, considered
with lower probability, exhibits, instead, a smaller charge
transfer, less than 1/4 e. Consequently, a strong chem-
ical interaction between the molecule and the active
sites of the silver surface can be proposed for the com-
plexes Py/(Ag4)

+2 and Py/Ag+, as suggested also by the
short Ag–N distances, 2.167 and 2.176 Å, respectively,
whereas this distance is longer (2.233 Å) in the complex
Py/(Ag4)

+.
As a conclusion, the extension of the DFT calcula-

tions to metal clusters constituted by silver atoms with
different charges represents an improvement of the
previous model of pyridine interacting with the silver
surface [5]. Actually, the goal of these calculations is to
explain for the first time the chloride effect observed
in the SERS spectra, by considering the modifications
of the surface active sites induced by the coadsorption
of Cl− anions, along with the structural changes of the
ligand interacting with silver adclusters. The formation
of the two different adsorbates in the absence and in the
presence of coadsorbed chloride anions is closely related
in both cases to strong charge-transfer effects between
pyridine and active sites of the silver surface. These ef-
fects are evidenced by the decrease of the molecule–
metal separation predicted by the DFT calculations.

Finally, some conclusive remarks can be outlined on
the different mechanisms of the SERS effect in rela-
tion with the present theoretical approach. The SERS
enhancement can be considered [36] as the product
of two major contributions, an electromagnetic and a
chemical mechanism, since the intensity of Raman scat-
tering is directly proportional to the square of the in-
duced dipole moment, which, in turn, is the product
of the Raman polarizability and the magnitude of the
incident electromagnetic field. By exciting the surface
plasmon resonance of a nanostructured or nanoparti-
cle metal surface, the local electromagnetic field, E, is
enhanced by 10. Since Raman scattering approximately
scales as E4, the electromagnetic enhancement factor is
of the order 104. Chemical enhancement includes any
enhancement of the Raman intensity of the adsorbed
molecules due to the chemical reaction with the surface
and it is related to the charge transfer between ligand
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and metal active sites. Two main types of charge trans-
fer processes are possible. By interaction with the sur-
face the polarizability of the molecule may increase with
the redistribution of the charge in the electronic ground
state, promoting different enhancements for different
vibrational modes. This mainly occurs by formation of
surface complexes between ligand and metal adatoms
or adclusters. Another chemical enhancement mecha-
nism depends on the photo-assisted charge transfer pro-
cess when the incident laser energy matches the energy
difference between the Fermi level of the metal sub-
strate and the molecular HOMO or LUMO [37]. Albeit
these chemical mechanisms can provide enhancement of
the Raman signal of the adsorbate only up to 102, they
significantly affect the SERS relative intensities when
the wavelength of the laser exciting line is off-resonance
with respect to the surface plasmon band of the metal
nanoparticles [5], as in the present case of pyridine ad-
sorbed on Ag colloids. Our theoretical approach takes
into account only the chemical mechanism related to
the polarizability changes in the electronic ground state
of the pyridine/silver surface complexes. However, our
modelization of the silver adclusters, which act as ac-
tive sites for the adsorption of the ligand, is really able
to correctly reproduce positions and relative intensities
of the SERS bands of pyridine in Ag colloids, both in
the presence and in the absence of coadsorbed chloride
anions.
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