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The binding interactions between the pyridine and small noble metal clusters in different sizes (n ) 2-4)
have been investigated by using quantum chemical methods. The binding energies of Py-M2 complexes are
obtained at the levels of the Hartree-Fock method (HF), the second-order Møller-Plesset perturbation theory
(MP2), the local density functional method (SVWN), the nonlocal density functional method (BLYP, BPW91,
G96LYP, G96PW91), and the hybrid density functional method (B3LYP and B3PW91). All calculated results
show that the bonding is stronger in pyridine/copper and pyridine/gold than that in pyridine/silver. The bonding
mechanism is explored in terms of the bonding molecular orbital properties. The donation interaction of the
lone-pair electrons on nitrogen of the pyridine molecule to the unoccupied orbital of each metal cluster plays
an important role. The force constants of the internal coordinates of interests are presented. The vibrational
frequency shift has been analyzed on the basis of the coupling between the internal vibrational modes of
pyridine and the nitrogen-metal stretching modes as well as the metal-metal stretching modes. For low-
frequency Raman spectra of pyridine-small silver cluster complexes, we propose a new assignment to the
N-Ag and Ag-Ag stretching vibrations. The calculated infrared intensities of vibrational modes are compared
with the experimental spectra.

Introduction

The binding of a chromophore molecule to metal is an
important issue in metal cluster chemistry, surface chemistry,
and molecular electronics research, as in these aspects one often
wishes to understand the structural properties, electronic proper-
ties, and vibrational spectroscopic properties.1,2 An important
aromatic molecule, pyridine (Py), has been extensively studied
by numerous spectroscopic methods such as infrared spectros-
copy and Raman spectroscopy in the gas,3-5 liquid,5-7 and metal
interfaces.8-25 The shift of vibrational frequencies and the
change of the spectral intensities depend on the bonding
interaction and the metal properties.

Because one CH of benzene is replaced by a nitrogen atom,
there are two possible forms of pyridine bonding to metal
atoms: N-end lone-pairedσ-orbital bonding andπ-orbital
bonding. Numerous observed spectra of infrared and Raman
spectroscopy have indicated that the chemisorption state of the
pyridine molecule on the noble metal surfaces has the upright
or slightly tilted configuration through the N-end bonding to
metal atoms preferred in the case of the high coverage.9-14,18,20-23

The bonding of pyridine N-end to metal surfaces was also
confirmed by near-edge X-ray absorption fine-structure mea-
surement for pyridine adsorbed on Ag(111)26 and photoelectron
diffraction experiment for pyridine on Cu(110).27 Another kind

of evidence for supporting the binding orientation is that low-
frequency bands are often observed at about 235 cm-1 for
pyridine interacting with silver,11a,13,14,20240 cm-1 for cop-
per,20,28 and 260 cm-1 for gold in surface-enhanced Raman
spectra (SERS).10a,20,28These bands have been assigned to the
N-Ag stretch, the N-Cu stretch, and the N-Au stretch,
respectively.

The vibrational frequency of the N-M (M ) Cu, Ag, and
Au) stretch has been explored theoretically. In the early
modeling studies, Lombardi et al. adopted a force constant of
the N-Ag bond to be about 1.5 mdyn/Å for estimating the
frequency of the N-Ag stretching mode.11a They obtained the
calculated vibrational frequencies of the N-Ag stretches in a
good agreement with the experimental data for pyridine deriva-
tives adsorbed on silver surfaces. On the basis of the calculated
results, they suggested that one can distinguish the adsorption
state between an adsorbed molecule bound directly to a metal
surface as opposed to one bonded to a metal adatom which is
itself bound to a metal surface. Moskovits studied the relation-
ship by assuming the force constant of the N-Ag stretch to be
1.0 mdyn/ Å.29 One model is Py-Ag-Ag; another model is a
case that pyridine is directly bound to a silver tetramer, which
configuration is similar to the form of pyridine adsorbed at the
fourfold hollow site on a Ag(100) surface. Recently, Mizutani
and Ushioda analyzed the vibrational frequency shift of internal
modes of pyridine adsorbed on the rough silver surface.30 They
also calculated the vibrational frequency of the molecule-metal
bond only to be 106.4 cm-1 by using the force constant of 0.57
mdyn/Å. They interpreted that the discrepancy between the
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theory and experiment was possibly due to the lateral inter-
actions between adsorbed pyridine molecules. More recently, a
series of theoretical studies have been carried out on the systems
of the pyridine interacting with noble metals and transition
metals.11d,31,32The calculated results indicate that for neutral
Py-M (M ) Cu, Ag, Au) complexes the vibrational frequencies
of the N-M stretches are obviously lower than the experimental
values. A comparison of the binding energies of pyridine with
small metal cluster indicates that the N-M bond is stronger in
Py-M2, Py-M3, and Py-M4 than that in Py-M.32 Also, the
vibrational frequencies of the N-M stretches increase with the
binding energy, but these vibrational frequencies are still small.

In this paper, we will provide the further results on the
bonding interaction and vibrational spectral properties of neutral
pyridine-metal complexes. We investigate the interaction
between pyridine and metal dimers (Cu, Ag, and Au) at various
theoretical levels, including the Hartree-Fock method (HF),
the second-order Møller-Plesset perturbation method (MP2),
local (SVWN) and nonlocal density functional theoretical (DFT)
method (SVWN, BLYP, BPW91, G96LYP, G96PW91), and
hybrid DFT methods (B3LYP and B3PW91). All the calculated
results show that the bonding is stronger in pyridine/copper and
pyridine/gold than that in pyridine/silver. On the basis of the
molecular orbital theory, we compare the present result with
the previous results. Our present result will show that the hybrid
DFT method provides the best result to the present systems of
interest. Our result on the infrared intensities of internal modes
of pyridine indicates that the bonding interaction affects the
relative intensity of the different modes. Finally, the vibrational
frequency shift is discussed on the basis of the coupling between
vibrational modes. The analysis of the vibrational coupling of
the various modes with the N-M stretches is helpful to
understand the interaction between pyridine and metals in terms
of the experimental spectra.

