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Raman and infrared (IR) spectroscopies have been used extensively to study the adsorption of pyridine on
various surfaces for more than 40 years. However, no satisfactory assignment on all the vibrational modes
has been achieved. In the present study, density functional theory at the level of B3LYR/&"31(for C,

N, H)/LANL2DZ (for metals) has been used for the normal coordinate calculations of the neutral and cationic
species of the pyridinemetal atom (ion) complexes. Based on the present calculations, new assignments of
the fundamental frequencies for the bands attributed 4 vs, vs, andvig, modes of the free pyridine in the
reported IR and Raman spectra have been suggested. The calculated frequency shifts indicate that the coupling
amongus, vi2, andvigamodes and the coupling between these modes and Hraetal (Cu, Ag, Au, or Pt)

bond depend on the strength of the-Metal bond and its bonding properties. The fundamental frequency of
thevsamode has a nearly linear relationship with the change of the force constant of-tfidlind. Therefore,

its frequency shift can be used to directly correlate to the strength of the interaction of pyridine with the
metal atom (surface).

Introduction breath mode of the pyridine molecule. For example, in the
) ) ) pyridine—water complexes, this mode blueshifts to the limit
Quantum chemical calculation has become an important ya1ye of 1002 cm? with the increase in the ratio of pyridine to
complement to experiments for assigning the normal modes in {he water molecule¥ 2! In the pyridine-methanol hydrogen-
the vibrational spectra and the electronic excitation spectra ponded complexes, a similar phenomenon has been found,

associated with the observed spectroscopic bands. To obtainpgicating that the extent of the blueshift depends on the strength
the vibrational spectra of adsorbates, one may use infraredof the hydrogen bond24

spectroscopy (IR), Raman spectroscopy, electron energy-loss
spectroscopy (EELS), sum-frequency generation (SFG), and
difference-frequency generation (DF&¥F. To obtain the elec-
tronic spectra of adsorbates, one may use-Wk absorption

The vibrational frequency shifts of the pyridine molecule
adsorbed on metal and metal oxide surfaces have been inves-
tigated even more extensivel}1415.28.29ore than 700 papers

d fi t t hot hot . . on the Raman and IR study of pyridine adsorbed at surfaces
and Tluorescence Spectroscopy, Wo-photon PROIOEMISSION, . e peen published in the past over 40 years. For pyridine

riibsb’eapedg;er(sjzga:scz Zg;n dagrsoFl)JeeC:rr]%SIeégEgysrilgtlzneei'tVivsh;::tron adsorbed on the gas/solid metal surfaces, the vibrational
' : gfrequency of the ring breath mode blueshifts to about 1003 and
electron o!onor due to the existence of a lone pair of electrons 1010 cnt? on the smootk3Land the roug#-silver surfaces,
;TJ dtizzfqgrsl)'%inv?l;:)argéngﬁr:gfgnspgﬁfetg :)rfn tieniunrpet;iglm _respectively. For _pyridine adsorbed at the_ quu_id/solid metal
modes.which are sensitive to the interaction between pyridine |r}terfa_\ces, especially at the electrocheml_cal interfaces, the
' vibrational frequency shifts are very sensitive to the changes

3220‘?:;3”%2 Zﬁge;rtgirhé?ézf\gief 'R\i}%ﬁacr)\f g‘gf'mgr:gggntg:of the electrode potentials and the properties of the electrode
b 9 PIOT aterial3+-26 For example, there exist large differences either

iaall,13-15
pro.per.tles. 'In the Raman_spectroscopy, the electrp N jn the relative band intensity or the band frequency between
excitation results in resonance enhancement of the Raman slgnaI’the investigated systems. In our group, especially in recently

If an object molecule adsorbs on a metal surface, the enhance; ears, we investigated systematically the surface Raman spectra
ment effect of the metal surface as well as the resonance Rama%f pyridine on various coinage metal (including Ag, Au, and
effect of the molecule can be used for the detection of a single Cu)yand transition-metal (Fe, Co, Ni, Ru, Rh " and PY)

moleculg an_d a small amount. of medical mpleg&ﬁa@. surfaces’! The experimental results revealed that the spectral
~ The vibrational frequency shifts of the pyridine internal modes  featyres of pyridine on metal surfaces are really complicated.
in the hydrogen-bonded complexes by the N-end interaction g far, no satisfactory assignments on the vibrational modes
have been reported by many grodfs’’ These studies show  haye heen achieved. A quantitative explanation to the great
that the strong hydrogen bond results in a blueshift of the ring gpectral differences on the different metal surfaces is still
lacking. By only considering electromagnetic (EM) enhancement
* Authors to whom correspondance should be sent: Z.-Q.T.: telephone, and charge transfer (CT) enhancement mechanisms for SERS,
;F%S'?’gs_'rﬁ;ﬁ138%Ja@ﬁr?§;?§nzfn%§?é%t7;cﬁ'ma"v zqtian@xmu.edu.cn. D~ pnagple have not been able to interpret the spectral features of
"*Department of Chemistry. pyridine from different metals. Thus, it is worthwhile to
* State Key Laboratory for Physical Chemistry of Solid Surfaces. reinvestigate this model system from a more fundamental point
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of view, i.e., through quantum chemical calculations to assign Hg
the normal modes in the vibrational spectra associated with the |
observed spectroscopic bands. Hio Cy

The main purpose of the present paper is to understand how \cs/ \03/
the vibrational frequency shifts due to the interaction of pyridine | |
with a metal atom through its N-end. At the same time, we Ce C,
will discuss in detail the coupling of the different vibrational NN
modes in the pyridinemetal complexes. The results show that
only within the range of the coupling can the strength of the Y
N—M bond significantly influence the frequency of the ring M ’
breath vibration. Thus, the present paper is organized in the M
fO_IIOWIng manner. _The details of the Cqmputatlonal methods Figure 1. Structure and atomic numbering of pyridine and its metal
will be described first. Then, a comparison of the geometric ¢ompjexes.
changes in the different pyridirenetal complexes, an analysis
of bonding interaction, the calculated frequencies, and their gqares procedure to the experimental frequencies in Ar matrix-
assignments in terms of the potential energy distribution (PED) isp|ated IR and Raman spectra of free pyridia@he resulting
will be made. Finally, the coupling of the different vibrational = gcajed factors are 0.935 for the-& stretching motions and
modes with t.he total-symmetrlp mothns and their implications g 963 for the ring stretching, bending, and out-of-plane modes,
on the bonding mechanism will be discussed. which are used to scale the B3LYP force fields of all the target
molecules. For the internal coordinates of the stretching and
the bending modes involving the metal atoms, the scaled factors

