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The binding interactions between the pyridine and small noble metal clusters in differentrsize®—4)

have been investigated by using quantum chemical methods. The binding energie\bf €&ymplexes are
obtained at the levels of the HartreEock method (HF), the second-order Mghétlesset 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 nitrogenmetal stretching modes as well as the metaktal stretching modes. For low-
frequency Raman spectra of pyridinemall 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 of evidence for supporting the binding orientation is that low-

- ) frequency bands are often observed at about 235! dior
The binding of a chromophore molecule to metal is an pyridine interacting with silveta131420240 cnr for cop-

important issue in metal cluster chemistry, surface chemistry, er2028 and 260 cm? for gold in surface-enhanced Raman
and molecular electronics research, as in these aspects one Oﬁegbectra (SERSPa2028These bands have been assigned to the
wishes to understand the structural properties, electronic proper-y_ Ag stretch, the N-Cu stretch, and the NAu stretch

ties, and vibrational spectroscopic properfi@gAn important respectively. ' ' '
aromatic molecule, pyridine (Py), has been extensively studied The vibrational frequency of the AM (M = Cu, Ag, and

by numerous spectroscopic mgthods suph .assirlfrared spectrosAu) stretch has begn exil)lored theoretically ’In gi'he early
copy and Raman spectroscopy in the gadiquid,® 7 and metal modeling studies, Lombardi et al. adopted a force constant of

interface$=25 The shift of vibrational frequencies and the o
change of the spectral intensities depend on the bonding;ree L’J\'e_nACg bfotr'l1d E:e et‘b(iu;].l'S m%ﬁ?ﬁ_gor eittlmatl(;l?hthe
interaction and the metal properties. d y 0f the WAg stretehing mode- €y obtained the

. . calculated vibrational frequencies of the-Rg stretches in a
h Because one CH 'ot; befnzene '? repl_zped Ey ad_nltrogen atorln’good agreement with the experimental data for pyridine deriva-
there falre two possible forms of pyridine bonding to metal o5 adsorbed on silver surfaces. On the basis of the calculated
atoms: N-end lone-paired-orbital bonding andz-orbital results, they suggested that one can distinguish the adsorption

bonding. Numerous_, opserved spectra of |_nfrare_d and Ramanstate between an adsorbed molecule bound directly to a metal
spectroscopy have indicated that the chemisorption state of the,

idi lecul th bl tal surf has th . htsurface as opposed to one bonded to a metal adatom which is
pyndineé moiecuie on the nobie metal surtaces has the uprghtqe i hound to a metal surface. Moskovits studied the relation-
or slightly tilted configuration through the N-end bonding to

) . 8.20-23 ship by assuming the force constant of the Ay stretch to be
%atalbatogjs preif:erreql dl'n thilcasz (?[f the htlglh cm;e?aﬁé. | 1.0 mdyn/ A2° One model is Py Ag—Ag; another model is a
€ bonding of pyrdine N-end 10 melal surfaces was aiso .,qe that pyridine is directly bound to a silver tetramer, which
confirmed by near-edge X-ray absorption fine-structure mea-

surement for pyridine adsorbed on Ag(18nd photoelectron configuration is similar to the form of pyridine adsorbed at the

. - . o : fourfold hollow site on a Ag(100) surface. Recently, Mizutani
diffraction experiment for pyridine on Cu(118)Another kind and Ushioda analyzed the vibrational frequency shift of internal

modes of pyridine adsorbed on the rough silver surfddey

: Qggéisrﬁigcg{siigondence to this author. also calculated the vibrational frequency of the molecufetal
* National Taiwan University. bond only to be 106.4 cn by using the force constant of 0.57
8 Xiamen University. mdyn/A. 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!'431.32The 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-Nl bond is stronger in
Py—M,, Py—Ms3, and Py-M, than that in Py-M.32 Also, the
vibrational frequencies of theNM 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
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pyridine—metal complexes. We investigate the interaction H“’\CE’/C“\CS/H8 H“’\C /C“\C e
between pyridine and metal dimers (Cu, Ag, and Au) at various | | |5 O |3
theoretical levels, including the HartreBock method (HF), Cs C, Cs C,

the second-order MgllerPlesset perturbation method (MP2), Hﬂ/ S~ \H Hﬂ/ Sn” \H
local (SVWN) and nonlocal density functional theoretical (DFT) ! | !
method (SVWN, BLYP, BPW91, G96LYP, G96PW91), and M |, M,

hybrid DFT methods (B3LYP and B3PW91). All the calculated / \ M15/ \M
results show that the bonding is stronger in pyridine/copper and M4 M43 ~._ _— "

pyridine/gold than that in pyridine/silver. On the basis of the
molecular orbital theory, we compare the present result with (c) Py-M3 (M = Cu, Ag, Au) (d) Py-My M = Cu, Ag, Au)
the previous results. Our present result will show that the hybrid Figure 1. Structures of PyM, (M = Cu, Ag, and Aun = 1-4).
DFT method provides the best result to the present systems of
interest. Our result on the infrared intensities of internal modes whereEpyw,, Em,, andEpy represent energies of P, My,
of pyridine indicates that the bonding interaction affects the and the pyridine molecule obtained by using the methods as
relative intensity of the different modes. Finally, the vibrational mentioned above.
frequency shift is discussed on the basis of the coupling between  The |ocal symmetric coordinates for the pyridinmetal
vibrational modes. The analysis of the vibrational coupling of complexes in the normal-mode analysis are defined using the
the various modes with the NV stretches is helpful to  method given by Pulay et &:36 For Py-M, the coordinates
understand the interaction between pyridine and metals in termsinyolved in the metal atom are the same as the definition in the
of the experimental spectra. previous pape?! For Py—M,, there are six new symmetric
Computational Details coordinates, for example, both stretches of theMNand M—M