Computational Details
We consider model complexes consisting of a pyridine

molecule and metal clusters of copper, silver, and gold in
different sizes. We assume that each complex has a structure
in which the N-end of the pyridine molecule approaches a metal
atom of the metal cluster withC2V point group symmetry, as
we adopted in the previous calculations.31,32 In this case, the
molecular orbitals and vibrational modes of the pyridine
molecule in each complex can keep the same symmetries as a
free pyridine molecule. The configurations of these pyridine-
metal cluster complexes are shown in Figure 1. Since the ground
state of free pyridine is1A1, the group states for the complexes
are2A1 for Py-M, 1A1 for Py-M2 and Pyr-M4, as well as2B2

for Py-M3.
For checking the validity of the theoretical methods, we

carried out the fully geometric optimization of the ground states
for Py-M2 (Cu, Ag, Au) by using HF, MP2, SVWN, BLYP,
BPW91, G96LYP, G96PW91, B3LYP, and B3PW91 methods
in Gaussian 98.33 The standard relativistic effective small core
potential LanL2DZ is used to describe the inner-shell electrons
for metal atoms.34 The corresponding basis set Lanl2DZ is used
to treat explicitly 19 electrons in the outer valence-shell orbitals
of each atom.34 The basis set for the atoms in pyridine is of the
three-zeta quality, 6-311+G(d, p). This basis set with the B3LYP
method can reproduce quite well experimental geometric
structures and frequencies of the isolated pyridine molecule.31

The binding energy (BE) of Py-M2 complexes is calculated in
terms of the expression

whereEPy-M2, EM2, andEPy represent energies of Py-M2, M2,
and the pyridine molecule obtained by using the methods as
mentioned above.

The local symmetric coordinates for the pyridine-metal
complexes in the normal-mode analysis are defined using the
method given by Pulay et al.35,36 For Py-M, the coordinates
involved in the metal atom are the same as the definition in the
previous paper.31 For Py-M2, there are six new symmetric
coordinates, for example, both stretches of the N-M and M-M
bonds (A1), the in-plane (B2) and out-of-plane bends (B1) of
the N-M bond, two linear bending coordinates, that is, the out-
of-plane (B1) and the out-of-plane (A2) bends of the N-M-M
moiety. For Py-M3 and Py-M4, the new symmetric coordinates
can be defined easily according to ref 35.

For performing the normal-mode analysis, the DFT harmonic
force fields first are transformed from the Cartesian coordinates
into the local internal ones. From the GAUSSIAN calculation,
the Cartesian force constant matrixFc is obtained. But in the
process of normal-mode analysis, the local internal coordinate
force constant matrixFin used to be read. The former can be
transformed to the latter by the relationship ofFin ) B+FcB,
whereB+ is an inverse of a transformation matrix,B.36,37,38Then,
the scaled quantum mechanical force field (SQMF) procedure
is carried out,37

whereSi is the scaled factor of the coordinatei, Fij
in is the DFT

force constant in the local internal coordinates, andFij
scaled is

the scaled force constant. In this study, these scaled factors for
the coordinates of pyridine moiety are taken from the previous
paper.31 The scaling factors are 0.935 for the C-H stretching
motions and 0.963 for the ring stretching, the bending, and the
out-of-plane modes, which are used to scale the B3LYP force
fields of all the target complexes. For the internal coordinates
of the stretches, the bends, and the torsion motions involving
the metal atoms, the scaling factors of these force constants are
set to 1.00. The final vibrational frequencies and the potentialBE ) -(EPy-M2

- EPy - EM2
) (1)

Figure 1. Structures of Py-Mn (M ) Cu, Ag, and Au;n ) 1-4).

Fij
scaled) (SiSj)

1/2Fij
in (2)
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energy distributions (PED) are derived by the Wilson’s GF
matrix method from the SQMF-DFT force field.38,39

The coupling of totally symmetric vibrational modes of
interest is analyzed according to the perturbation method.31,40

To make clear the dependence of the coupling of vibrational
modes on the different complexes, we mainly consider the
coupling of V1 and V6a modes of pyridine moiety, the N-M
stretch, and the M-M stretches. The reason that we select both
V1 andV6a modes is mainly due to the strong coupling between
the vibrations and the N-M stretch.31 Finally, we also compare
the difference of the coupling in Py-Cun, Py-Agn, and Py-
Aun.

Results and Discussions

Geometry. The experimental and calculated geometries for
pyridine and metal dimers are given in the Supporting Informa-
tion. By inspection of the calculated results, several observations
can be made. First, the optimized geometry obtained by the
B3LYP method has the best agreement with the experimental
geometry.4,31 Second, an order of the change of the bond
distances was observed. For the C-C and C-N bonds, the order
is BLYP, G96LYP, BPW91, G96PW91, B3LYP, B3PW91, and
SVWN. For the C-H bond, it is clear that the bond length
calculated by SVWN is overestimated, in accordance with the
previous observations.41 Third, the bond distances of metal
dimers are overestimated with the exception of the bond lengths
for M2 determined by SVWN. The SVWN method always
underestimates the metal-metal bond length by up to 2% and
overestimates the binding energy by up to 100%.42-45 The ab
initio methods predict the longer bond distances of three dimers
than those with all DFT methods.43 In summary, the results
discussed above show that the geometries of pyridine and M2

predicted with the nonlocal and hybrid DFT methods are in a
good agreement with the experimental data.

The geometries for the Py-M2 complexes calculated by using
various methods are provided in Table 1. The trend of the
change of the bond distances in the pyridine moiety has been
discussed in detail on the basis of the bonding interaction in
the previous papers.31,32The stronger the bonding is, the larger
the change the bond distance is. The extent of the change of
M-M bond distances is different in the Py-M2 complexes. The
results calculated for the three complexes by using the present
methods shows that the Cu-Cu bond distance increases clearly,
whereas the bond distances of Ag-Ag and Au-Au change very
small, even a decrease in the bond distances was predicted. This
has also been observed in a Au2O2 cluster.46

The order of the bond distances of the N-M bonds in three
complexes areRN-Ag > RN-Au > RN-Cu. We interpret this case
according to two factors. The one is that the bonding is stronger
in Py-Cu2 and Py-Au2 than that in Py-Ag2, as we will see
below. The other one is that the relativistic effect results in the
different extent of the contraction in the atomic radii of three
metal atoms.32,43 Clearly, the relativistic effect is the smallest
for the copper atom. However, its radius itself is relatively
smaller than those of silver and gold. Although the electrons
fill up to the 6s orbital for gold atom, the effect leads to the
lattice constant (4.08 Å) of gold that is slightly smaller than
the radius (4.09 Å) of silver.43 Thus, both factors cause together
the above order of the change of the N-M bonds in the three
complexes. The average bond distances in Py-M2 are probably
about 1.98-2.03 Å for the N-Cu bond, 2.11-2.18 Å for the
N-Au bond, and 2.33-2.38 Å for the N-Ag bond. The N-Cu
bond distance is in a quite good agreement with the experimental
value of 2.00 ((002) Å measured by using the photoelectron
diffraction method for pyridine adsorbed on Cu(110).27 For silver
and gold, there are no direct experimental data for comparison.
For the Py/Ag system, Lombardi et al. suggested the N-Ag
bond length should be close to about 2.32 Å.11d However, the
recent theoretical study reported the shortest N-Au bond length
of 2.43 Å for pyridine at the on-top site on Au(111) at the low
coverage.47 The bond distance is obviously larger than all our
calculated values, 2.11-2.18 Å by using MP2 and DFT
methods. Similar to the Cu-N bond distance, our calculated
results provide the values of Ag-N and Au-N bond lengths
that are probably close to their experimental values at chemi-
sorption states.

