
Abstract. The surface-enhanced Raman spectra of pyri-
dine and pyrazolide adsorbed on silver colloids are dis-
cussed with the help of a density functional theory
calculation, based on a mixed functional. The ligand–
surface interaction is modelled as an adduct of pyridine
and pyrazolide with a single Ag atom or with a small Ag
cluster. It is found that the model adduct satisfactorily
reproduces the relative Raman intensities of adsorbed
pyridine, while the same is not the case for pyrazolide.
From the analysis of the excitation profiles the observed
behaviour is correlated with the relative importance of
the chemical and electromagnetic effects.
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Introduction

The enhancement mechanism of the Raman scattering
cross-section in the surface-enhanced Raman scattering
(SERS) experiment has been discussed extensively [1, 2, 3].
It is generally understood that there are two main con-
tributions to the surface Raman enhancement. The so-
called electromagnetic effect involves the enhancement of
the electric field at the interface and the resonancewith the
surface plasmon absorption (SPA) band due to the exci-
tation of the conduction electrons localised at the metal
surface, producing an enhancement of the Raman signal
by asmuch as 6 orders ofmagnitude. The electromagnetic
effect causes in most cases a uniform enhancement of the
Raman intensities and the actual appearance of the
spectrum is related to surface-selection rules [4], depend-
ing on the orientation of the scattering molecules relative

to the surface. The so-called chemical effect arises when
the ligand is chemically adsorbed on the metal forming
chemical bonds with the active sites (adatoms) of the
surface and the exciting line is in resonance with the
charge-transfer band of the ligand–surface adduct. Al-
though the enhancement factor due to the chemical effect
is much smaller (at most 102) [5, 6], its influence on the
observed spectra can be substantial. As a matter of fact,
the SERS spectra of adsorbed species should be discussed
by comparison with a reference system, which in the case
of chemisorption is the ligand–surface complex, whose
vibrational frequencies can differ appreciably from those
of the free ligand. In recent papers [7, 8, 9] it has been
shown that the ligand–surface adducts can, as a first
approximation, be modelled as a complex of the molecule
with one metal atom or with a small cluster of metal
atoms. The model successfully reproduced the frequency
shifts of phthalimide [7], 2-mercaptobenzoxazole [8] and
pyrazolide (Pz)) [9] adsorbed on silver. The purpose of
the present paper is to apply the same type of modelling
of the ligand–surface chemical interaction to investigate
if the relative intensities are also affected significantly. The
approach is applied to the SERS spectra of pyridine (Py)
and Pz) adsorbed on silver colloids. It is shown that the
behaviour of the two systems is distinctly different: with
the help of the SERS excitation profiles these differences
can be interpreted as arising from different contributions
of the electromagnetic and chemical effects.

Experimental

Preparation of the samples

Stable Ag hydrosols were prepared according to Creighton’s pro-
cedure [10] and aged 1 week to prevent the formation of reduction
products [11]. Then, Py (Aldrich, purity 99.9+%), or pyrazole
(Aldrich, purity above 99%) purified twice by vacuum sublimation,
was added (10)3 M concentration) to the silver colloids. A small
amount of NaCl (5·10)4 M) was added to the Ag/Py hydrosol to
observe the weak SERS bands of the ligand. Ag(I)Py2NO3 was
prepared by dissolving AgNO3 in hot Py in a 1:2 molar ratio,
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according to Cooney’s procedure [12]. An Ag(I)/Pz) complex was
obtained by mixing pyrazole with AgNO3 in aqueous solution with
NH3, according to Buchner’s method [13].

UV–vis absorption measurements

The UV–vis absorption spectra were measured with a Cary 5
spectrophotometer. The absorption spectra of the Ag colloids show
an intense band at about 390 nm, due to the plasmon resonance of
small metal particles (around 15 nm, as average diameter). In the
presence of the ligand the silver colloidal particles undergo aggre-
gation, resulting in the occurrence of a secondary plasmon band at
longer wavelength. The degree of aggregation of the silver colloids
was monitored by the relative intensities of the two plasmon
absorption bands.

Raman measurements

Raman measurements were performed using a Jobin-Yvon HG-2S
monochromator, a cooled RCA-C31034A photomultiplier and a
data acquisition facility. SERS data were obtained with exciting
lines supplied by Ar+ and Kr+ lasers, corrected to account for
monochromator and photomultiplier efficiency and normalised to
the Raman scattering of a KNO3 water solution as external stan-
dard. The Raman spectra of the Ag(I) coordination compounds, as
solid samples, were measured using a defocused laser beam and a
rotating device to avoid thermal effects.