Geometrical optimizations and vibrational frequency analyses of these force constants are set to be 1.00. The final vibrational
for all neutral and cationic pyridine complexes reported here frequencies and the potential energy distributions (PEDs) are
are performed using B3LYP witlGaussian 98243 For the derived by Wilson's GF matrix method from the SQM DFT
systems containing the metal atoms or cations, the densityforce fields>
function theory (DFT) method, such as B3LYP, is more readily ~ The coupling of the vibrational modes of the total symmetry
applicable. The basis set for a C, N, or H atom is 6-BGE*, is analyzed by perturbation of the force constants in a given
which adds the polarization function to every atom and only internal coordinate®® To make clear the dependence of the
adds the diffuse functiorota C or Natom. Metal atoms, i.e.,  coupling of vibrational modes on the different bonding systems,
Cu, Ag, Au, and Pt, are described by the relativistic LANL2DZ we select (I) the pyridineAg complex, (Il) the pyridine-Pt
pesudopotentials with a small core approximation, combined complex, and (Ill) the pyridineCu’ system and analyze the
with the associated basis functions for the valence elecffons. coupling effect on these three systems. The-Rg complex

In the calculations, the spin states for the complexes are represents a system with a weaidonation/z-back-donation
assumed to be the same as the ground states for the metal atonisteraction; however, the PyPt complex belongs to a system
or ions. Thus the Cu, Ag, and Au complexes are doublet with having a strongs-donationft-back-donation interaction. The

Computational Details

the electronic configuration for the metals as being— 1)- third system is different from systems (I) and (ll) in that it has
d%ns', while the Cu, Agt, and Au" complexes are singlet with  not only a strongo-donation interaction but also a strong
the electronic configuration of metal ions being-{ 1)d*ns’. electrostatic interaction. The latter effect significantly polarizes

We find the ground state of the pyridin®t complex is a singlet,  the shape of ther electron density of the pyridine ring and
even though the ground state of the Pt atom is a triilé. thus has an important influence on the spectral properties of
Thus, a singlet pyridinePt complex is adopted in the present the Py-M* complexes.

calculations. Similar result also appeared in the PtCO complex,

which has a singlet ground stat&".46 Natural bonding orbital Results and Discussion

analysi¢’ is applied to check the interaction of the lone pair of
electrons on the nitrogen atom of pyridine with the metal atoms.
All binding energies are corrected by adding a scaled zero-point
vibrational energy (ZPVE). Scaled factors for the B3LYP/6-
311+G**(C, N, H)/LANL2DZ(M) ZPVE of the pyridine
monomer and its complexes are obtained as described in detai
in the following.

The local symmetric internal coordinates for the pyridine
metal complexes in the normal-mode analysis are defined using
the method given by Pulay et #@.and can be found in
elsewherg? 51 The atom numbering is shown in Figure 1. The
DFT force fields are transformed from the Cartesian into the
local internal coordinates and then scaled empirically according
to the scaled quantum mechanical (SQM) proceére,

Molecular Geometry. The pyridine molecule has a planar
structure and belongs to the,Cpoint group. The structural
parameters in the free pyridine have been determined by electron
diffraction®® and microwave spectroscopyOne would nor-

ally expect the microwave substitution geometry to be closest
o the equilibrium structure of the target molecule. The
calculated and experimental structures are listed in Table 1. The
CN bond lengths from the microwave experiment are 1.338 A,
the opposite CC bond lengths are 1.392 A, and the bond lengths
of the two paralleled CC bonds are 1.3947%0ur calculated
values are 1.337, 1.392, and 1.394 A, respectively, which have
an error within 0.001 A as compared to the experimental values.
For the CH bonds, the differences between the experimental
and theoretical bond lengths are smaller than 0.002 A. The CNC
angle is 116.9in the microwave structure, and our calculated

R %= (59)"F," value is 117.3 The diff i Il as 6.4rhe good

j i alue is .3 The difference is as small as 0.4The goo
agreement (within 07 between the experiment and the

where§ is the scaled factor of coordinaite=;P"T is the B3LYP calculation for NCC and two CCC angles of pyridine suggests

force constant in the local internal coordinates, &p#edis that the present theoretical level is reliable in reproducing the

the scaled force constant. In this study, these scaled factors arenolecular structures of pyridine. Our B3LYP/6-3&G**
initially taken from literaturé® and then fitted by the least- geometry for pyridine is clearly superior to that from B3LYP/
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TABLE 1: Optimized Bond Distances (in Angstroms) and Bond Angles (in Degrees) of the Ground States of Pyridine and Its
Metal Complexes at the B3LYP/6-31%#G** (for C, N, H)/LANL2DZ (for Metal Atoms) Level

expt Py Cu Ag Au Cu Agt Aut Pt
NM 2.096 2.569 2.391 1.932 2.198 2.056 1.936
NC, 1.338 1.337 1.342 1.338 1.338 1.352 1.349 1.351 1.357
C.Cs 1.394 1.394 1.390 1.392 1.391 1.386 1.387 1.385 1.386
CsCs 1.392 1.392 1.392 1.392 1.393 1.393 1.392 1.392 1.392
CoH7 1.087 1.087 1.085 1.086 1.084 1.082 1.083 1.081 1.079
CsHsg 1.083 1.084 1.083 1.083 1.083 1.082 1.082 1.082 1.083
CsHg 1.082 1.084 1.084 1.084 1.084 1.083 1.083 1.083 1.083
CeNC, 116.9 117.3 118.3 118.1 119.1 118.9 119.0 120.3 118.4
NC,Cs 123.8 123.6 122.7 123.0 122.3 122.0 122.0 121.0 122.0
CoCsCy 118.5 118.5 118.8 118.6 118.7 119.1 119.0 119.3 119.7
CsC4Cs 118.4 118.5 118.7 118.7 118.8 119.0 118.9 119.1 118.1

a2The experimental data are extracted from Innes &t al.

cc-pvDZ, and compares very well to that of B3LYP/cc-pVTZ,
where f orbitals were included in the C and N atoths.