Binding Energy. Table 2 presents the binding energies of
Py-M2. Here, we compare the calculated results with the
experimental and theoretical values in the literature as
possible.31,32,48-51 First, the binding energy for Py-Ag2 calcu-
lated by all the methods we used is the smallest among three
complexes, indicating the weakest bonding in Py-Ag2. The
zero-point energy correction cannot change the order of the
binding energies of Py-M2 (M ) Cu, Ag, and Au). By
examination of the results in Table 2, one can see that the
nonlocal and hybrid DFT methods predict well the binding
energies. For example, they are about 20.2-23.6 kcal/mol for
Py-Cu2, 8.9-11.1 kcal/mol for Py-Ag2, and 24.5-28.9 kcal/
mol for Py-Au2. The HF (SVWN) method underestimates
(overestimates) the binding energies for the three complexes.
The MP2 binding energies are slightly larger than those by using
the nonlocal and hybrid DFT methods. As shown in Table 2,

TABLE 1: Calculated Geometries of Py-M2 (M ) Cu, Ag, and Au)

complexes HF MP2 SVWN BLYP G96LYP BPW9 1 G96PW9 1 B3PW9 1 B3LYPa

Py-Cu2 N1-Cu12 2.185 1.982 1.890 2.005 1.998 1.983 1.976 2.013 2.033
Cu12-Cu13 2.436 2.344 2.193 2.279 2.271 2.271 2.263 2.281 2.286
N1-C2 1.325 1.349 1.341 1.361 1.359 1.356 1.354 1.341 1.344
C2-C3 1.382 1.395 1.380 1.398 1.396 1.394 1.393 1.387 1.390
C2-N1-C6 118.4 118.0 118.4 117.8 117.8 117.9 117.8 118.2 118.2

Py-Ag2 N1-Ag12 2.531 2.328 2.163 2.384 2.376 2.343 2.333 2.353 2.382
Ag12-Ag13 2.733 2.674 2.508 2.621 2.608 2.593 2.578 2.595 2.616
N1-C2 1.323 1.347 1.335 1.353 1.352 1.349 1.347 1.337 1.340
C2-C3 1.383 1.396 1.383 1.401 1.399 1.397 1.395 1.389 1.391
C2-N1-C6 118.2 117.9 118.8 118.1 118.1 118.1 118.1 118.2 118.2

Py-Au2 N1-Au12 2.304 2.132 2.041 2.125 2.151 2.125 2.113 2.137 2.167
Au12-Au13 2.613 2.585 2.489 2.549 2.570 2.549 2.538 2.543 2.567
N1-C2 1.326 1.350 1.340 1.354 1.357 1.354 1.352 1.342 1.345
C2-C3 1.381 1.394 1.380 1.394 1.396 1.394 1.393 1.387 1.389
C2-N1-C6 118.5 118.4 119.0 118.5 118.5 118.5 118.5 118.6 118.6

a From ref 32.
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changing the metallic dimer to trimer and tetramer, we can see
that the binding energies increase to about 25.6 kcal/mol for
Py-Cu3 (Cu4), and 12.9, 15.4 kcal/mol for Py-Ag3 and Py-
Ag4, as well as 24.0, 26.3 kcal/mol for Py-Au3 and Py-Au4,
respectively.32 These results show that the binding energies
predicted with the nonlocal and hybrid DFT methods are in
accordance with each other though there are some differences.

Second, comparison of the binding energies of Py-M2 with
Py-M indicates that the bonding is stronger in the former than
that in the latter. This is mainly due to the accepted orbital of
metal dimers matching well the lone-paired electrons of pyridine
in the energy and the symmetry.31,32,48On the other hand, the
metal atom only provides a half-filled s orbital or pz orbital for
the lone-pair electrons of the pyridine ring. There is a strong
Pauli repulsion in aR spin space, resulting in the weak
bonding.31 In Py-M+, besides the electrostatic interaction, the
Pauli repulsion decreases significantly, leading together to the
strong bonding between pyridine and metal ions.31aMitchell et
al. obtained the binding energies for CuNH3 and AgNH3 less
than 11 and 9.5 kcal/mol: Cu2NH3 and Ag2NH3 about 20( 1
and 15( 1 kcal/mol, respectively, on the basis of photodisso-
ciation action spectra.49 The interaction of pyridine with noble
metal dimers should be similar to ammonia, that is, the donation
interaction of the lone-pair electrons plays an important role.

Third, the binding energy is larger for Py-Cu2 and Py-Au2

than for Py-Ag2. This can be understood that the different
hybridizations of s-dz2 on the three metal atoms reduce the extent
of the repulsion between the lone-pair electrons on nitrogen and
the occupied orbital on the metal atoms.32,48,49Since the energy
gap between s and dz2 is smaller for Cu and Au than Ag, the
hybridization effect is strong in Cu and Au, indicating that the
strong bonding takes place in Py-Cu2 and Py-Au2 (see Figure
2). Meanwhile, one can see that the lone pair orbital also
obviously lowers in Py-Au2.

Finally, we compare the bonding energy with the experi-
mental results. The interaction between pyridine and small silver
clusters (Agn, n ) 1-3) has been reported experimentally.50,51

The vibrational frequencies of theV1 andV6a modes of pyridine
blueshift clearly from Py-Ag to Py-Ag2 and Py-Ag3, indicat-
ing that the binding interaction is stronger in Py-Ag2 and Py-
Ag3 than that in Py-Ag.50 On the other hand, the calculated
binding energies agree well with the experimental values for
pyridine adsorbed on copper and silver surfaces.52,53On Cu(110)
and Ag(111) surfaces, the binding orientations have been shown
that the adsorbed pyridine is preferred to the upstanding or

slightly tilted configuration via the N-end.26,27,52, Lee et al.
estimated the zero-coverage desorption activation energy of
pyridine adsorbed on Cu(110) to be 22.4 kcal/mol by fitting
the temperature programmed desorption spectra.52 Our calculated
binding energies with the zero-point energy correction are in a
good agreement with the above experimental value. Yang et
al. estimated the binding energy of pyridine on Ag(111)
according to temperature programmed desorption spectra.53 They
obtained the binding energies of the four peaks, both the larger
binding energies of which are about 11.5-11.8 kcal/mol.53 This
indicates again that the present methods are reliable in prediction
of the chemical interaction between pyridine and metal.
However, the binding energy between pyridine and Au clusters
in the present work is obviously larger than 11 kcal/mol
predicted after considering a contribution of the dispersion
energy in the recent theoretical calculation on the system of
pyridine adsorbed on Au(111) surface.47 In addition, pyridine
is known to adsorb more strongly to gold than to silver.54 Owing
to the similarity in the bonding mechanism of pyridine with
Cu and Au, our result calculated by the present methods should
be reliable to the binding energy of pyridine/gold in the
chemisorption state.