We consider model complexes consisting of a pyridine Ponds (A4), the in-plane (B) and out-of-plane bends (Bof
molecule and metal clusters of copper, silver, and gold in the N=M bond, two linear bending coordinates, that is, the out-
different sizes. We assume that each complex has a structure®’-plane (B) and the out-of-plane (4 bends of the NM—M
in which the N-end of the pyridine molecule approaches a metal MOi€ty. For Py-Ms and Py-Ms, the new symmetric coordinates
atom of the metal cluster witfS,, point group symmetry, as ~ ¢@n be defined easily according to ref 35. _
we adopted in the previous calculaticis? In this case, the For performing the normal-mode analysis, the DFT harmonic
molecular orbitals and vibrational modes of the pyridine force fields first are transformed from the Cartesian coordinates
molecule in each complex can keep the same symmetries as 4nto the Iogal internal ones. From thg GAUSSIAN calgulauon,
free pyridine molecule. The configurations of these pyridine  the Cartesian force constant matfix is obtained. But in the
metal cluster complexes are shown in Figure 1. Since the groundProcess of normal-mode analysis, the local internal coordinate
state of free pyridine i%A;, the group states for the complexes force constant matri¥™ used to be read. The former can be
are?A; for Py—M, 1A, for Py—M, and Pyr—M., as well agB, transformed tq the latter by the relat'lonshlpl%'? = B*F°B,
for Py—Ms. whereB™ is an inverse of a trar_lsformatlor_] matri36:3738Then,

For checking the validity of the theoretical methods, we the scaled quantum mechanical force field (SQMF) procedure
carried out the fully geometric optimization of the ground states 1S carried oug’
for Py—M; (Cu, Ag, Au) by using HF, MP2, SVWN, BLYP,
BPW91, G96LYP, G96PW91, B3LYP, and B3PW91 methods
in Gaussian 982 The standard relativistic effective small core
potential LanL2DZ is used to describe the inner-shell electrons
for metal atoms? The corresponding basis set Lanl2DZ is used
to treat explicitly 19 electrons in the outer valence-shell orbitals
of each aton#* The basis set for the atoms in pyridine is of the
three-zeta quality, 6-3HG(d, p). This basis set with the B3LYP
method can reproduce quite well experimental geometric
structures and frequencies of the isolated pyridine moleBule.
The binding energy (BE) of PyM, complexes is calculated in
terms of the expression

F;caledz (Sq)lle:jn (2)

whereS§ is the scaled factor of the coordineiteF:j” is the DFT
force constant in the local internal coordinates, zﬁﬁff'ed is

the scaled force constant. In this study, these scaled factors for
the coordinates of pyridine moiety are taken from the previous
paper3! The scaling factors are 0.935 for the-@ 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

BE = _(EPy—Mz = EMz) @) set to 1.00. The final vibrational frequencies and the potential
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TABLE 1: Calculated Geometries of Py-M, (M = Cu, Ag, and Au)

complexes HF MP2 SVWN BLYP G96LYP  BPW91  G96PW9 1 B3PW91  B3RYP
Py—Cu, N;—Cur2 2.185 1.982 1.890 2.005 1.998 1.983 1.976 2.013 2.033
Cuio-Cuysz 2.436 2.344 2.193 2.279 2.271 2.271 2.263 2.281 2.286
N:-C> 1.325 1.349 1.341 1.361 1.359 1.356 1.354 1.341 1.344
Co-C3 1.382 1.395 1.380 1.398 1.396 1.394 1.393 1.387 1.390

C>-N1-Cs 118.4 118.0 118.4 117.8 117.8 117.9 117.8 118.2 118.2
Py—AgQ; N1—Ag12 2.531 2.328 2.163 2.384 2.376 2.343 2.333 2.353 2.382
AQg12-Adi3 2.733 2.674 2.508 2.621 2.608 2.593 2.578 2.595 2.616
N:-C> 1.323 1.347 1.335 1.353 1.352 1.349 1.347 1.337 1.340
Co-C3 1.383 1.396 1.383 1.401 1.399 1.397 1.395 1.389 1.391

C>-N1-Cs 118.2 117.9 118.8 118.1 118.1 118.1 118.1 118.2 118.2
Py—Au, Ni-Aug, 2.304 2.132 2.041 2.125 2.151 2.125 2.113 2.137 2.167
Auiz-Auiz 2.613 2.585 2.489 2.549 2.570 2.549 2.538 2.543 2.567
N1-Co 1.326 1.350 1.340 1.354 1.357 1.354 1.352 1.342 1.345
Co-C3 1.381 1.394 1.380 1.394 1.396 1.394 1.393 1.387 1.389

C>—N:1-Cs 1185 118.4 119.0 118.5 118.5 118.5 118.5 118.6 118.6

aFrom ref 32.

energy distributions (PED) are derived by the Wilson's GF  The order of the bond distances of the-M bonds in three

matrix method from the SQMF-DFT force fiefd3° complexes ar®-ag > Rv-au > Ru-cu. We interpret this case
The coupling of totally symmetric vibrational modes of according to two factors. The one is that the bonding is stronger
interest is analyzed according to the perturbation methét. in Py—Cuw, and Py-Au; than that in Py-Agy, as we will see