91 1029
:IEOOCps M

1580 pure Py

For the Py-M? complexes, the lengths of the CN bonds and

those of the two parallel CC bonds of the pyridine moiety Ismps 932 0100235 .
strongly depend on the metal atoms or ions. In the neutral Py Py solution
Ag and Py-Au complexes, the CN bonds only lengthen slightly 1007 | 1036

by 0.001 to 1.338 A. The CN bond length increases significantly :EOOOcps YLLW 1594 A
to 1.342 A in the Py-Cu complex. The CN bond lengths in A g
Py—M* (M=Cu, Ag, Au) are much longer, ranging from 1.349 15000’)5 101 1038 1600

to 1.352 A. The CN bond is the longest (1.357 A) in-Bt. Au
The two parallel CC bonds are apparently shorter in- 1017,

than thos% in the pure pyridine. Tﬁgir bon)(; lengths ar(?gvithin J—looocps 1042 1601 Cu
1.390-1.392 A for the complexes of Cu, Ag, and Au, and within 1018

1.385-1.387 A for the Pt complexes and the ion complexes. IZOCpS 932 1603 Pt
The other two G-C bond lengths (&-C4/C4—Cs) are almost _—— .
unchanged in these complexes. The CNC angle is increased from400 600 800 1000 1200 1400 1600 1800
117.3 in the free pyridine to 120%3in the Py-Au* complex. wavenumber/cm”

Conversely, the NCC angles decrease from 12B8he free Figure 2. Normal Raman spectra of pure pyridine and pyridine aqueous
pyridine to 121.0 in the Py-Au™ complex. The @C4Cs angles solution with concentration of 0.1 M NaClCG+ 0.1 M pyridine and
undergo a small change upon forming the complexes. From the surface-enhanced Raman spectra of pyridine adsorbed on Ag, Au,
these geometrical changes, we can conclude that the interaction§" 21d Pt surfaces in the solution of 0.1 M Na@:#0.01 M pyridine.
between pyridine N-end and the metal atoms significantly he 932 em" peak is from the symmetric StfetCh'ng of GlQusing

o e . as the supporting electrolyte. Excitation line: 632.8 nm.
perturb the bonding in the pyridine molecule around the nitrogen
atom.

Experimental Results. Simple and symmetric may the
molecular structure of the pyridine molecule seem to be, but
the experimental results revealed that the adsorption behavior ! A & & & & X
of pyridine on metal surfaces is really complicated. For example, -, A w x
some selected surface Raman spectra of the adsorbed pyridineg 1% 4 = oo KX
at the different surfaces at open circuit potential are given in
Figure 2. The potential-dependences of the vibrational frequency
of thev; mode of the adsorbed pyridine are presented in Figure
3. As can be seen in the figures, the band frequency forihe
mode at 1007 cmt on the rough Ag surface is considerably T ®
lower than those on the Au and Cu surfaces, locating at 1012
and 1017 cm? respectively. Although Pt is a transition metal,
it presents a quite similar frequencpotential profile as — . .
compared to those on the Cu and Au surfaces. Besides the 12 1.0 08 06 04 02 0.0
difference in frequency, the difference in the relative intensity potential/v
of different bands is also quite obvious, as shown in Figure 2. Figure 3. Frequency-potential profiles of the; mode vibration of
The most striking feature is the great difference in the intensity the adsorbed pyridine on different metal surfaces as indicated in the
of the band at about 1035 crh which is the second strongest ~ figure.
band for pyridine in the liquid phase. This band is also very spectral feature$® Moreover, there are some controversies in
strong at the Ag surface, whose intensity is almost equal to thatassigning the vibrational modes of free pyridine. It is therefore
of thev,; mode. However, it only exhibits a very weak intensity necessary to investigate further the surface bonding behavior
at around 1038 crit at Au and Cu and is almost vanished at and recheck the assignment of vibrational properties of pyridine.
the Pt surface. The relative intensity of the 1596 ¢inand of At this stage, with the abundant experimental data on PS8
the vga mode to the band of the; mode also depends on the it is worthwhile for us to perform more accurate theoretical
metal entity substantially. We find no satisfactory explanations calculations on the assignment of the vibrational modes of the
in the literatures to understand these metal entity-dependentpyridine molecule.
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TABLE 2: Interaction Energies and NBO Analysis of the TABLE 3: Amounts of NBO Charge Transfer in the ¢ and
Pyridine—Metal Complexes Calculated at the B3LYP/ the & Spaces of Metal Atoms and Their Ratios of Therh
6-311+G** (C, N, H)/LANL2DZ (M) Level @
metal
NBO species s p ratio of/o
AE + o B Py

_ . o y—Cu 0.023 0.024 1.04
Py—metal AE AZPE Ip(N)—ns Ip(N)—ns sum Py—Ag 0.023 0.004 0.17

Cu 12.72 12.14 20.15 20.15 Py—Au 0.103 0.013 0.13

Ag 4.70 4.29 9.79 9.79 Py—Cu* 0.146 0.011 0.08

Au 9.12 8.55 26.72 26.72 Py—Ag* 0.129 0.005 0.04

Cu* 67.07 65.69 22.98 22.98 45.96 Py—Aut 0.323 0.017 0.05

Ag* 50.25 49.16 14.73 14.73 29.46 Py—Pt 0.375 0.139 0.37

Aut 76.09 74.69 45.04 45.04 90.08 R - . .

Pt 4278 41.64 79.96 79.96 159.92 The variations of the populations in the complexes versus the

isolated metal atom.
a Energy units are kilocalories per moReThe zero point energy is

calculated by the scaled frequencie$he interaction energy refers to 09
the energy of the singlet Pt atom. 4s 5
S
. o ) 44 T = 65 6s 5d
Interaction Energy. The binding energiesAE,) are sum- 3.37 —_— e 3

marized in Table 2. We find thatE, follows the order Ag< 1 e 553 347 2% e oy Ag” AU
Au < Cu < Pt< Ag* < Cu* < Au™. The order of the stability < -84 3d — 5q Bs
of the complexes remains unchanged after correcting the ZPVE % ] g 8 4; Ss
values to the bond energies. For the neutral complexes, the 2 ﬁi
binding energy is the smallest in PAg. AE;, increases from c 5.12
Au through Cu to the transition-metal atom Pt. On the other “ 1 Cup  Agp Aup Pta  Ptp 6.96 457
hand, in the Py¥M™* complexes, although the binding energy -16 ; —
is still the smallest in PtAg™, the opposite order is found for ] % 5
Cut and Au' such thatAE, (Py—Au™) > AE, (Py—Cu®). In
fact, this is not unexpected as this trend has been observed before Met'al '