Vibrational Frequency. The calculated vibrational frequen-
cies of free pyridine and Py-M2 are presented in Table 3. Since
three A2 modes are not only infrared inactive, but also their
intensities are very weak in the Raman spectrum, their frequen-
cies are not listed here. As shown in Table 3, the SQMF
procedure can reproduce well the experimental frequencies of
the isolated pyridine molecule in Ar matrix-isolated IR and
Raman spectra.5,31 The larger deviations are only found in the
V3 mode with a B2 symmetry, for example, the experimental
frequency of 1227 cm-1 and the theoretical frequencies of
1259.7 cm-1. The vibrational frequency of the mode is very
dependent on the theoretical method.31,36,55-60 In the previous
paper,31a on the basis of the observed Raman spectra we
suggested the fundamental of theV3 mode should be 1260 cm-1

instead of the assigned value of 1227 cm-1.
For Py-M2 complexes, we discuss the shift of vibrational

frequencies of the modes of interest. These spectral bands with
strong IR and Raman intensities are discussed here, for example,
the bands ofV1, V12, V6a, V8a, andV9a modes in the A1 species in
the Raman spectra and the bands ofV4 (B1), V11 (B1), andV19b

(B2) in infrared spectra.
First, the vibrational frequencies of totally symmetric modes

V1, V12, V6a, and V8a all blueshift because of the interaction
between pyridine and metal dimers with respect to the funda-
mentals of vibrational modes of the free pyridine molecule. The

TABLE 2: Calculated Binding Energies of Py-M2
Complexes by Using ab Initio and Density Functional
Theoretical Method with the Basis Sets of 6-311+G(d,p) for
C, N, and H Atoms and Lanl2DZ for Cu, Ag, and Au
Atomsa

methods Py-Cu2 Py-Ag2 Py-Au2

HF 13.37 (12.48) 7.91 (7.30) 12.88 (11.90)
MP2 28.57 (27.13) 17.54 (16.60) 33.54 (32.03)
SVWN 40.03 (39.00) 25.75 (24.86) 50.14 (48.71)
BLYP 23.68 (22.72) 11.46 (10.67) 27.07 (25.84)
BPW91 24.53 (23.60) 11.87 (11.08) 30.14 (28.85)
G96LYP 21.77 (20.78) 9.70 (8.90) 26.77 (25.51)
G96PW91 22.57 (21.63) 10.10 (9.31) 30.00 (28.66)
B3LYPb 21.15 (20.17) 11.46 (10.68) 25.73 (24.51)
B3PW91 21.52 (20.55) 11.62 (10.85) 27.86 (26.59)
B3LYPb 25.73 12.94 23.97
B3LYPb 25.56 15.40 26.31
literature 22.4c 11.8d 11e

a The zero-point energy correction binding energies are listed in the
parenthesis.b From ref 32.c Experimental value from ref 52.d Experi-
mental value from ref 53.e Theoretical value from ref 47.

Figure 2. Energy levels of pyridine, Py-Ag2, Ag2, Py-Cu2, Cu2, Py-
Au2, and Au2 complexes. The energies (in au.) of the orbitals are
calculated at the B3LYP/6-311+G(d,p) (C, N, H)/LanL2DZ(M) level.
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extent of the frequency shift depends on the strength of the
bonding in Py-M2.16,30,31,61From Table 3, we can see that the
frequency of theV1 mode increases from 991.3 cm-1 in free
pyridine to 1009.5, 1005.6, and 1012.2 cm-1 in Py-Cu2, Py-
Ag2, and Py-Au2; for theV6a mode from 605.1 cm-1 to 635.1,
623.9, and 635.7 cm-1 in Py-Cu2, Py-Ag2, and Py-Au2,
respectively. Owing to the strong bonding in Py-M2, these
vibrational frequencies obviously have larger blueshifts than
those calculated in Py-Cu, Py-Ag, and Py-Au.31 In fact, this
is also supported by the infrared spectra observed by Tevault
and Smardzewski on the system of pyridine interacting with
small silver clusters in the argon matrix reactions.50 They
observed two bands at 614 and 1000 cm-1 with a relatively
low concentration of silvers. With increasing Ag atom concen-
tration, they found two new bands at 626 and 1010 cm-1. On
the basis of the experimental result, they assigned the former
species to Py-Ag while for the latter set they assigned to the
most likely reaction product, Py-Ag2. The previous SQMF-
B3LYP calculation has predicted that the fundamentals ofV6a

and V1 modes are about 615.9 and 999.0 cm-1 for Py-Ag.31

This indicates that our calculated frequencies are in a quite good
agreement with the experimental frequencies. For comparison,
Tevault and Smardzewski also reported vibrational frequency
shifts of these two modes because of the interaction between
pyridine and a Cu atom. For example, the experimental values
of both two modes of Py-Cu are 624 and 1007( 2 cm-1,
well compared with the SQMF-B3LYP vibrational frequencies
of 625.4 and 1004.2 cm-1.31 Krasser et al. reported Raman
spectra of silver-pyridine clusters.51 However, owing to
forming the amorphous carbon in the experimental process, it
possibly influences the quality of Raman spectra. In the range
of 1000-1050 cm-1 they observed two sharp bands, 994 and
1038 cm-1, which are the strongest in the vibrational Raman
spectra of free pyridine. For Py-Ag4

+, Vivon et al. predicted

the vibrational frequencies ofV6a andV1 modes to be 629 and
1003 cm-1 at the HF/Land2DZ level.11d

Second, the vibrational frequency shifts of theV4 (B1) and
V11 (B1) modes are not only opposite but also small. The
frequency of theV4 mode increases from 745 cm-1 to 748-
759 cm-1, while the frequency of theV11 mode decreases from
703 cm-1 to 696-699 cm-1 because of the interaction between
pyridine and metal dimers. Tevault and Smardzewski observed
a band at 693 cm-1, very close to the calculated frequency of
695.2 cm-1 in Py-Cu.31,50Since they focused on the vibrational
modes with the Raman enhancement effect, there is no
experimental value for a systematical comparison of the two
strong infrared active modes.