Calculation method

All the ab initio calculations were performed with the Gaussian98
package [14], using the combination of the B3LYP hybrid exchange
correlation functional [15, 16] along with the Lanl2DZ basis set.
This basis consists of the Dunning/Huzinaga full double zeta [17]
on first-row atoms and of the Los Alamos pseudopotential for core
electrons plus a double-zeta basis for valence electrons [18]. The
structures were optimised with a tight criterion and the harmonic
frequencies were calculated using an improved grid in the calcula-
tion of the integrals [Integral(Grid=199974)]. A uniform scaling
factor of 0.9833 was adopted for all the computed frequencies of
the vibrational modes, as done recently by Aroca et al. [7] for
phthalimide adsorbed on silver.

The Raman intensities of the Qk vibrational modes, computed
on the basis of the double harmonic approximation, 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 [19]. The derivatives of the
molecular polarisability with respect to the atomic displacements
are considered as a response to an applied external electric field of
0.00189 au; hence, the intensities depend only on the variation of
the molecular polarisability due to the molecular vibration or
rotation. This calculation approach should allow Raman intensities
to be reproduced with good accuracy in conditions far from the
resonance of the exciting light with the electronic transitions. On
the other hand, all the Raman spectra were measured using visible
laser lines, whereas Py, Pz) and their corresponding Ag(I) coordi-
nation compounds absorb in the UV region.

Results and discussion

As discussed in the following, calculations of the Raman
frequencies and intensities were carried on the silver
complexes of Py and Pz), called Py/Ag+ and Pz)(Ag3)

+,
respectively. The optimised structure of Pz)(Ag3)

+ is
shown in Fig. 1, where it can be seen that the cluster is
arranged in a triangular structure with Ag–Ag distances
close to the distances observed in bulk silver. The effective

atomic charges were evaluated by natural bond orbital
analysis and are reported in Table 1. For the complexes of
both Py and Pz) the interaction with the metal surface
results in a negative charge transfer towards the nitrogen
and silver atoms, in order to formmolecule–Ag bonds. In
the case of Pz) the negative charge transferred to themetal
cluster is concentrated exclusively on the silver atom that
ismore distant from the ligand.ThePy–Agbond turns out
to be stronger than those involving Pz), as evidenced from
the calculated bond lengths (2.176 Å for Py, 2.232 Å for
Pz)).

Pyridine

It is well known [10, 20, 21] that the SERS spectra may
reach the highest intensities when the exciting wave-
length falls within the envelope of the SPA band, owing
to the excitation of the conduction electrons localised at
the metal surface. The electromagnetic effect strongly
depends on the degree of roughness of the surface,
whereas it is independent of the properties of the ligand,
which can be considered as physisorbed. In Ag hydrosol

Fig. 1. Optimised structure of pyrazolide/(Ag3)
+ complex. Bond

distances in angstroms; bond angles in degrees

Table 1. Effective atomic charges, as calculated by natural bond
order analysis. Pyridine (Py), pyrazolide (Pz))
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an intense SPA band is observed in the UV–vis
absorption spectrum at about 390 nm, relative to small
spheroidal silver particles with average diameter of
around 15 nm [22]. The colloidal aggregation, induced
by addition of a ligand or by aging, affects the SPA,
resulting in the appearance of a secondary band at
longer wavelengths, due to larger silver particles. The
presence of chloride anions adsorbed on silver usually
prevents aggregation [23]. According to the electro-
magnetic enhancement effect [10], the excitation profiles
of the SERS bands should follow the trend of the sec-
ondary plasmon resonance. Thus, by comparing the
excitation profiles and the absorption spectra, it is pos-
sible to estimate the importance of the electromagnetic
contribution for the SERS intensities. The SERS spec-
trum of Py, adsorbed on a silver colloid after addition of
NaCl is shown in Fig. 2 and is compared with the nor-
mal Raman spectrum of pure liquid and with the cal-
culated spectra of free Py and of the Py/Ag+ complex.
The SERS is dominated by two intense bands at about
1,008 and 1,036 cm)1, corresponding to the ring-
breathing and to the triangular-deformation modes,
respectively. A remarkable point is that, as can be seen
from Fig. 3, the SERS excitation profiles do not match
the plasmon resonance bands of the salt-free colloid or
of the hydrosol with chloride anions. This implies that
the chemical effect due to the formation of Py/Ag
charge-transfer complexes should have a strong effect on
the SERS intensities in the present case, as is usually
observed in Ag hydrosols activated by the coadsorption
of halide anions [23]. The SERS spectrum closely
resembles the Raman spectrum of the Ag(I)Py2NO3