for the carbon monoxideion complexes. A previous theoretical Figure 4. Occupied and unoccupied orbital levels of the free metal
inding i +(M+ = + .
study of the binding in CEM (M. N Cu_+, Ag*, and A.Lr) atoms and ions. Thg spin—orbital levels for Cu, Ag, and Au are
showed that both the electrostatic interaction andrtdenation/ shown, and botkx and spin—orbital levels are given for Pt. For Cy
m-back-donation interactions play an important i§l&he order ~ Ag*, and Auf ions, the levels of the. and8 spin—orbital are equal.
of AE, in CO—MT is Agt < Cu* < Au™. It has been shown
that this trend can be understood by examining the radii of the complex. The result for the PyPt complex shows a large ratio
valence s and d orbitals of the metal i®Since the electronic  of 0.37 as compared to those in the Au and Ag complexes.
ground states for these three metal atoms and ions e d  Additionally, the amounts of the-donation and ther-back-
and d°%’, their s valence orbitals serve as the acceptor orbitals donation charges are significantly large in the-ft complex,
and the valence d orbitals are the donor orbitals. The radius of leading to a very short NPt bond length (1.936 A), comparable
the 4s orbital of copper is 3.262 au, which is smaller than the to that in Py-Cu* (1.932 A). The N-Pt bond length is
rad@us (3.451 au) of the 5s orbit_al of silver, but larger th_an the significantly smaller than the NAu bond distances in PyAu
radius (3.061 au) of the 6s orbital of gold. A small radius of (2.391 A) and Py-Au* (2.056 A), although Pt (atomic radius
the 6s orbital of gold is due to the well-known relativistic effect = 1.39 A) and Au (atomic radius: 1.46 A) are neighbors in
— the orbital contraction for the atom with high atomic mass. the periodic table.

On the other hand, the radius of the 3d orbitals of copperis the  Tne orbital energies and their occupations are also important
smallest.: only about 1.002 au, among the three metal atoms.¢q, understanding the bonding mechanism of the meggtidine
The radii of the valence d orbitals of silver and gold are 1.396 ¢omplexes. The interaction of the filled lone pair of electrons
and 1.618 au. As the-back-donation strongly depends on the  opy pitrogen with the filled metal 2(d,) or s atomic orbitals
bond length, ther-back-donation interaction increases signifi- |eads to thes-repulsion. In general, sdnixing in the metal
cantly with the decrease in the bond distance. In the case thatsgnter shifts the electron density away from the- ™ bond
pyridine binds to copper or gold, pyridine can come rather close zyis to thexy plane, decreasing therepulsion and allowing
to the metal to form a short and efficiestdonation bond with for a stronger metalligand o-donation. The degree of the-d,
the metal. This short MN bond distance, in turn, leads to a mixing depends on the-sl, energy gap. The energy gaps of
significantzr-back-donation interaction. In contrast, the 5s orbital the metal atoms and ions given in Figure 4 show that the Pt
of silvgr has a much larger radius, resulting in a wealback- atom with the smallest energy gap about 2:214 eV forms
donation at a longer bond length. the strongest bond among the neutral complexes, while the Ag
The NBO charges at theand ther spaces in Table 3 show  ion with the largest energy gap about 6.96 eV forms the weakest
that the ratio of the charges fromback-donation#-donation bond among the ion complexes. The strength of the interaction
for copper (1.04) is clearly larger than the ratios for silver (0.17) of pyridine with Cu, Au, and their ions falls between silver and
and gold (0.13). This suggests that thedonation and the  platinum. Figure 4 also shows that the energy levels of the
m-back-donation interactions effectively occur atfgu. It is acceptor orbitals are significantly lower for metal ions, in
interesting to note that the amount of thedonation charges  agreement with previous studies. In the next section, we show
can be larger in an ion complex than that in a neutral complex. that the force constant of the-\NPt bond is the largest and the
This can be explained by the shortening of the- ™ bond force constant of the NAg bond is the smallest. The order of
length by the electrostatic effect, resulting in a more effective the force constants of the other bonds is AuCu < Agt <
o-donation in the ion complex than in the corresponding neutral Cut < Au™. The o-donation interaction energies of the lone
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TABLE 4: Comparisons of the Scaled Frequencies of the Vibrations for the Pyridine-Metal and the Pyridine—Metal lon
Complexes

modes expt pyridine Py-Cu Py-Ag Py—Au Py—Cu* Py—Ag* Py—Au* Py—Pt
Ag
vy 3094.2 3088.7 3094.7 3092.8 3095.8 3112.2 3110.5 3123.6 3132.1
V13 3072.8 3065.4 3074.8 3071.3 3078.4 3098.3 3095.5 3107.9 3098.8
V20a 3030.1 3046.0 3063.2 3055.3 3068.9 3089.7 3087.7 3092.6 3078.4
Uga 1583.9 1592.4 1605.7 1600.0 1600.2 1614.7 1609.4 1606.2 1604.0
V19a 1483.4 1482.0 1482.8 1483.4 1479.9 1490.4 1488.9 1482.9 1468.4
Voa 1218.0 1218.2 1211.5 1215.4 1210.0 1221.6 1222.4 1217.6 1195.3
V18a 1071.9 1072.4 1069.0 10711 1070.1 1074.6 1071.4 1073.9 1070.5
v12 1031.7 1027.0 1030.4 1027.1 1024.9 1046.7 1035.0 1042.1 1053.1
v 991.4 991.3 1004.2 999.0 1002.6 1015.8 1010.4 1015.7 1009.4
Usa 601.4 605.1 625.4 615.9 620.6 656.4 637.1 659.0 672.5
UNM 162.0 86.4 106.8 261.1 184.6 225.5 261.5
Az
V17a 966 983.8 980.2 981.5 983.2 986.8 986.6 988.6 970.8
U10a 871 877.4 875.5 877.1 875.7 875.1 875.1 862.5 851.3
V16a 373 3745 366.6 371.1 379.2 384.2 384.9 392.2 397.4
B
Us 1007 994.8 995.5 996.5 999.8 1019.9 1020.9 1022.1 985.8
V100 936.6 939.4 941.6 940.0 943.5 953.0 950.5 955.3 924.0
va 744.0 745.2 743.2 744.1 747.1 760.4 756.4 760.5 745.7
V11 700.3 702.8 695.2 699.3 697.3 695.0 696.1 685.8 681.4
U1eb 403.3 410.3 414.9 415.1 416.7 421.4 417.5 427.7 441.5
Vg 36.3 57.7 64.1 113.3 86.3 121.4 125.4
B>
U200 3086.9 3081.1 3088.5 3086.0 3090.0 3108.6 3106.5 3122.2 3131.2
U7b 3042.4 3043.7 3064.2 3054.8 3073.0 3095.1 3091.4 3104.1 3091.2
Ugh 1580.5 1586.9 1583.2 1587.3 1586.5 1579.1 1581.1 1576.3 1561.8
V19b 1441.9 1442.0 1447.4 1446.2 1448.2 1454.8 1453.4 1458.1 1446.4
V14 1362.3 1357.9 1354.8 1357.1 1351.8 1366.9 1366.6 1361.5 1340.0
U3 1227 1259.7 1266.9 1265.9 1268.1 1268.1 1267.2 1265.9 1251.1
U1 1143.3 1148.3 1153.2 1151.4 1152.8 1168.6 1167.0 1169.8 1153.1
V1gh 1079 1056.0 1064.6 1061.9 1064.2 1079.1 1077.9 1083.0 1066.0
Vb 652 656.8 652.2 653.9 651.4 648.4 648.7 642.6 645.8
Vo 113.6 81.5 107.5 167.2 137.4 193.3 211.9