To make clear the dependence of the coupling of vibrational below. The other one is that the relativistic effect results in the
modes on the different complexes, we mainly consider the different extent of the contraction in the atomic radii of three
coupling of »1 and vsa modes of pyridine moiety, the M metal atoms$243 Clearly, the relativistic effect is the smallest

stretch, and the MM stretches. The reason that we select both for the copper atom. However, its radius itself is relatively
v1 andwea modes is mainly due to the strong coupling between smaller than those of silver and gold. Although the electrons
the vibrations and the NM stretch3! Finally, we also compare  fill up to the 6s orbital for gold atom, the effect leads to the

the difference of the coupling in PACu,, Py—Agn,, and Py- lattice constant (4.08 A) of gold that is slightly smaller than

Aun. the radius (4.09 A) of silvef® Thus, both factors cause together
the above order of the change of the-M bonds in the three

Results and Discussions complexes. The average bond distances ity are probably

Geometry. The experimental and calculated geometries for &00ut 1.98-2.03 A for the N-Cu bond, 2.12.18 A for the

pyridine and metal dimers are given in the Supporting Informa- N—Au bond, and 2.332.38 A for the N-Ag bond. The N-Cu

tion. By inspection of the calculated results, several observationsP0nd distance is in a quite good agreement with the experimental
can be made. First, the optimized geometry obtained by the V&lue of 2.00 £002) A measured by using the photoelectron
B3LYP method has the best agreement with the experimental difraction method for pyridine adsorbed on Cu(130For silver
geometry*31 Second, an order of the change of the bond and gold, there are no direct expgnmental data for comparison.
distances was observed. For theCand G-N bonds, the order ~ FOr the Py/Ag system, Lombardi et al. suggested theAly

is BLYP, G96LYP, BPW91, G96PW91, B3LYP, B3PW91, and bond length should be close to about 2.321¢\However, the
SVWN. For the G-H bond, it is clear that the bond length recent theoretical study reported the shortes® bond length
calculated by SVWN is overestimated, in accordance with the ©f 2.43 A for pyridine at the on-top site on Au(111) at the low
previous observatiord. Third, the bond distances of metal coveragé€’ The bond distance is obviously larger than all our
dimers are overestimated with the exception of the bond lengthsCalculated values, 2.32.18 A by using MP2 and DFT
for M, determined by SVWN. The SVWN method always methods. S|.m|Iar to the CtN bond distance, our calculated
underestimates the metahetal bond length by up to 2% and ~ results provide the values of AN and Au-N bond lengths
overestimates the binding energy by up to 108945 The ab that are probably close to their experimental values at chemi-
initio methods predict the longer bond distances of three dimers SOTption states.

than those with all DFT method8.In summary, the results Binding Energy. Table 2 presents the binding energies of
discussed above show that the geometries of pyridine and M Py—M,. Here, we compare the calculated results with the
predicted with the nonlocal and hybrid DFT methods are in a experimental and theoretical values in the literature as
good agreement with the experimental data. possible?!8248-51 First, the binding energy for PyAg; calcu-

The geometries for the PyM, complexes calculated by using lated by all the methods we used is the smallest among three
various methods are provided in Table 1. The trend of the complexes, indicating the weakest bonding in—Ag,. The
change of the bond distances in the pyridine moiety has beenzero-point energy correction cannot change the order of the
discussed in detail on the basis of the bonding interaction in binding energies of PyM, (M = Cu, Ag, and Au). By
the previous papefd:32The stronger the bonding is, the larger examination of the results in Table 2, one can see that the
the change the bond distance is. The extent of the change ofnonlocal and hybrid DFT methods predict well the binding
M—M bond distances is different in the P, complexes. The energies. For example, they are about 223.6 kcal/mol for
results calculated for the three complexes by using the presentPy—Cu,, 8.9-11.1 kcal/mol for Py-Agy, and 24.5-28.9 kcal/
methods shows that the €E€u bond distance increases clearly, mol for Py—Au,. The HF (SVWN) method underestimates
whereas the bond distances of-A8g and Au—Au change very (overestimates) the binding energies for the three complexes.
small, even a decrease in the bond distances was predicted. Thi3he MP2 binding energies are slightly larger than those by using
has also been observed in a,®4 cluster4t the nonlocal and hybrid DFT methods. As shown in Table 2,
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TABLE 2: Calculated Binding Energies of Py—M,
Complexes by Using ab Initio and Density Functional
Theoretical Method with the Basis Sets of 6-31tG(d,p) for
C, N, and H Atoms and Lanl2DZ for Cu, Ag, and Au

Atoms?
methods Py-Cu, Py—Ag: Py—Au,

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)
G96PWI1 22.57 (21.63) 10.10 (9.31) 30.00 (28.66)
B3LYP® 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)
B3LYPP 25.73 12.94 23.97
B3LYP? 25.56 15.40 26.31
literature 22.4 11.8 11¢

aThe zero-point energy correction binding energies are listed in the
parenthesis? From ref 32.¢ Experimental value from ref 52.Experi-
mental value from ref 53 Theoretical value from ref 47.
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Figure 2. Energy levels of pyridine, PyAg,, Agz, Py—Cul, Cl, Py—
Aup, and Ay complexes. The energies (in au.) of the orbitals are
calculated at the B3LYP/6-31#1G(d,p) (C, N, H)/LanL2DZ(M) level.

slightly tilted configuration via the N-ent$:27:52 Lee et al.
estimated the zero-coverage desorption activation energy of

changing the metallic dimer to trimer and tetramer, we can see pyridine adsorbed on Cu(110) to be 22.4 kcal/mol by fitting
that the binding energies increase to about 25.6 kcal/mol for the temperature programmed desorption spé&e&tar calculated