coordination compound, concerning both the peak
positions and the relative intensities (Table 2). The same
was found to occur for other heteroaromatic ligands,

like 2,2¢-bipyridine [24], 2,2¢-bipyrimidine [25] and 1,10-
phenanthroline [26]. The calculated spectrum of the Py/
Ag+ complex (Fig. 2, spectrum d) closely reproduces
the SERS spectral pattern and therefore can be consid-
ered as a simple but satisfactory model of chemisorbed
Py. The frequencies and intensities calculated using
density functional theory (DFT) are reported in Table 2
and are compared with experimental values. The
assignment of free Py agrees with that proposed by
Klots [27], except for the Raman band at 1,290 cm)1,
detected also in the IR spectrum at 1293 cm)1, which is
here assigned as a fundamental instead of the shoulder
observed at 1,228 cm)1, not detected in the IR spectrum.
The band at about 1,580 cm)1 shown in Fig. 2, spec-
trum b, is due to the overlapping of the two normal
modes calculated to be at 1,583 and 1,581 cm)1, which
correspond to the Raman bands observed in liquid Py at
1,573 and 1,582 cm)1, respectively (Table 2). It is seen
that, going from the isolated molecule to the surface
complex, upshifts of the totally symmetric ring modes
are obtained, in particular for the in-plane deformation
(603 fi 644 cm)1), the breathing (969 fi 1000 cm)1),
the triangular (1021 fi 1038 cm)1) and the ring C=C
stretching (1581 fi 1606 cm)1) modes, in satisfactory
agreement with the experimental findings. It is also seen
that the intensities corresponding to the prominent
bands at 1,008 and 1,036 cm)1, calculated for the Py/
Ag+ complex, almost equalise, as observed in the SERS
spectrum. An intensity decrease of the ring deformation
mode at around 650 cm)1 in the Py/Ag+ complex is also
in fair agreement with the SERS experiment.

Pyrazolide

The SERS spectrum of Pz) adsorbed on a silver colloid
is shown in Fig. 4 and is compared with the Raman
spectrum of the Ag(I) coordination compound. This

Fig. 2. A Raman spectrum of liquid pyridine (exciting line
514.5 nm); B calculated Raman spectrum of pyridine; C Raman
spectrum of pyridine adsorbed on a Ag colloid (exciting line
514.5 nm); D calculated Raman spectrum of a pyridine/Ag+

complex. The calculated bands are shown as Lorentzian shapes
having 10-cm)1 bandwidth

Fig. 3. UV–vis extinction spectra of Ag colloids in the presence of
10)3 M pyridine: A salt-free Ag colloid; B Ag colloid with 10)3M
NaCl. The surface-enhanced Raman scattering (SERS) excitation
profiles of pyridine are also shown for the two strong bands at
1,008 and 1,036 cm)1
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latter consists of Pz) anions bound to two Ag+ ions to
form polymeric chains. It can be seen that the SERS
spectrum of Pz), in contrast with findings in Py, is dis-
tinctly different, as far as the relative intensities are

concerned, from the spectrum of the Ag(I) complex. In
particular, the 1,484-cm)1 band appears as the strongest
mode in the SERS spectrum, while its intensity is very
low in the complex. A DFT calculation of the Raman
spectrum of the Ag(I) complex, modelled as a Pz)(Ag+)2
adduct, was performed and the results are reported in
Table 3 and are also shown in Fig. 4. It can be seen that
the agreement with the experimental values is quite
satisfactory, in particular as far as the pattern of the
more prominent bands is concerned.

In previous work [9] a DFT calculation of the fre-
quencies for a model of the Pz)/Ag adduct, consisting of
the anion bound to two adsorption sites of the metal
surface with a single positive charge, Pz)(Ag2)

+, was
reported. This calculation was extended in the present
work to obtain the relative SERS intensities as well
(Table 3). The adduct was modelled as the anion bound
to a cluster of three silver atoms, Pz)(Ag3)

+. This allows
the computation of the Raman intensities in a closed-
shell system. The calculated intensities, obtained as the
total Raman intensities averaged over all spatial orien-
tations, as indicated in the previous section, are com-
pared in Fig. 4 with those observed in the SERS
experiment. It can be seen that the fit is rather poor and
in particular the intensities of the bands at 1,263, 1,350
and 1,409 cm)1 are largely overestimated in the calcu-
lations, while the most intense SERS band at 1,484 cm)1

is predicted as only a weak band. However, it should be
noted that Pz) adsorbed on silver has C2v symmetry with
the z symmetry axis perpendicular to the surface.