Third, among the B2 modes, the vibrational frequency of the
V19b mode shifts slightly with respect to the value of 1442.3
cm-1 of free pyridine. The experimental frequency of the
vibrational mode is 1445.9 cm-1 observed by infrared spec-
troscopy for pyridine-silver reaction product.50 The calculated
frequencies are 1446.2 and 1447.8 cm-1 for Py-Ag31 and Py-
Ag2, 1447.4 and 1447.7 cm-1 for Py-Cu31 and Py-Cu2, and
1448.2 and 1450.9 cm-1 for Py-Au31 and Py-Au2, respec-
tively. The band corresponding to the vibrational frequency is
easy to be observed in infrared spectra of pyridine adsorbed on
metal surfaces.21-25 Finally, the vibrational frequencies of all
C-H stretching modes blueshift because of the interaction
between pyridine and metal dimers. The order of the extent of
the blueshift is Py-Au2 > Py-Cu2 > Py-Ag2.

Infrared Intensity. As a model system of pyridine adsorbed
on metal surfaces, numerous experimental infrared spectra have
been reported.21-25 However, there is no systemically theoretical
calculation for checking the validity of the theoretical method
in predicting the infrared intensities of vibrational modes of the
free pyridine molecule and pyridine interacting with the metals.
Here, our calculated results are presented in Table 3 for free
pyridine and Py-M2 complexes, respectively. First, we compare

TABLE 3: Calculated Infrared Intensities (km/mol) of Vibrational Modes Compared with Experimental Infrared Intensities of
Free Pyridine and Py-M2 Complexes

Py Py-Cu2 Py-Ag2 Py-Au2

modes freq expta I IR
b I IR

c I IR
d I IR

e I IR
f freq I IR freq I IR freq I IR

V2 3088. 7 0.0 9.3 10.7 8.9 7.2 6.1 3099. 2 11.2 3097.2 13.6 3105.6 11.5
V13 3065. 4 1.5 3.7 4.0 3.7 4.9 4.6 3080. 8 0.0 3076.5 0.0 3093.3 0.0
V20a 3046. 0 8.5 6.1 5.7 5.3 4.1 3.9 3071. 8 6.5 3067.2 4.2 3077.0 1.7
V8a 1592. 4 17.9 20.4 20.1 20.6 23.9 24.3 1607. 9 13.9 1605.4 38.5 1610.8 18.9
V19a 1482. 0 4.0 2.0 1.7 2.2 2.5 2.8 1484. 8 2.7 1485.4 0.0 1484.3 0.5
V9a 1218. 0 4.3 4.2 4.3 4.2 4.7 4.7 1214. 0 12.6 1217.2 34.4 1215.3 16.7
V18a 1072. 4 4.5 6.0 4.5 1.3 5.2 6.6 1069. 9 16.1 1071.7 27.5 1071.2 22.2
V12 1027. 0 7.7 4.2 6.7 6.3 6.3 4.0 1036. 0 9.5 1030.8 9.2 1037.1 4.5
V1 991.3 5.4 5.2 4.2 4.1 4.8 5.8 1009. 5 5.2 1005.6 23.3 1012.2 8.9
V6a 605.1 4.4 3.2 3.3 3.2 3.6 3.5 635.1 4.9 623.9 15.9 635.7 6.3
V5 994.8 0.0 0.0 0.0 0.0 0.0 0.0 997.2 0.1 1000.1 0.1 1007.7 0.1
V10b 939.4 0.0 0.0 0.0 0.2 0.0 0.0 943.1 0.0 943.1 0.0 952.9 0.2
V4 745.2 12.9 8.4 9.8 9.3 11.8 11.6 748.1 29.8 747.9 25.8 758.7 27.7
V11 702.8 67.5 69.0 66.4 68.6 68.7 70.2 695.5 46.6 698.8 49.7 698.6 52.5
V16b 410.8 7.2 3.6 3.8 3.6 4.0 3.8 421.8 1.5 419.2 1.7 432.7 1.5
V20b 3081. 1 15.9 28.7 32.5 27.4 25.5 22.3 3093. 7 10.2 3091.3 11.7 3101.9 4.1
V7b 3043. 7 5.1 31.4 31.3 31.1 28.0 27.9 3075. 5 1.4 3068.0 4.7 3089.0 0.8
V8b 1586. 9 7.3 8.6 7.3 8.6 10.1 11.1 1582. 0 1.3 1586.6 2.5 1583.3 1.1
V19b 1442. 0 31.1 24.1 24.4 24.6 27.0 27.3 1447. 7 29.7 1447.8 30.3 1450.9 29.6
V14 1357. 9 0.5 0.0 0.0 0.0 0.1 0.0 1357. 4 2.5 1358.9 2.0 1357.3 1.8
V3 1259. 7 0.0 0.3 0.4 0.2 0.0 0.0 1263. 9 0.4 1264.8 0.5 1263.1 1.7
V15 1148. 3 3.6 1.8 1.9 1.7 2.4 2.3 1154. 7 2.3 1153.9 2.6 1256.5 2.5
V18b 1056. 0 0.0 0.0 0.0 0.0 0.0 0.0 1066. 6 1.9 1065.4 1.3 1070.4 1.9
V6b 656.8 1.1 0.3 0.3 0.4 0.3 0.4 652.5 0.0 653.6 0.0 651.6 0.0
RASDg 6.7 7.0 6.5 5.7 5.6

a From ref 36. b BPW91. c G96LYP. d G96PW91. e B3LYP. f B3PW91. g The root-average-squared deviation RASD)

x∑i)1
24 (IRThe

i - IRExp
i )2/24.
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the results calculated for free pyridine with experimental spectral
intensities (see Table 3).36 One can see that for pyridine in the
gas phase the strongest band in the experimental infrared
spectrum arises from theV11 mode that has an intensity of 67.5
km/mol. The value can be predicted well by use of HF, BLYP,
BPW91, G96LYP, G96PW91, B3LYP, and B3PW91 methods.
However, the MP2 method predicts the IR intensity of the
vibration only to be 6.1 km/mol. Conversely, the intensity of
the V4 mode calculated by the MP2 method is 77.7 km/mol.
This is clearly different from the results of the other theories in
this work and the IR experiment.23,36 Also, the HF and BLYP
methods overestimate the intensities of theV8a mode (experi-
ment: 17.9 km/mol; theory: 42.5 km/mol) and theV12 mode
(experiment: 7.7 km/mol; theory: 32.5 km/mol), respectively.
Both nonlocal DFT methods (such as BPW91, G96LYP, and
G96PW91) and hybrid DFT methods (B3LYP and B3PW91)
can provide a good prediction on the infrared intensities of
various vibrational modes of free pyridine. Further, the devia-
tions of theoretical IR intensities with respect to the experimental
values are shown in the last row in Table 3. The small deviations
imply that the intensities of the hybrid DFT methods are the
best agreement with the experimental ones.36 This is a reason
we only show the IR intensities of Py-M2 complexes calculated
by the hybrid DFT method (B3LYP) in Table 3.