2 The experimental data are extracted from refs 49, 62, 67.

pair of electrons on the nitrogen atom with theat s orbitals (991.3 cm?) is identical to the experimental data (991.4
of the metal atoms (ions) are shown in Table 2. For the neutral cm~1).4%6267But it is worth noting that there still exist some
metal atoms such as Cu, Ag, and Au, thidonation interaction controversies. First, there are different assignments for the total-
only takes place in thg spin space due to the stroagepulsion symmetric vibrational modes 3 andv,g,belonging to the €H
in the a. spin space. The-donation interactions are stronger in  stretching vibrations. Wiberg et al. assigned the observed
the Cu and the Au complexes than in the Ag complex. Becausefrequencies of 3072.8 and 3030.1 thwith a 0.24 cnr?
of the electronic configurations of!®° in the coinage metal  resolution to these two modes, respectivél§? on the other
ions, theo-donation interaction can take place both in the hand Castellucci et al. obtained 3065 and 3042 cfor these
and thef spin spaces. The amount of thedonation is much two modes, respectivef:53 Our calculated frequencies after
larger in Py-M™ than that in the corresponding Pyl complex. scaling are 3065.4 and 3046.0 thnfor the two modes,
NBO analysis shows that the P{t complex has the strongest respectively, which is in a better agreement with the values of
o-donation interaction due to the low occupations at the,s Castellucci et af?
orbitals. Second, the out-of-plane vibrational modey, belongs to
Normal-Mode Analysis. For the pyridine molecule, there  the highest frequency of the;Aymmetry in pyridine. According
are a number of studies analyzing the frequencies and theto the experiment465and Pulay’s calculatidd the band at 980
assignments of the vibrational mod&g?49-51.58,6061 The cm~1 was attributed to the mode. But Wiberg et al. quoted the
vibrational analysis of the pyridine experimental spectra as well band at 966 cm' to this mode*® Our calculated value of 983.8
as the predicted frequencies for the free pyridine molecule andcm™ supports the former assignment. Among thenfodes,
its metal complexes at the B3LYP/6-3tG**/LANL2DZ level our calculated value of theyo, mode is 877.4 cmt, which is
are summarized in the Table 4. These predicted frequencies havén better agreement with a recent gas-phase Raman spectrum
been scaled by using the SQMF procedure as described aboveappearing at 875 cm 53than the previous assignment of Wiberg
For the free pyridine molecule, the mean deviation between the et al. of 871 cm! for the v10, mode.
experimental frequencies and our DFT frequencies after scaling  Third, as pointed out before, the theoretical scaled frequency
is 2.4 cmt, which is considerably smaller than the mean of the »s mode is always lower than the experimental value of
deviation values of 8 cmt of Dkhissi et al., who used a larger 1007 cnt.64 Our calculated value is not an exception, which
basis set of 6-31t+G(2d,2p) but without using the SQMF  is about 12 cmt lower than the experimental one. Klots’ Raman
procedure? spectrum using a high-quality sample showed the lack of any
A. Free Pyridine. As is shown in Table 4, our SQM scaled notable peak near 1007 cir® He suggested that the earlier
B3LYP frequencies are very close to the experimental spectraexperimental frequency be possibly related to an impurity. In
for the free pyridine molecule. In particular, our calculaied his Raman spectrum, a band at 997.4 éwas assigned to the
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difference frequency of two modes with thg symmetry. On vibration/2For pyridine adsorbed on the Pt(111) surface, a band
the basis of the present calculation, we recommend assigningat 290 cn1! in the electron energy-loss spectrum is thought to
this band to thess mode. be from the N-Pt vibration. The activation energy for the
Fourth, among the B modes, there have been debates Pyridine desorption from Pt(111) at the low coverage is 21.8
concerning the frequencies of the mode. The frequency of  kcal/mol, while it drops to 15.0 kcal/mol at the saturation
the v3 mode was observed at 1227 chin the earlier spectf455 coverage due to the repulsive adsorbatdsorbate interactiofi.
and 1228 cmt in a recent Raman vapor spectréiindeed, as At the Cu(110) surface, the desorption energy decreases from
pointed out in a recent pap&rthe experimental data deserves 22.4 kcal/mol at the low coverage to 18.7 kcal/mol at the
a closer attention. On the basis of the HEQM procedure, ~ monolayer’ Although the reported experimental adsorption
the predicted frequency was either about-18 cnt? higher energies do not match the calculated binding energies in the
with small basis set&5061or about 21 cm? lower with large Py—M complexes, agreement is reached in that theAy bond
basis sets than the experimental d&t® Some recent DFT is the weakest among this series. In the literature, there is still
calculations predicted thes frequency that is significantly ~ Nno complete and clear assignment of theM stretching modes
higher than the experimental valtf8 The unscaled frequencies ~ at the metal surfaces because all the Ml and the M-M
of 1306 and 1283 crt were given by the B3LYP method with  Vibrational modes have a very weak spectral signal and a small
the cc-pVDZ and cc-pVTZ basis sets, respectivélif.a scaled  difference in frequency.
factor of 0.975 is applied to these two frequencies, the resultant As compared to the vibrational frequencies of the free
numbers of 1273 and 1251 crare still remarkably larger than ~ pyridine molecule, the upward or downward shifts of these
the experimental value of 1227 ch We obtain 1259.7 crt frequencies reveal the bonding nature of the interaction between
for the v3 mode. Thus, all theoretical calculations lead to the pyridine and the metals. As is seen in Table 4, there is a blueshift
conclusion that the fundamental frequency of dgenode should for the five high-frequency modesy v13, v20a v20n, andv7n)
be higher than the currently assigned value. Indeed, in a recentof the C-H stretching vibrations in all the pyridiremetal