Py—Cu; (Cwy), and 12.9, 15.4 kcal/mol for PyAgs and Py-
Agq, as well as 24.0, 26.3 kcal/mol for PYAuz and Py-Auy,
respectively?2 These results show that the binding energies
predicted with the nonlocal and hybrid DFT methods are in

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 sp&ctrey

accordance with each other though there are some differencesobtained the binding energies of the four peaks, both the larger

Second, comparison of the binding energies of- Bl 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 symmef§32480n the other hand, the
metal atom only provides a half-filled s orbital or grbital for
the lone-pair electrons of the pyridine ring. There is a strong
Pauli repulsion in ao spin space, resulting in the weak
bonding3! In Py—M*, besides the electrostatic interaction, the

binding energies of which are about 1451.8 kcal/moF3 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) surfateln addition, pyridine

is known to adsorb more strongly to gold than to sikfe@wing

Pauli repulsion decreases significantly, leading together to theto the similarity in the bonding mechanism of pyridine with

strong bonding between pyridine and metal iétMlitchell et

al. obtained the binding energies for Cupahd AgNH; less
than 11 and 9.5 kcal/mol: GNH3; and AgNH3; about 20+ 1
and 154+ 1 kcal/mol, respectively, on the basis of photodisso-
ciation action spectré. The interaction of pyridine with noble

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 PyM are presented in Table 3. Since

metal dimers should be similar to ammonia, that is, the donation three A modes are not only infrared inactive, but also their
interaction of the lone-pair electrons plays an important role. intensities are very weak in the Raman spectrum, their frequen-
Third, the binding energy is larger for PYCw, and Py-Au, cies are not listed here. As shown in Table 3, the SQMF
than for Py-Ag,. This can be understood that the different procedure can reproduce well the experimental frequencies of
hybridizations of s-g on the three metal atoms reduce the extent the isolated pyridine molecule in Ar matrix-isolated IR and
of the repulsion between the lone-pair electrons on nitrogen andRaman spectra3! The larger deviations are only found in the
the occupied orbital on the metal atofig84°Since the energy ~ »3 mode with a B symmetry, for example, the experimental
gap between s and.dis smaller for Cu and Au than Ag, the frequency of 1227 cm' and the theoretical frequencies of
hybridization effect is strong in Cu and Au, indicating that the 1259.7 cnT!. The vibrational frequency of the mode is very
strong bonding takes place in PZw, and Py-Au, (see Figure dependent on the theoretical methdd%55%0 In the previous
2). Meanwhile, one can see that the lone pair orbital also paper’'2 on the basis of the observed Raman spectra we
obviously lowers in Py-Aus,. suggested the fundamental of #tyemode should be 1260 crh
Finally, we compare the bonding energy with the experi- instead of the assigned value of 1227¢m
mental results. The interaction between pyridine and small silver  For Py—M, complexes, we discuss the shift of vibrational
clusters (Ag, n = 1—3) has been reported experimenta&fly! frequencies of the modes of interest. These spectral bands with
The vibrational frequencies of the andvg, modes of pyridine strong IR and Raman intensities are discussed here, for example,
blueshift clearly from Py-Ag to Py—Ag, and Py-Ags, indicat- the bands of1, v12, vsa vsa aNduvga modes in the Aspecies in
ing that the binding interaction is stronger in-P&g, and Py- the Raman spectra and the bande.0(B1), v11 (B1), andvigp
Ags than that in Py-Ag.5° On the other hand, the calculated (B,) in infrared spectra.
binding energies agree well with the experimental values for  First, the vibrational frequencies of totally symmetric modes
pyridine adsorbed on copper and silver surf&&30n Cu(110) v1, V12, Uss and uvgy all blueshift because of the interaction
and Ag(111) surfaces, the binding orientations have been shownbetween pyridine and metal dimers with respect to the funda-
that the adsorbed pyridine is preferred to the upstanding or mentals of vibrational modes of the free pyridine molecule. The
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TABLE 3: Calculated Infrared Intensities (km/mol) of Vibrational Modes Compared with Experimental Infrared Intensities of
Free Pyridine and Py—M, Complexes

Py Py-Cuw, Py—Ag: Py—Auz
modes freq expt 11R? IIrS IirY Iir® IR freq IR freq IR freq lir
U2 3088. 7 0.0 9.3 10.7 8.9 7.2 6.1 3099. 2 11.2 3097.2 13.6 3105.6 115
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
U20a 3046.0 8.5 6.1 5.7 53 4.1 3.9 3071.8 6.5 3067.2 4.2 3077.0 1.7
Uga 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 1217.2 344 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
1 991.3 54 5.2 4.2 4.1 4.8 5.8 1009. 5 5.2 1005.6 23.3 1012.2 8.9
VUea 605.1 4.4 3.2 3.3 3.2 3.6 35 635.1 4.9 623.9 15.9 635.7 6.3
Us 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
U4 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 49.7 698.6 525
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
V20D 3081.1 15.9 28.7 325 27.4 255 22.3 3093.7 10.2 3091.3 11.7 3101.9 4.1
U7 3043.7 51 314 31.3 31.1 28.0 27.9 3075.5 1.4 3068.0 4.7 3089.0 0.8
Ugh 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
V19 1442.0 31.1 241 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
U3 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
V1sb 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
Ush 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
RASD® 6.7 7.0 6.5 5.7 5.6

afFrom ref 36. PBPW91. °G96LYP. 9G96PW91. ¢B3LYP. fB3PW91l. 9The root-average-squared deviation RASBE-
V3R, — Ry 124