The change of IR intensities of the vibrations in Py-M2

depends on the property of the vibrational mode. From Table
3, we can see that the interaction between pyridine and Ag2

enhances the infrared intensities of vibrational modes in the A1

species. If the enhancement factor is defined as a ratio of the
intensity of the given vibrational mode in Py-Ag2 and the
intensity of the corresponding mode in the free pyridine
molecule, we can obtain the enhancement factors about 7.3 (V9a),
5.6 (V18a), 5.1 (V1), 4.3 (V6a), and 1.6 (V8a) predicted by B3PW91
and about 7.3 (V9a), 4.2 (V18a), 4.0 (V1), 4.6 (V6a), and 1.6 (V8a)
predicted by B3LYP. The IR intensity of theV8a mode is still
the strongest among these enhanced modes though the mode
has a small enhancement factor. For both B1 modes of interest,
the enhancement of two folds is found in theV4 mode, while
the decrease of the IR intensity is done in theV11 mode. The
latter mode still has the largest value of IR intensity of 49.7
and 52.1 km/mol predicted by B3LYP and B3PW91, respec-
tively. Among B2 modes the IR intensities of theV19b mode
predicted by B3PW91 and B3LYP are 31.4 and 30.3 km/mol,
respectively. Both values are slightly larger than the values
calculated for the free pyridine.

The IR intensity of the vibrational mode depends on the metal
property. As mentioned above, the bonding is stronger in Py-
Cu2 and Py-Au2 than that in Py-Ag2. This results in that the
vibrational modes ofV1, V6a, V9a, and V18a have smaller IR
intensities in Py-Cu2 and Py-Au2 than those in Py-Ag2. On
the other hand, the change of the IR intensities is small for the
V4 andV11 modes in the B1 species and theV19b mode in the B2
species. There, it was interpreted that the strong bonding
interaction changes the properties of the vibrational modes,
resulting in the decrease of the derivatives of the dipole moment

and the polarizability with respect to the normal coordinate of
the given mode.31,62

The IR spectra of pyridine adsorbed on metal surfaces have
been observed. Owing to the IR surface selection rule, one used
to observe vibrations with the transition dipole moment per-
pendicular to the surface.21,23 For pyridine adsorbed on the
Cu(110) surface, the pyridine molecule is bound to the Cu(110)
surface through the N-end upright orientation in the first layer.
The in-plane vibrations, for example,V1, V12, V8a, V18a, andV19b

modes, can be observed.21 On the other hand, the band from
theV11 mode, which is very strong in the gas phase, cannot be
observed because of the transition dipole moment parallel to
the Cu surface. For pyridine adsorbed on a polycrystalline Au
electrode, the out-of-plane bending modeV4 was observed at
negative potentials at the low bulk concentration. As positively
moving potential, the intensities of the vibrations ofV19b and
V8a increase significantly because of the change from the flat to
the upright orientation. At the same time, the vibrations ofV1,
V12, V18a, and V9a appear because of the reorientation of
pyridine.23

Vibrational Couplings. Numerous studies have discussed
the vibrational frequency shift of the internal modes of pyridine
because of the interaction with hydrogen-bond molecules,7,63

metal ions,61,64oxides,65 and metal surfaces.11,12,16,17,30Recently,
the frequency shift of the vibrational modes in the A1 species
was explored theoretically on the basis of the interaction of
pyridine and single metal atoms and ions.31 Here, we discuss
our calculated results for the system of pyridine interacting with
small metal clusters. First, we present vibrational frequencies
of the N-M stretch and the M-M one in Py-M2 in Table 4.
Comparing the vibrational frequencies with the binding energies
predicted by HF and SVWN methods, we believe that the HF
method underestimates the two vibrational frequencies while
the SVWN method does conversely. Since the vibrational
frequencies of both modes are in a good agreement with each
other from MP2, nonlocal DFT, and hybrid DFT, we will discuss
the results calculated by using the B3LYP method below.

On the basis of normal-mode analysis, we have provided an
assignment of the vibrational frequencies to the M-M and
N-M stretches. For example, in Py-Cu2, the higher frequency
at the range of 276.5-294.0 cm-1 is assigned to the Cu-Cu
stretch; the lower frequency at the range of 154-166.2 cm-1 is
done to the N-Cu stretch. For Py-Ag2 the assignment is the
same as that in Py-Cu2. This also agrees well with the PED
values for two vibrations. We obtained that the PED values are
78 (Ag-Ag) and 20 (N-Ag) for 192.1 cm-1, 73 (N-Ag) and
22 (Ag-Ag) for 106.8 cm-1, 68 (Cu-Cu) and 29 (N-Cu) for
276.3 cm-1, and 56 (N-Cu) and 32 (Cu-Cu) for 154.2 cm-1.
But for Py-Au2, there exists a large mixing between the N-Au
stretch and the Au-Au one. The normal-mode analysis indicates
that the PED values are 46 (N-Au) and 39 (Au-Au) for 199.1
cm-1 and 47 (N-Au) and 53 (Au-Au) for 136.7 cm-1. Thus,
we provide a tentative assignment that the N-Au stretch has
the vibrational frequency to be 199.1 cm-1, whereas the
frequency of the Au-Au stretch is 136.7 cm-1. The assignment

TABLE 4: Calculated Frequencies (cm-1) of the Low-Frequency Totally Symmetric Vibrational Modes of Py-M2

mode HF MP2 SVWN BLYP BPW91 G96LYP G96PW91 B3LYP B3PW91

VN-Cu 120.5 156.9 192.8 162.2 165.6 163.4 166.2 154.4 157.7
VCu-Cu 216.9 279.1 338.8 286.9 292.3 289.2 294.0 276.5 280.7
VN-Ag 84.2 111.9 142.2 106.2 108.6 106.3 107.6 106.9 108.9
VAg-Ag 157.0 192.3 238.0 190.8 198.5 193.2 201.3 192.1 197.8
VAu-Au 113.7 146.5 167.7 133.7 144.5 137.1 148.6 136.9 145.0
VN-Au 172.2 214.5 249.7 196.6 213.4 201.9 217.9 199.3 211.4
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is clearly different from the experimental frequency of 190.9
cm-1 for free Au2.42,43