Raman spectrum, one peak at 1260 ¢mas observe& which complexes. The blueshifts are larger in-Ry* due to the strong
could be assigned to the fundamental frequency ofthreode. electrostatic interaction and in Pyt due to the strong/xz
There are controversies in assigning thg mode of the B dative interactions than those in Py (M = Cu, Ag, Au).
symmetry®” The present calculation leads to a frequency at The C-H in-plane bending vibrations/{sa and ve, of the Ay
1056.0 cnt?, which has a deviation of about 23 cifrom the symmetry, v3, v14, and vigp Of the B, symmetry) generally

assigned frequency at 1079 chin the experiment of Wiberg ~ encounter a smaller change as compared to thil €tretching
et al. On the other hand, our result supports Pulay’s assignmentmodes. The shifts of the-€H in-plane bending can be upward

of a band at 1052 cmt at the Raman spectrum to theg, or downward. Exceptign 0f Py—Pt, which has a small blueshift,
mode50 sizable redshifts are seen in PRt for all the other G-H in-

B. Pyridine—Metal. The N—M stretching vibrations belong plane bending modes.
to the low-frequency modes. The results in Table 4 show that ~Thevi mode belongs purely to the stretching mode from the
the vibrational frequency of the -{\'\A(metaD Stretching is the combination of the €N and C-C StretChing vibrations. In the
largest for N-Pt and the smallest for NAg. Considering the  free pyridine molecule, the; mode strongly couples with the
differences in the reduced masses, the order of the vibrationalstretching and bending motions of the heavy atoms. According
frequenciesn_y is in line with that of the bond energiesEy to the present PEDs from the normal-mode analysisytingode
except for the PyPt complex. Although the bond energy for ~ contains 38% the trigonal symmetric deformatiog) @hd 62%
the Py-Pt complex is relatively smaller as compared to those the ring backbone stretchings,($ S, + Sg in Table 5). In
of the positively charged complexes, the force constant (aboutSOme previous normal-mode analyses, tged®rdinate con-
3.06 x 10P dyn/cm) of the N-Pt bond is the largest. This can tribution to thev; mode was found to be about 35% at the HF/
be understood by the fact that the-Rt bond is the strongest ~ 3-21G level! 31% at the HF/6-31+G** level,'8 and 43% at
covalent bond among these complexes, having the largestthe B3LYP/6-3%+G** level for the free pyridine molecul&
o-donationf-back-donation; on the contrary in the ion com- Furthermore, our PED results show that thg c®ordinate
plexes, the electrostatic interaction contributes a large amountcontribution to thevs mode is sensitive to the interaction
to the bond energy. For pyridine adsorbed on these metalPetween pyridine and the metal atoms or ions, and the PED
surfaces, the NM vibrational frequencies have been reported Vvalue decreases with the increase in the strengths of tHé N
by Pettigne®® and Creightorf27° respectively. In the surface  bonds. In the neutral complexes, the PEDs for thed®rdinate
Raman spectrum of pyridine adsorbed on the silver surface, therange from 10% to 33%, where Pyt has the smallest PED
bands observed at 173 and 252 ¢mvere attributed to the ~ Of 10% due to the strongest-Pi bond and Py-Ag has the
pyridine—silver vibrations®® A weak band with a lower largest PED of 33% due to the weakest-Ag bond. On the
frequency of 65 cm! was also observe®d. If Pe[[inger’s other hand, theg?contribution tov, decreases to less than 10%
assignment is corrected, the assigned frequencies of 173 andn Py—M, where the contribution of thes8oordinate is almost
252 cnt are clearly larger than our calculated value (86:&m  negligible in Py-Cu®.
for the pyridine-silver complex. In addition, a comparison of On the contrary, the PED value of the ®ntribution to the
the bond energy (4.7 kcal/mol for PyAg) with the adsorption v12 mode seems to increase with the strength of théviNoond.
heat of about 11.8 kcal/mol for pyridine adsorbed on the In the neutral complexes, the PEDs increase from 54% fer Py
Ag(111) surface from a recent temperature-programmed de-Ag to 69% for Py-Cu, while in the ion complexes the
sorption spectrum indicates that the interaction between pyridine contribution of the gcoordinate to the;, mode is higher than
and silver is possibly stronger on the solid surface than that in 89%, with PEDs in PyCu™ coming almost exclusively from
the Py-Ag complex®® For pyridine adsorbed on the copper the contribution of the §coordinate. Interestingly, the PED of
surface, a band observed at 24473s attributed to the N-Cu Ssto v12in Py—Pt is the smallest among this series, even though
stretching vibratiorf? while for pyridine adsorbed on the gold Pt—N is the strongest dative bonding. Experimentally, an intense
surface a band at 260 crhis assigned to the NAu stretching 1035 cnt! band ¢12) can be observed on the Ag electrode. Its
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TABLE 5: Comparison of the Potential Energy Distributions (PEDs) of the Ring Breathing Mode, the Ring Deformation
Modes, and the N-M Stretching of Pyridine and Its Complexes, Calculated at the B3LYP/6-313+G**(C,N,H)/LANL2DZ(M)

Level

species vsa VU9a V18a V12 u1 Vea UNM

Py $(43), $(14), S1(13), S10(38), $(20), S11(33), $(22), S(19), Sg(47), S(31), $(14) H(38), S(32), S(95)
Si(11), $(11), $(8)  Su1(20), $(9)  Se(13) $(19), §(11)
Si(11), Sa(11), $(9)  Su(16), $(11)  Se(10) S(1) Se(18), S(1)

Py-Ag  $x(44), $(13), So(12), S19(38), S1(21), S11(31), H(23), §(22), Se(54), S(27), $(11) H(33), S(31), $(20) S(92), S(2) SH(97), S(3)
Si(12), §1(12), S(8)  Si(18), $(9)  Se(11) S(15), $(2)

Py-Au  S(44), $(13), §1(12), $10(39), S1(22), $12(30), S(25), $(23) S(58), $(24), $(11)  S(30), $(29), $(20) SH(91), S(4) S(95), S(4)
Sio(11), S(11), $(9)  Si(16), $(10) $(18), $(2)

Py—Cu* $(44), So(13), §(12), S1o(36), S1(27), Si(34), S1(25), S(24), Ss(93), S(1), S(5) S3(41), $(28), S(21), Se(78), $(14) S(75), $(15)
S3(11), S1(10), S(9)  Si(14), S(13)  Si(4) Se(1), S(2)

Py—Ag™ $(45), So(13), $(12), S19(36), S1(26), S1(29), $(28), S1(27), Se(89), S(5), S/(2) S3(34), S(28), $(27), Su(85), §(9) S/(86), $(8)
Si(11), §4(10), $(9)  Su(15), $(12)  S¢(3), S(1) S(5), SI(3)

Py—Au™ $x(46), So(14), $(13), S1o(36), S1(27), Si(36), S1(24), $(22), Ss(89), H(6), S(6) Sy(41), $(26), S(21), S(79), S(14) S(72), S(14)
S1y(11), §(10), $(9)  Si(13), $(13)  Sg(1), Si(5) S(4), S(2)