extent of the frequency shift depends on the strength of the the vibrational frequencies ak, and v, modes to be 629 and
bonding in Py-M,.16:30.3L61From Table 3, we can see that the 1003 cnt? at the HF/Land2DZ levelld
frequency of thev; mode increases from 991.3 chin free Second, the vibrational frequency shifts of the(B1) and
pyridine to 1009.5, 1005.6, and 1012.2 ¢hin Py—Cu,, Py— v11 (B1) modes are not only opposite but also small. The
Agy, and Py-Au,; for the vs, mode from 605.1 cmt to 635.1, frequency of thevs mode increases from 745 cito 748
623.9, and 635.7 cmt in Py—Cu,, Py—Ag,, and Py-Au,, 759 cn1t, while the frequency of the;; mode decreases from
respectively. Owing to the strong bonding in-Pyl,, these 703 cnt!to 696-699 cnT! because of the interaction between
vibrational frequencies obviously have larger blueshifts than Pyridine and metal dimers. Tevault and Smardzewski observed
those calculated in PyCu, Py-Ag, and Py-Au.3! In fact, this a band at 693 cr, very close to the calculated frequency of
is also supported by the infrared spectra observed by Tevault695.2 cnT* in Py—Cu1%Since they focused on the vibrational
and Smardzewski on the system of pyridine interacting with Modes with the Raman enhancement effect, there is no
small silver clusters in the argon matrix reacti§hsThey experimental value for a systematical comparison of the two
observed two bands at 614 and 1000 émwith a relatively strgﬁ_g dmfrared aﬁt've moddes. he vibrational f fh
low concentration of silvers. With increasing Ag atom concen- rlr:oazrgﬁ?f?stsﬁg%?; V\ﬁtsh trei;:eg?tfrgr?e r\le;lﬁgngg 104At,2e3

I U19b .
tration, .they found two. new bands at 626 and. 1010°cron cm ! of free pyridine. The experimental frequency of the
the basis of the experimental result, they assigned the former

species to PyAg while for the latter set they assigned to the ;'g;zgonafgpqo?%ilnseﬁég}grezgigzserrggg ggg?&ﬁiéﬁ: (;: i
most likely reaction product, PyAg,. The previous SQMF py forpy p :

. i frequencies are 1446.2 and 1447.8¢ror Py—Ag3! and Py-
B3LYP calculation has predicted that the fundamentalssf
Ag», 1447.4 and 1447.7 cm for Py—Cu’t and Py-C d
and »; modes are about 615.9 and 999.0¢érfor Py—Ag.3! 92, an cmfor Py and Py-Clp, an

C o . ; : 1448.2 and 1450.9 cm for Py—Aus®! and Py-Au,, respec-
This indicates that our calculated frequencies are in a quite good yond y Al P

. . i ; tively. The band corresponding to the vibrational frequency is
agreement with the experimental frequencies. For comparison, g,y 1o be observed in infrared spectra of pyridine adsorbed on

Tevault and Smardzewski also reported vibrational frequency matal surfaceal-2s Finally, the vibrational frequencies of all
shifts of these two modes because of the interaction betweenc_p stretching modes blueshift because of the interaction

pyridine and a Cu atom. For example, the experimental values petween pyridine and metal dimers. The order of the extent of
of both two modes of PyCu are 624 and 100% 2 cnTd, the blueshift is Py-Au, > Py—Cu, > Py—Ag,.

well compared with the SQMFB3LYP vibrational frequencies Infrared Intensity. As a model system of pyridine adsorbed

of 625.4 and 1004.2 cm.3! Krasser et al. reported Raman on metal surfaces, numerous experimental infrared spectra have
spectra of silverpyridine clusters.>! However, owing t0  been reported: 25 However, there is no systemically theoretical
forming the amorphous carbon in the experimental process, it calculation for checking the validity of the theoretical method
possibly influences the quality of Raman spectra. In the range in predicting the infrared intensities of vibrational modes of the
of 1000-1050 cn! they observed two sharp bands, 994 and free pyridine molecule and pyridine interacting with the metals.
1038 cn?, which are the strongest in the vibrational Raman Here, our calculated results are presented in Table 3 for free
spectra of free pyridine. For PyAg,™, Vivon et al. predicted pyridine and Py-M, complexes, respectively. First, we compare
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TABLE 4: Calculated Frequencies (cnt?) of the Low-Frequency Totally Symmetric Vibrational Modes of Py—M,

mode HF MP2 SVWN BLYP BPW91 G96LYP G96PW9I1 B3LYP B3PW91
UN—Cu 120.5 156.9 192.8 162.2 165.6 163.4 166.2 154.4 157.7
Ucu-cu 216.9 279.1 338.8 286.9 292.3 289.2 294.0 276.5 280.7
UN-Ag 84.2 111.9 142.2 106.2 108.6 106.3 107.6 106.9 108.9
Ung-Ag 157.0 192.3 238.0 190.8 198.5 193.2 201.3 192.1 197.8
UAu-Au 113.7 146.5 167.7 133.7 1445 137.1 148.6 136.9 145.0
UN-Au 172.2 214.5 249.7 196.6 213.4 201.9 217.9 199.3 211.4

the results calculated for free pyridine with experimental spectral and the polarizability with respect to the normal coordinate of

intensities (see Table 3§.0ne can see that for pyridine in the

the given modé&162

gas phase the strongest band in the experimental infrared The IR spectra of pyridine adsorbed on metal surfaces have