Under the harmonic approximation, vibrational frequencies
and force constants of the N-M and M-M stretches are
presented in Table 5. They are calculated by use of the B3LYP
method. We can summarize these results as following. (1) All
the theoretical vibrational frequencies in Py-Ag, Py-Ag2, and
Py-Ag3 are less than the value of 235 cm-1. The latter one
was observed in the Raman spectra of pyridine interacting with
small silver cluster51 and with the N-end adsorption on silver
surfaces. Our calculated results indicate that the N-Ag stretch
should have a low vibrational frequency, for example, 86.4 cm-1

in Py-Ag, 106.9 cm-1 in Py-Ag2, and 109.1 cm-1 in Py-
Ag3. The symmetric Ag-Ag stretching frequencies are 192.1
and 182.2 cm-1 for Py-Ag2 and Py-Ag3, respectively. In Py-
Ag3, the Ag-Ag-Ag bending-mode frequency that cannot be
observed so far is predicted to be 69.3 cm-1. The experimental
Raman spectrum of the mixture of small Ag clusters shows that
there are only two sharp bands at about 190 and 120 cm-1,
which can be assigned to the Ag-Ag stretching vibration and
the symmetric stretching one in Ag2 and Ag3, respectively.32,42,51

For Ag3, the asymmetric stretching frequency is observed at
161.1 and 157.9 cm-1, which can be predicted well at 159.1
cm-1 by B3LYP for the electronic ground states of the isolated
Ag3 with the obtuse geometry though it was not observed in
the Raman experiment.32,66,67On the other hand, there are three
bands (120, 190, and 235 cm-1) observed in the low-frequency
Raman spectrum of Py-Agn (n ) 1-3), where the band at 120
cm-1 is very sharp while the band at 190 cm-1 is very broad.51

Comparison of these theoretical and experimental data indicates
that it is reliable to propose an assignment that the N-Ag
stretching vibration gives rise to the band at about 120 cm-1,
while the Ag-Ag stretches in Py-Ag2 and Py-Ag3 yield the
broad band at about 190 cm-1. For the experimental band
observed at 235 cm-1, we propose that it is probably an overtone
of the N-Ag stretching vibration in the Raman experiment.51

In Py-Ag4, the vibrational frequencies are also all less than
200 cm-1. The frequency of 124.4 cm-1 may be assigned to
the N-Ag stretch. The theoretical binding energy is in agree-
ment with the experimental values (see Table 2), indicating that
the present methods are reliable in describing the chemical
bonding between pyridine and silver. The force constants of
the N-Ag stretches in these complexes are in the range of 0.49-
0.61 mdyn/Å smaller than the values of 1.0, 1.1, and 1.5 mdyn/
Å.11a,11d,29These force constants were assumed by fitting to the

low-frequency band at about 235 cm-1 in Raman spectra. (2)
The mass effect results in that the direction of the vibrational
frequency shift is opposite in Py-Mn cluster complexes.
Although the force constant of the Au-Au bond is larger than
the force constant of the N-Au bond in Py-Au2 (see Table
5), the unperturbed frequencies are 183.7 and 169.2 cm-1 for
VN-Au andVAu-Au stretches in Py-Au2, respectively, on the basis
of the harmonic approximation. Because of the small difference
(12.5 cm-1) of both unperturbed frequencies, they should have
a strong vibrational coupling. In terms of the Herzberger’s ideal,
the coupling results in that the higher frequency is shifted up
and the lower frequency is shifted down.40 If we neglect the
coupling between the Au-Au stretching mode and the other
A1 modes of the pyridine moiety, we can obtain the perturbed
frequencies of about 216.6 and 136.8 cm-1 because of the
coupling shifts of the unperturbed frequencies when the
perturbation term is close to 39.5 cm-1 (see Figure 3A). The
large frequency of the N-Au stretch will decrease because of
the coupling between the N-M stretch and theV6aandV1 modes.
In Figure 3B, we can obtain that the frequency shift of Py-
Ag2 is opposite to that in Py-Au2. For Py-Au3 and Py-Au4,
the frequencies of 188.9 and 194.2 cm-1 are assigned to the
N-Au stretching modes. However, the two modes contain
considerable amount of metal motions, as Moskovits discussed
the N-Ag stretch in Py-Ag4.29 For example, the PED values
are 65 N-Au and 35 Au-Au for 188.9 cm-1, 73 Au-Au and
21 N-Au for 128.0 cm-1 in Py-Au3; 62 N-Au and 15 metal
ring vibration for 193.9 cm-1, 43 metal ring vibration and 21
N-Au for 136.1 cm-1 in Py-Au4. (3) The coupling between
the N-Cu stretch and the symmetric ring bend is strong in Py-
Cu4. We can see that the force constants of the M-M bonds
close to the N-M bond decrease significantly from Py-Cu2 to
Py-Cu4. This causes a decrease of the coupling between the
N-M stretch and the M-M symmetric one. For Py-Cu4, the
PED values of the mode with the vibrational frequency of 274.3
cm-1 are 36 N-Cu, 22.3 Cu4 ring-bending coordinate, and 17
Cu-Cu.

Second, among the A1 modes, the vibrational frequency shifts
of theV1 andV6a modes depend on the strength of the bonding
between pyridine and metal clusters. In Figure 4, we show the
variations of the vibrational frequency on the size of the metal
clusters and the force constants of N-M bonds. The binding
energies of these complexes indicate that the strong chemical
bonding takes place in the Py-M2, Py-M3, and Py-M4. The
weak bonding only was formed in Py-M. In Figure 4A, the