Py—Pt  $(46), $(14), S1(13), S10(36), S1(30), Ss(31), S(28), S(15), So(73), S(20) S(61), $(20)

S10(10), S(9), $(9)  S(14), S(9)  S1i(10), $(10), So(6)

S5(50), S(24), S1(13),
Si(2)

S(31), §(27), S(24),
S8(10), S(3)

2 The symmetric coordinates are defined as followsCS-N symmetric stretching: (2}/9r(N—C;) + r(N—Cg)]. S;, C—C symmetric stretching:
(2)7Yqr(C,—C3) + r(Cs-Cs)]. Ss, C—C symmetric stretching: (2}qr(C3s—Ca) + r(Cs—Cy)]. Ss, C—H symmetric stretching: (2}4r(C,—H-) +
r(Cs—Hi1)]. Ss, C—H symmetric stretching: (2}qr(Cs—Hg) + r(Cs—Hig)]. Ss, C—H stretching: r(Cs—Hg). S;, N—M stretching: r(N—M). S,
symmetric ring deformation: (6}qa(C,—N;—Cs) — a(N1—C2—C3) — a(N;—Cs—Cs) + a(C,—C3—C4) + a(Cs—Cs—Cs) — a(C3—C4—Cs)]. So,
asymmetric ring deformation: (12y42a(C,—N;—Cg) — a(N1—C,—C3) — a(N;—Ce—Cs) — a(C,—C3 —C4) — a(Ce—Cs—Cy) + 2a(C3—C4s—Cs)].
S0, C—H in-plane bending: (2¥93(Cs—H7)— S(Cs—H11)]. S11, C—H in-plane bending: (2)4B(C.—H7) — (Cs—H11)]. Herer anda denote the
bond distance and bond angle, respectivglgenotes the in-plane bending angle.

Raman intensity significantly decreases from silver to gold,
copper, and platinum, as observed above.

In the literature, the different behaviors of and v1, are
attributed to the different surfaces used, resulting in the
difference in the cooperative contribution from the electromag-
netic (EM) and the chemical enhancemeift€onsidering that
the adsorption orientation of pyridine is the same on these metal

of this mode depends on the strength of the-Ml bond.
Furthermore, the PED of the-\M stretching ($) increases in
the normal mode, indicating that there is a strong coupling
between the $coordinate and the NM stretching. This will
be further discussed later from the coupling between the different
vibrational modes.

For thevg, mode, the results in Table 4 show that there is a

surfaces, the EM enhancement should give an approximatelyblueshift between 7.6 (in PyAg) and 22.3 cm? (in Py—Cu™)

equal enhancement factor for both theand thev;, modes on

all surfaces. Therefore, it could be possible that the difference
in the enhancement of these two modes is partially due to the
difference in the chemisorption on these metal surfaces. In the
present work, the PEDs of both modes are found to rely strongly
on the properties of the pyridine-Nmnetal bonds. It is generally
accepted that the larger the force constant of therétal bond,

the smaller the PED of the ring symmetric stretching coordinates
in the v1, mode, and the larger the PED of thgc®ordinate in
thev1, mode. (Py-Pt is an exception, possibly due to a different
bonding mechanism). This will also influence the displacement
between the minima of the potential surfaces at the excited

upon interaction with the metal atoms (ions). This can be
explained by the increase in the force constants of the two
parallel C-C bonds from 6.57x 10° dyn/cm for the free
pyridine molecule through 6.7& 10° dyn/cm for the neutral
complexes of the coinage metals to no less than 6:820°
dyn/cm for the complexes of Pt and the charged ions. The PEDs
for vga shown in Table 5 only experience a small change upon
interaction with the metals. The PED from the symmetric stretch
of the two parallel G-C bonds (9) increases slightly by 1% in
the neutral complexes of Cu, Ag, and Au, and by3®6 in the
complexes of Pt and the charged ions.

For the ring backbone modes with the Bymmetry, the

charge-transfer states and the ground state, resulting in thefrequencies obg, andvg, modes redshift, while the frequencies

different extent of chemical enhancement for these two médes.
Therefore, it is very likely that the difference in the nature of
Py—M bonding gives rise to the difference betwegrand v,
and the difference of the two modes among different metals.
Now let us consider theigoa mode. The PEDs of the mode
in the free pyridine molecule are about 33% from the in-plane
bending of the &H bonds neighboring to nitrogen atom (5
22% from the stretching of the two-€C bonds (g), 19% from
the stretching of the €N bonds (9), and 13% from the
symmetric ring deformation b In the neutral complexes of
Cu, Ag, and Au, the PEDs from the-€N stretchings (9
increase while the PEDs of the in-plane-8 bending (%1)
decrease. However, for Pyt, the PED of the $coordinate
increases to 31% and the PED of the in-planeHCbending
(S11) decreases to 11% due to the different bonding mechanism.
In the three ion complexes, the PEDs of thecBordinate are
all less than 3%, as listed in Table 5.
According to the PED values, it can be seen that the
asymmetric ring deformation ¢pcontributes dominantly to the
vea Mode with the A symmetry. The degree of the blueshifts

of the v1s andvi1g, modes blueshift. The degree of the frequency
shifts has a complicated relationship with the bonding interaction
between pyridine and the metal atoms (ions).

Coupling of Vibration Modes. As shown in Table 5, the
changes of the PEDs of thg &ordinate in the;, andv1, modes
strongly depend on the strengths and the bonding properties
between pyridine and the metal atoms (ions); however, the
vibrational frequency and the PEDs of thg, modes are not
very sensitive to the strength of the- WM bond. In the literature,
the frequency shift of then mode was used to measure the
interaction between pyridine and a metal atom (ion) in the
pyridine hydrogen-bonded complexes and for pyridine adsorbed
on surfaced*2! Moreover, our calculations show that the
frequency shift of thesg, mode is closely associated with the
change of the NM bond, which can be another strong indicator
of the bonding strength between pyridine and the metal atoms
or ions. A coupled oscillator method can be utilized to describe
the couplings between two or more vibrational modes. The
model Hamiltonian of the coupled vibrational modes is similar
to the Hamiltonian used in our normal-mode analysis. The
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(c) ® (i)
Figure 5. Coupling of the vibrational modes with the force constants of thevNstretch or the trigonal symmetric deformation. (a), (d), and (g)

Coupling of thew,, v12 andvisamodes with the N-M stretch. (b), (e), and (h) Coupling of the, mode with the force constant of the-W stretch.
(c), (), and (i) Coupling of thes, v12 and v1sa modes with the force constant of the trigonal symmetric deformation.

frequency shifts of thewv;, vio, ves and viga modes are of the vibrational modes in three types of bonding systems, e.g.,
investigated by increasing the force constants of theMN Py—Ag, Py—Pt, and Py-Cu'. The force constants of the-Nv
stretching and the ring deformation, respectively. In the presentstretching ($ and the ring deformation ¢pare varied in a
work, the coupling nondiagonal elements of the force constant wide range from 0.0 to 5.& 10° dyn/cm for S and from 1.0
matrix are kept in the DFFSQM values. to 1.8 x 1° dyn/cm for Q.