spectrum arises from thg; mode that has an intensity of 67.5
km/mol. The value can be predicted well by use of HF, BLYP,
BPW91, GO96LYP, 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 v, 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 experimeft:3¢ Also, the HF and BLYP
methods overestimate the intensities of thgmode (experi-
ment: 17.9 km/mol; theory: 42.5 km/mol) and the 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-

been observed. Owing to the IR surface selection rule, one used
to observe vibrations with the transition dipole moment per-
pendicular to the surfacé:?® 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 examples, v12, vsa v1sa @andvigp
modes, can be observédOn the other hand, the band from
the 11 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 modewas observed at
negative potentials at the low bulk concentration. As positively
moving potential, the intensities of the vibrations :af, and
vgaincrease significantly because of the change from the flat to
the upright orientation. At the same time, the vibrationgof

tions of theoretical IR intensities with respect to the experimental ,,,, 115, and vo, appear because of the reorientation of
values are shown in the last row in Table 3. The small deviations pyridine23

imply that the intensities of the hybrid DFT methods are the
best agreement with the experimental offehis is a reason
we only show the IR intensities of PyM, complexes calculated
by the hybrid DFT method (B3LYP) in Table 3.

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

Vibrational Couplings. Numerous studies have discussed
the vibrational frequency shift of the internal modes of pyridine
because of the interaction with hydrogen-bond molecliés,
metal ions81-64oxidest® and metal surfacgd:1216.17.3Recently,
the frequency shift of the vibrational modes in the gpecies

depends on the property of the vibrational mode. From Table was explored theoretically on the basis of the interaction of
3, we can see that the interaction between pyridine angl Ag pyridine and single metal atoms and ichddere, we discuss

enhances the infrared intensities of vibrational modes in the A our calculated results for the system of pyridine interacting with
species. If the enhancement factor is defined as a ratio of thesmall metal clusters. First, we present vibrational frequencies

intensity of the given vibrational mode in Pyg, and the
intensity of the corresponding mode in the free pyridine
molecule, we can obtain the enhancement factors aboutgg)3 (
5.6 (189, 5.1 (1), 4.3 (Uss), and 1.6 (g predicted by B3PW91
and about 7.3g), 4.2 (189, 4.0 (1), 4.6 (sa), and 1.6 (g,
predicted by B3LYP. The IR intensity of th&, mode is still

of the N—M stretch and the MM one in Py-M, 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

the strongest among these enhanced modes though the modether from MP2, nonlocal DFT, and hybrid DFT, we will discuss

has a small enhancement factor. For botmB®des of interest,
the enhancement of two folds is found in themode, while
the decrease of the IR intensity is done in the mode. The
latter mode still has the largest value of IR intensity of 49.7
and 52.1 km/mol predicted by B3LYP and B3PW091, respec-
tively. Among B, modes the IR intensities of the g, mode
predicted by B3PW91 and B3LYP are 31.4 and 30.3 km/mol,

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 and
N—M stretches. For example, in PCu,, the higher frequency
at the range of 276:5294.0 cnT! is assigned to the GuCu
stretch; the lower frequency at the range of £346.2 cnlis
done to the N-Cu stretch. For PyAg, the assignment is the

respectively. Both values are slightly larger than the values sgme as that in PyCu,. This also agrees well with the PED

calculated for the free pyridine.

The IR intensity of the vibrational mode depends on the metal
property. As mentioned above, the bonding is stronger int Py
Cuw, and Py-Au; than that in Py-Ag,. This results in that the
vibrational modes ofv1, ves v9a, and viga have smaller IR
intensities in Py-Cw, and Py-Au, than those in PyAg,. On

values for two vibrations. We obtained that the PED values are
78 (Ag—Ag) and 20 (N-Ag) for 192.1 cn1l, 73 (N-Ag) and

22 (Ag—Ag) for 106.8 cntl, 68 (Cu—Cu) and 29 (N-Cu) for
276.3 cnt!, and 56 (N-Cu) and 32 (Cu-Cu) for 154.2 cml.

But for Py—Auy, there exists a large mixing between the Au
stretch and the AtAu one. The normal-mode analysis indicates

the other hand, the change of the IR intensities is small for the that the PED values are 46 {Mu) and 39 (Au-Au) for 199.1

v4 andv11 modes in the Bspecies and the;gp mode in the B

cm1and 47 (N-Au) and 53 (Au-Au) for 136.7 cntl. Thus,

species. There, it was interpreted that the strong bondingwe provide a tentative assignment that the Al stretch has

interaction changes the properties of the vibrational modes,

the vibrational frequency to be 199.1 chn whereas the

resulting in the decrease of the derivatives of the dipole moment frequency of the Aw-Au stretch is 136.7 crt. The assignment
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TABLE 5: Calculated Frequencies (cnTl) and Stretching Force Constants (mdyn/A) of the N-M and M —M Stretching
Vibrations with the Totally Symmetric Property in Py —M, (M = Cu, Ag, Au; n = 1—4) Complexes at the B3LYP/6-311+G(d,p)
(C, N, H)/LANL2DZ Level

complex w1 [or w3 f-m fru-m fm-m

Py—Cu 162.0 (261.B) 244 0.58 (1.73)