Table 2. Calculated (scaling factor 0.9833) and observed frequencies of Py, of Py adsorbed on silver and of the Py/Ag+ complex.
Calculated relative Raman intensities reported in parentheses

Py, liquid Py Py Py/Ag+ PyAg(I) complex, solid Py on Ag colloid

Species Assignmenta Obs. Ramanb Calc. Obs. Ramanb Calc. Obs. Ramanb Obs. SERSb

201 (5.6) 210 brc

A2 m (13) 379a 381 (0.1) 392 (0.2)
B1 m (27) 407 w 419 (1.9) 427 (0.6)
A1 m (10) 604 w/m 603 (17.0) 615 w/m 644 (10.2) 623 vw 623 w
B2 m (22) 653 m 655 (23.8) 649 m 649 (14.2) 650 w 649 w/m
B1 m (26) 709 vvw 721 (0.3) 708 (0.9) 709 w 708 w
B1 m (25) 750 vvw 763 (1.2) 771 (2.4)
A2 m (12) 885 w 901 (0.1) 892 (0.1) 876vw
B1 m (24) 942 vw 947 (0.1) 963 (0.6) 942vw 942 vw
A1 m (9) 992 vvs 969 (100.0) 1,000 vvs 1,000 (100.0) 1,006 vvs 1,008 vvs
A2 m (11) 980 sh 997 (2.6) 1,004 (0.1)
A1 m (8) 1,031 vs 1,021 (73.7) 1,032 vs 1,038 (88.4) 1,034 vvs 1,036 vvs
B1 m (23) 1,020 vvw 1,027 (0.1) 1,044 (0.0)
B2 m (21) 1,052 vvw 1,056 (0.9) 1,077 (1.4)
A1 m (7) 1,069 w 1,068 (1.8) 1,064 w 1,067 (0.5) 1,067 m 1,069 m
B2 m (20) 1,150 w 1,171 (9.1) 1,189 (4.7) 1,198 sh 1,197 sh
A1 m (6) 1,218 m 1,224 (26.8) 1,216 m 1,232 (11.1) 1,217 m 1,220 m
B2 m (19) 1,290a 1,281 (6.7) 1,295 (0.1) 1,297 vs 1,299 vw
B2 m (18) 1,356 vvw 1,366 (1.6) 1,373 (2.2)
B2 m (17) 1,438 vvw 1,440 (0.2) 1,454 (1.4) 1,454 w 1,452 vw
A1 m (5) 1,483 w 1,468 (8.8) 1,480 vw 1,480 (2.2) 1,486 m 1,487 w
B2 m (16) 1,573 w/m 1,583 (31.4) 1,574 w/m 1,578 (26.2) 1,575 w/m 1,575 w/m
A1 m (4) 1,582 m 1,581 (37.2) 1,592 m 1,606 (34.7) 1,595 m 1,599 m

aRef. [27]
b514.5-nm exciting line
cSalt-free Ag colloid

Fig. 4. A Raman spectrum of pyrazolide adsorbed on a Ag colloid
(exciting line 514.5 nm); B calculated Raman spectrum of a
pyrazolide/(Ag3)

+ complex; C as B, by considering only the
contribution of the dynamic polarisability normal to the metal
surface; D Raman spectrum of the solid Ag(I)–pyrazolide complex
(exciting line 514.5 nm); E calculated Raman spectrum of the
pyrazolide/(Ag+)2 complex. The calculated bands are shown as
Lorentzian shapes having 10-cm)1 bandwidth
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According to the electromagnetic theory [4] the intensity
enhancement of the vibrational modes should be asso-
ciated with the magnitude of the zz component of the
dynamic polarizability. The zz-component contribution
to the calculated Raman intensities is shown in Fig. 4
and it can be seen that, even if a fit with experimental
data is not obtained, at least the changes of the spectral
features are in the expected direction. It is possible that
an improvement of the ligand–surface interaction is
necessary to reproduce the relative SERS intensities. The
present results give an indication that in the Pz) case the
electromagnetic effect could be predominant. To find
evidence for this hypothesis, the SERS excitation pro-
files of Pz) in salt-free Ag hydrosol were measured. The
results are shown in Fig. 5 and are compared with the
UV–vis absorption spectrum, while in Fig. 6 the SERS
spectra of Pz) with different exciting lines are shown. It
can be seen that the SERS excitation profiles closely
follow the shape of the secondary plasmon resonance.