TABLE 5: Calculated Frequencies (cm-1) and Stretching Force Constants (mdyn/Å) of the N-M and M -M Stretching
Vibrations with the Totally Symmetric Property in Py -M n (M ) Cu, Ag, Au; n ) 1-4) Complexes at the B3LYP/6-311+G(d,p)
(C, N, H)/LANL2DZ Level

complex ω1 ω2 ω3 fN-M fM-M fM-M

Py-Cu 162.0 (261.1)a 244b 0.58 (1.73)a

Py-Ag 86.4 (184.6)a 235b 0.21 (1.02)a

Py-Au 106.8 (225.5)a 260b 0.40 (2.09)a

Py-Cu2 276.5 154.4 256.2 (265)c 0.97 1.11 1.22 (1.30)c

Py-Ag2 192.1 106.9 177.1 (192.4)c 0.49 0.99 0.99 (1.17)c

Py-Au2 199.3 136.8 162.3 (190.9)c 1.12 1.66 1.53 (2.11)c

Py-Cu3 273.5 164.4 115.3 1.16 0.79 0.91/0.66d

Py-Ag3 182.3 109.1 69.3 0.58 0.63 0.56 (0.59)d

Py-Au3 188.9 128.0 80.7 1.18 0.91 1.25d

Py-Cu4
e 274.3 (277.1) 179.3 (180.8) 132.4 (133.6) 1.13 (1.16) 0.43 (0.44) 0.67 (0.68)

Py-Ag4
e 184.4 (188.2) 124.5 (123.0) 93.9 (94.0) 0.61 (0.58) 0.37 (0.36) 0.52 (0.53)

Py-Au4
e 194.2 (194.1) 136.2 (136.2) 87.1 (87.1) 1.23 (1.23) 0.36 (0.36) 0.88 (0.90)

a From ref 31. The values in the parenthesis correspond to the vibrational frequencies and the force constants in the cation Py-M complexes.
b From experimental Raman spectra: 244 cm-1 from ref 14 and 10a; 235 cm-1 from ref 11a; 260 cm-1 from ref 10a.c The values in the parenthesis
from ref 42 correspond to the vibrational frequencies and the force constants of the isolated metal dimers.d The force constants of the isolated
trimers are from ref 42.e The values in the parenthesis are the vibrational frequencies of the low-frequency totally symmetric modes in Py-M4

with the perpendicular orientations between pyridine ring and M4 ring.
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vibrational frequency increases with the size of the metal
clusters. However, the trend of the increase of vibrational
frequency becomes flat at Py-M3 and Py-M4. This is mainly
because the force constants of the N-M stretches have a small
change for both complexes because of almost the same strength
of the bonding (see Table 5). Figure 4B shows the change of
the vibrational frequencies of theV1 and V6a modes with the
force constants of the N-M stretches. We can see the good
linear relationships of theV1 andV6a frequencies on the N-M
force constant. The best fitting linear relationships to the
calculated vibrational frequencies of Py-Mn (n ) 1-4) areV1

) 12.42 fN-M + 998.14 with a regression coefficient of 0.97
and V6a ) 22.78 fN-M + 612.15 with a regression coefficient
of 0.99. TheV6a mode has about two folds of the slope of the
V1 mode, indicating that the former vibrational frequency
blueshifts more sensitive to the strength of the N-M bond than
the latter one. This is in agreement with the previous study that
proposed theV6a mode is a good indicator for a measure of the
strength of the pyridine-metal bond.31 There, the coupling is
stronger between theV6a mode and the N-M stretch than that
between theV1 mode and the N-M stretch.

Concluding Remarks

The structural and bonding properties of pyridine-metal
cluster complexes have been investigated by use of different
quantum chemical methods. Our calculated results clearly
indicate that the hybrid DFT method can predict well the
structural properties, the binding energies, the vibrational

frequencies, and the IR spectral intensities of free pyridine and
Py-Mn complexes. The change of the structures of the pyridine
ring is closely associated with the bonding mechanism, that is,
the lone-pair donation interaction and the bonding in theπ space.
The strength of the bonding depends on the metal property and
the binding orientation. On the basis of binding energies
calculated by using the different quantum chemical methods,
we predict that the binding energy of pyridine chemically
adsorbed on gold surface should be a value in the range of 24.0-
28.7 kcal/mol via a N-end adsorption.

The vibrational frequency shift of the pyridine ring modes
has been discussed in detail in the present paper. Comparison
of the calculated and experimental vibrational frequencies
indicates that the SQMF-B3LYP procedure can predict well
the fundamentals of the pyridine moiety. The results are in a
good agreement with the experimental IR spectral peaks for
Py-Ag, Py-Ag2, and Py-Cu. In particular, there are the good
linear relationships of the vibrational frequencies of theV1 and
V6a modes on the force constants of the N-M bonds. Among
all the A1 modes, the blueshift of the vibrational frequency of
theV6a mode is the most sensitive to the strength of the bonding
of pyridine with metal clusters. This is in agreement with the
previous study that proposed the vibrational frequency shift of
the V6a mode as an indicator for a measure of the strength of
the N-M bond for pyridine adsorbed on metal surfaces. The
present study extends the previous conclusion obtained from

Figure 3. Vibrational couplings between the N-M stretch and the
M-M stretch in (A) Py-Au2 and (B) Py-Ag2.

Figure 4. Changes of vibrational frequencies of theV1 andV6a modes
among Py-Mn (M ) Cu, Ag, and Au;n ) 0-4) with (A) the size of
metal clusters and (B) the force constants of the N-M stretching
vibration.
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the Py-M complex to a system of pyridine interacting with a
metal cluster.

One of the main goals in the present paper is to explore the
vibrational frequency of the pyridine-metal bond. On the basis
of our calculated vibrational frequencies on the pyridine and
small clusters, we have provided a new assignment of the
experimental Raman spectral bands for Py-Agn (n ) 1-3)
cluster complexes. The observed band at 122 cm-1 is attributable
to the N-Ag stretching vibrations in Py-Ag2 and Py-Ag3.
The band observed at 235 cm-1 is assigned to the overtone of
the N-Ag stretch. On the other hand, the very broad band at
about 190 cm-1 observed in the Raman spectrum is assigned
to the (symmetric) Ag-Ag stretching vibration in Py-Ag2 and
Py-Ag3. The reliability of the assignment is supported by three
facts. First, the binding energy is comparable to the experimental
value for pyridine adsorbed on silver. This indicates that the
present theoretical methods are reliable to describe the bonding
interaction between pyridine and silver clusters. Second, the
blueshifts of the experimental vibrational frequencies are
predicted quite well. The vibrational frequency shift is closely
associated with the strength of the pyridine-metal bond. We
have obtained the linear relationships of the vibrational frequen-
cies ofV1 andV6a on the force constants of the N-M stretches.
It is in agreement with the previous studies. Third, the force
constant of the N-Ag stretch is predicted to be 0.49-0.61
mdyn/Å when the bonding between pyridine and the neutral
silver cluster is very strong. Finally, we discuss the coupling
between the internal modes and N-M stretch as well as the
coupling between the N-M stretch and totally symmetric
vibrational modes of the backbone of metal clusters. It is helpful
for us to understand the nature of the vibrational frequency shift.
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