Py—Ag 86.4 (184.6) 239 0.21 (1.0

Py—Au 106.8 (225.5) 260° 0.40 (2.09

Py—Clp 276.5 154.4 256.2 (265) 0.97 1.11 1.22 (1.30)
Py—Agz 192.1 106.9 177.1 (1924) 0.49 0.99 0.99 (1.17)
Py—AU, 199.3 136.8 162.3 (190.9) 1.12 1.66 1.53 (2.1%)
Py—Cus 273.5 164.4 115.3 1.16 0.79 0.91/0%66
Py—Ags 182.3 109.1 69.3 0.58 0.63 0.56 (0.59)
Py—Aus; 188.9 128.0 80.7 1.18 0.91 195
Py—Cuge 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—Ag.® 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—Au 194.2 (194.1) 136.2 (136.2) 87.1(87.1) 1.23(1.23) 0.36 (0.36) 0.88 (0.90)

aFrom ref 31. The values in the parenthesis correspond to the vibrational frequencies and the force constants in the-thtimmplexes.
b From experimental Raman spectra: 244-&fnom ref 14 and 10a; 235 cr from ref 11a; 260 cmt! from ref 10a.¢ The values in the parenthesis
from ref 42 correspond to the vibrational frequencies and the force constants of the isolated metal‘ditreiferce constants of the isolated
trimers are from ref 42¢ The values in the parenthesis are the vibrational frequencies of the low-frequency totally symmetric modeMin Py
with the perpendicular orientations between pyridine ring andiig.

is clearly different from the experimental frequency of 190.9 low-frequency band at about 235 chin Raman spectra. (2)
cm for free Awp.4243 The mass effect results in that the direction of the vibrational
Under the harmonic approximation, vibrational frequencies frequency shift is opposite in PyM, cluster complexes.

and force constants of the "M and M—M stretches are  Although the force constant of the AlAu bond is larger than
presented in Table 5. They are calculated by use of the B3LYP the force constant of the NAu bond in Py-Au, (see Table
method. We can summarize these results as following. (1) All 5), the unperturbed frequencies are 183.7 and 169.2 ¢on

the theoretical vibrational frequencies inP4&g, Py—Ag», and vn-au @anduay—ay Stretches in PyAu,, respectively, on the basis
Py—Ags are less than the value of 235 ctinThe latter one of the harmonic approximation. Because of the small difference
was observed in the Raman spectra of pyridine interacting with (12.5 cn1?) of both unperturbed frequencies, they should have
small silver clusté® and with the N-end adsorption on silver  a strong vibrational coupling. In terms of the Herzberger’s ideal,
surfaces. Our calculated results indicate that theAly stretch the coupling results in that the higher frequency is shifted up
should have a low vibrational frequency, for example, 86.4%cm  and the lower frequency is shifted do#hlif we neglect the

in Py—Ag, 106.9 cm! in Py—Ag,, and 109.1 cm! in Py— coupling between the AdAu stretching mode and the other
Ags. The symmetric Ag-Ag stretching frequencies are 192.1 A; modes of the pyridine moiety, we can obtain the perturbed
and 182.2 cm! for Py—Ag, and Py-Agas, respectively. In Py frequencies of about 216.6 and 136.8 @énbecause of the
Ags, the Ag—Ag—Ag bending-mode frequency that cannot be coupling shifts of the unperturbed frequencies when the
observed so far is predicted to be 69.3énThe experimental perturbation term is close to 39.5 cin(see Figure 3A). The
Raman spectrum of the mixture of small Ag clusters shows that large frequency of the NAu stretch will decrease because of
there are only two sharp bands at about 190 and 120'.cm the coupling between the-\M stretch and thes, andv; modes.
which can be assigned to the Ad\g stretching vibration and In Figure 3B, we can obtain that the frequency shift of-Py
the symmetric stretching one in Agnd Ag, respectively?242:51 AgQ> is opposite to that in PyAu,. For Py-Auz and Py-Auy,

For Ags, the asymmetric stretching frequency is observed at the frequencies of 188.9 and 194.2 ¢hare assigned to the
161.1 and 157.9 cni, which can be predicted well at 159.1 N—Au stretching modes. However, the two modes contain
cm~1 by B3LYP for the electronic ground states of the isolated considerable amount of metal motions, as Moskovits discussed
Ags with the obtuse geometry though it was not observed in the N—Ag stretch in Py-Ag4.2° For example, the PED values
the Raman experimeft.56.670On the other hand, there are three are 65 N-Au and 35 Au-Au for 188.9 cnt?, 73 Au—Au and
bands (120, 190, and 235 ci) observed in the low-frequency 21 N—Au for 128.0 cntt in Py—Aus; 62 N—Au and 15 metal
Raman spectrum of PyAg, (n = 1—3), where the band at 120  ring vibration for 193.9 cm?, 43 metal ring vibration and 21
cm1is very sharp while the band at 190 chis very broacP! N—Au for 136.1 cntt in Py—Au,. (3) The coupling between
Comparison of these theoretical and experimental data indicatesthe N—Cu stretch and the symmetric ring bend is strong irPy
that it is reliable to propose an assignment that theAy Cw. We can see that the force constants of the N bonds
stretching vibration gives rise to the band at about 120%cm  close to the N-M bond decrease significantly from P, to
while the Ag—Ag stretches in PyAg, and Py-Ags yield the Py—Cuw. This causes a decrease of the coupling between the
broad band at about 190 ch For the experimental band N—M stretch and the MM symmetric one. For PyCu, the
observed at 235 cm, we propose that it is probably an overtone PED values of the mode with the vibrational frequency of 274.3
of the N—Ag stretching vibration in the Raman experiméht.  cm~! are 36 N-Cu, 22.3 Cy ring-bending coordinate, and 17
In Py—Ag,, the vibrational frequencies are also all less than Cu—Cu.