This confirms that in the present case there is a pre-
dominance of the electromagnetic enhancement mecha-
nism. The enhancement is particularly evident for the
1,484-cm)1 band, whose intensity overcomes that of the
1,129-cm)1 band by excitation with redshifted laser lines.
In contrast, the intensity of the 1,263-cm)1 band con-
tinuously decreases as the wavelength of the exciting line
increases. Moreover, the agreement between experi-
mental and calculated relative intensities tends to im-
prove as the exciting wavelength is shifted to the blue
(Fig. 6). In fact the 1,484-cm)1 band decreases in
intensity, whereas the 1,263-cm)1 band becomes the
strongest SERS band. Actually, when the exciting line is
far from resonance with the secondary plasmon reso-
nance of the metal particles, the predominance of the
electromagnetic enhancement effect weakens and the
chemical contribution becomes nonnegligible.

Finally, in the low-frequency region the ligand–Ag
stretching modes usually occur. As shown in Fig. 7, the

Table 3. Calculated (scaling
factor 0.9833) and observed
frequencies of Pz) adsorbed on
silver and of the Pz)/Ag(I)
complex. Calculated relative
Raman intensities reported in
parentheses

a514.5-nm exciting line

Pz)(Ag3)
+ Pz)(Ag2)

+ Pz) on Ag colloid Pz)(Ag+)2 Pz)Ag(I) complex, solid

Species Calc. Calc. Obs. SERSa Calc. Obs. Ramana

A1 238 (9.4) 234 235 br 264 (21.4) 248 w/m
B2 629 (1.2) 628 625 w 621 (5.6)
A2 651 (9.2) 647 665 m 621 (38.0) 664 w/m
B2 766 (0.3) 762 758 w,br 778 (8.7) 768 w
A2 847 (2.8) 846 864 (1.1)
B2 895 (4.6) 895 923 (1.4)
A1 918 (19.9) 917 908 m 908 (29.8) 908 m
B1 943 (0.4) 942 963 (55.4) 951 m
A1 991 (27.8) 999 1,009 w,br 1,041 (7.1) 1,046 w/m
B1 1,073 (1.9) 1,072 1,064 w 1,092 (17.7) 1,102 w
A1 1,122 (100.0) 1,125 1,129 vs 1,150 (100.0) 1,140 vs
B1 1,167 (6.1) 1,161 1,160 sh 1,168 (3.9) 1,168 w/m
A1 1,259 (111.1) 1,261 1,263 s 1,261 (91.9) 1,274 s
B1 1,348 (72.7) 1,344 1,350 w/m 1,349 (21.0) 1,364 m
B1 1,415 (67.0) 1,413 1,409 w 1,432 (23.7) 1,408 m
A1 1,474 (17.4) 1,473 1,484 vs 1,492 (18.5) 1,484 m

Fig. 5. UV–vis extinction spectra of salt-free Ag colloids, in the
absence of ligand and in the presence of 10)3 M pyrazole. The
SERS excitation profiles of pyrazolide, obtained with different laser
exciting lines (457.9, 488.0, 514.5, 568.2, 647.1 nm), are also shown:
(*) 1,129-cm)1 band (stars), 1484-cm)1 band (circles); 908-cm)1

band (crosses) (intensities multiplied by 10)
Fig. 6. SERS spectra of pyrazolide adsorbed on a Ag colloid, with
different laser exciting lines

268



Ag–Pz) stretching mode is observed as a broad band
centred at around 235 cm)1. This vibration exhibits a
weak intensity in the DFT calculation of the Pz)(Ag3)

+

complex and should be described as a rigid translation of
the molecule relative to the silver substrate, very much
like the motion of a physisorbed molecule. Experimen-
tally, the intensity of this mode strongly increases when
the exciting line is redshifted. Therefore, this mode
mainly experiences the electromagnetic enhancement
effect, as previously observed for 2,2¢-bipyrimidine in a
Ag hydrosol [25].

Conclusions

In the present paper the SERS spectra of Py and of Pz)

adsorbed on silver colloids were discussed with the help
of DFT calculations for the Raman frequencies and
intensities of surface complexes consisting of ligands
bound to small Ag clusters or even to a single Ag atom.
Even though the present discussion was confined to
consider relative intensities, useful information was ob-
tained. In the case of Py, the calculated Raman inten-
sities of the model adduct compare satisfactorily with
the relative intensities of the SERS spectrum. This is
correlated with the importance of the chemical effect, as
demonstrated by considering the SERS excitation pro-
files. In contrast, these latter profiles show that the
electromagnetic mechanism predominates in the SERS
enhancement of Pz). In concomitance with this, the
relative intensities of the SERS spectrum differ signifi-
cantly from those calculated for the adduct of Pz) with
Ag clusters, independent of the cluster size.
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