200 cntl. The frequency of 124.4 cnd may be assigned to Second, among the;Anodes, the vibrational frequency shifts
the N—Ag stretch. The theoretical binding energy is in agree- of the v; andwusa modes depend on the strength of the bonding
ment with the experimental values (see Table 2), indicating that between pyridine and metal clusters. In Figure 4, we show the
the present methods are reliable in describing the chemicalvariations of the vibrational frequency on the size of the metal
bonding between pyridine and silver. The force constants of clusters and the force constants of-M bonds. The binding
the N—Ag stretches in these complexes are in the range 0f0.49 energies of these complexes indicate that the strong chemical
0.61 mdyn/A smaller than the values of 1.0, 1.1, and 1.5 mdyn/ bonding takes place in the Py, Py—Ms, and Py-M,. The

A .11a11d.29These force constants were assumed by fitting to the weak bonding only was formed in PW. In Figure 4A, the
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Figure 3. Vibrational couplings between the-\M stretch and the Figure 4. Changes of vibrational frequencies of theandus. modes
M—M stretch in (A) Py-Au, and (B) Py-Ag,. among Py-M, (M = Cu, Ag, and Aun = 0—4) with (A) the size of
metal clusters and (B) the force constants of theNN stretching

. . . . . ibration.
vibrational frequency increases with the size of the metal vibrat

clusters. However, the trend of the increase of vibrational

frequency becomes flat at Pys and Py-Ma. This is mainly  frequencies, and the IR spectral intensities of free pyridine and
because the force constants of theM stretches have a small ~ py—M, complexes. The change of the structures of the pyridine
change for both complexes because of almost the same strengtking is closely associated with the bonding mechanism, that is,
of the bonding (see Table 5). Figure 4B shows the change of the Jone-pair donation interaction and the bonding irvtispace.

the vibrational frequencies of the and vea modes with the  The strength of the bonding depends on the metal property and
force constants of the NM stretches. We can see the good the hinding orientation. On the basis of binding energies

linear relationships of the; and v, frequencies on the M calculated by using the different quantum chemical methods,
force constant. The best fitting linear relationships to the e predict that the binding energy of pyridine chemically

calculated vibrational frequencies of P¥, (n = 1-4) arev; adsorbed on gold surface should be a value in the range 0f24.0
= 12.42fy—m + 998.14 with a regression coefficient of 0.97 28.7 kcal/mol via a N-end adsorption.

and gy = 22.78fy—m + 612.15 with a regression coefficient
of 0.99. Thewvsa 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 theM bond than
:)hrigl)?)tézgotﬂge;rmcs)(;zIir;aagg;i%g?r?(;i\(,:vzlittrc])rt?grparen\:g;;uitaug? tthh: t the fundamentals o_f the pyriding moiety. The results are in a
strength of the pyridinemetal bonct There, the coupling is good agreement with the experimental IR spectral peaks for

stronger between tha, mode and the NM stretch than that I_Dy—Ag, Py_—Agz,_ and Py—CL.J' In particular, ther_e are the good
between the; mode and the NM stretch. linear relationships of the vibrational frequencies of theand

vea Modes on the force constants of the-M bonds. Among
all the A; modes, the blueshift of the vibrational frequency of
the vgamode is the most sensitive to the strength of the bonding
The structural and bonding properties of pyridimaetal of pyridine with metal clusters. This is in agreement with the
cluster complexes have been investigated by use of differentprevious study that proposed the vibrational frequency shift of
qguantum chemical methods. Our calculated results clearly the vsa mode as an indicator for a measure of the strength of
indicate that the hybrid DFT method can predict well the the N—M bond for pyridine adsorbed on metal surfaces. The
structural properties, the binding energies, the vibrational present study extends the previous conclusion obtained from

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 SQMFB3LYP procedure can predict well

Concluding Remarks
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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 | g

vibrational frequency of the pyridiremetal 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 forAg, (n = 1-3)
cluster complexes. The observed band at 122%dsmattributable
to the N-Ag stretching vibrations in PyAg, and Py-Ags.
The band observed at 235 chis assigned to the overtone of

Wu et al.

173 665. (c) Creighton, J. AProgress in Surface Raman Spectroscopy
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665.

(13) Welzel, H. A.; Gerischer, H.; Pettinger, Bhem. Phys. Letl981,

the N—Ag stretch. On the other hand, the very broad band at 80, 392.

about 190 cm® observed in the Raman spectrum is assigned
to the (symmetric) Ag-Ag stretching vibration in PyAg, and
Py—Ags. The reliability of the assignment is supported by three

(14) Loo, B. H.J. Electroanal. Chem1982 131, 381.

(15) Compion, A.; Mullins, D. RChem. Phys. Lettl983 94, 576.

(16) Yamada, H.; Tani, N.; Yamamoto, ¥. Electron Spectrosc. Relat.
Phenom.1983 30, 13.

facts. First, the binding energy is comparable to the experimental _ (17) (a) Gao, J. S; Tian, Z. @hem. Phys. Lettl996 262, 151. (b)

value for pyridine adsorbed on silver. This indicates that the

Tian, Z. Q.; Ren, B.; Wu, D. YJ. Phys. Chem. BR002 106, 9463.
(18) Brolo, A. G.; Irish, D. E.; Lipkoski, JJ. Phys. Chem. B997,

present theoretical methods are reliable to describe the bonding; o1 3906.

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 pyridimaetal bond. We

have obtained the linear relationships of the vibrational frequen-

cies ofy; andvs, on the force constants of the-NWM stretches.

It is in agreement with the previous studies. Third, the force
constant of the NAg stretch is predicted to be 0.49.61
mdyn/A when the bonding between pyridine and the neutral
silver cluster is very strong. Finally, we discuss the coupling
between the internal modes and-Nl stretch as well as the
coupling between the NM 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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