Mizutani and Ushioda suggested that there are two types of A. Py—Ag. The bonding in the PyAg complex belongs to
bonding that result in distinct shift patterns of the normal-mode the halogen-type, which has a weak-M bond and has small
frequencies upon adsorption or coordinatiéhe metal ion- changes in the geometric and the electronic structures of
type bonding is characterized by a strong pyridisabstrate pyridine. Figure 5a,b shows dependence of the vibrational
bond, which results in large frequency shifts; on the other hand, frequencies ot, v12, vss, andviga0n the force constant of the
the halogen-type bonding causes a comparatively small fre-N—Ag bond. As is seen from Figure 5a, v12, anduvigacouple
guency shift due to the weaker bonding. Therefore, the ion Py with each other. When the force constant of the Ay bond
MT (MT = Cu", Ag*, Au™) complexes fall into the metal ion-  approaches zeray, v12, andvig, approach 994.4, 1026.6, and
type and the PyM (M = Cu, Ag, Au) complexes belong to  1070.8 cnl, respectively, which correspond to the respective
the halogen-type. As is shown in the present work, however, a frequencies (991.3v(), 1027.0 ¢12), and 1072.4 159 cm™1)
N—M bond like Py-Pt can be stronger than that inPM*. In of the free pyridine molecule. With the increase in the force
this case, how to understand the frequency shift of the relevantconstant of the NAg bond, »; and v1, reach a limit value of
modes is a question to be answered in this section. For this1022.5 and 1063 cm, respectively. Thus the up limit of;
purpose, we analyze the frequency shifts due to the couplingscorresponds t@:, in the free pyridine molecule, while that of
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v12 corresponds t@ig,in the free pyridine molecule. It is clear
that the coupling between different modes significantly change 404 = At _3‘\A—A\A7A\A
the dependence of the vibrational frequencies on the force ) A
constant of the NAg bond. If there were no such a coupling, /
the frequency shift of the; mode would not be proportional 30 s
to the strength of N-M bond and it also would not reflect the VRN
strength of the N-M bond. As is seen from Figure 5a, the fa '\./x/ \ Tt .,
frequency of thes;gamode blueshifts sharply with the increase g_" 201 .;< \ s v
in the force constant of the NM bond owing to the strong A ~a -
coupling. % ;<_\___

A comparison of the frequency shift of thg, mode with 10 \ .
that of the N-M stretching shown in Figure 5b indicates that v s
the vga mode almost has a linear frequency dependence on the 0 : : /. : : : :
force constant of the NM bond. The trend in the frequency 0 1 2 3 4 5

shift is fairly appropriate to reflect the strength of the-M
bond between pyridine and an electron acceptor.

Although the shapes of the curves in Figure 5c are fairly

Force constant f (105 dyn/cm)

Figure 6. Dependence of the PED of tlgmode on the force constant
of the N—M stretching mode in the PyCu™ complex.

similar to those in Figure 5a, these curves reflect the dependence

of the coupling of three vibrational modes (i.e., 12, andvigy)

on the force constant of the; Boordinate. With the increase in
the force constant of theg®oordinate, the coupling enhances
and the PED value of thes8oordinate in the; mode decreases.
When the change of the force constant of the&ordinate is
beyond the coupling region, the frequency of the mode
approaches the frequency of the mode in the case of the
decoupling, arising from the contribution of the stretching
motions of the pyridine ring.

B. Py—Pt. The Py-Pt complex has a strong-N\Pt bond and

are S(8) and 3(85) for thers mode and §23), $(25), $(39),

and S(9) for thev12, mode. Increasing the force constant of the
Ss coordinate to 1.252 1C° dyn/cm, the coupling enhances
and the frequencies of these two modes increase, while the
frequency of thevig, mode almost remains unchanged. With
the further increase in theg$orce constant, the frequency of
the v18a mode quickly increases, and the frequencies ofithe
andvi, modes gradually approach the limit values. In the-Py

Pt since the scaled force constant (1.2960° dyn/cm) of the

Ss coordinate is larger than the turning point 1.262.0° dyn/

undergoes large structural changes of the pyridine ring. The cm, the coupling results in a small PED value of thg S

structural parameters in the complex are similar to those in the coordinate in the; mode and large PED values for thg and
Py—M* complexes. The influence of the force constants of the ,,,. modes (see Table 5).

internal modes on the coupling can be seen from Figuref5d
When the force constant of the NPt bond is taken as zero, the
frequencies of the, v, and v1ga modes decrease to 961.1,
1024.6, and 1055.4 cm, respectively. In this case, the PEDs
are §(59), $(16), and g(19) for thev; mode and &8), S(20),
and $(66) for thev;> mode, which clearly shows that the-Gl
stretching motion makes the largest contribution tostherode,
while the ring deformation (§} contributes the most to tha,
mode. Increasing the force constant of the®t bond results
in the upshift of the frequencies of the andv1, modes, while
the vibrational frequency of theis, mode almost remains
constant until the force constant of the-Rt bond increases to
2.0 x 10° dyn/cm (see Figure 5d). With the increase in the force
constant of the N-Pt bond from 2.0x 1C° to 5.0 x 10° dyn/
cm, the frequency of the;gamode increases sharply, while the
frequencies of the; and v12> modes approach the limit values
of 1024.6 and 1055.4 crd. A comparison of the frequency
upshift of they; mode in Py-Pt and Py-Ag indicates that the
coupling between the; mode and the NM bond increases
and the coupling region becomes wider in the-Py.

The frequency of thes, mode varies linearly with the force
constant of the NPt bond, as is shown in Figure 5e. This is

C. Py—Cu™. The bonding in the PyCu" belongs to the
metal ion-type, which has a strongeriu™ bond and has larger
changes in the geometric and the electronic structures of pyridine
as compared with its neutral complex. Parts g and h of Figure
5 show how the frequencies of the related modes vary with the
force constant of the NCu* bond. The results in Figure 5g
show that the frequencies of thg v1,, andvigamodes approach
the corresponding values in the free pyridine if the force constant
of the N—M bond is taken as zero. However, the PEDs are
very different from those in the free pyridine (cf. Figure 6 and
Table 5). By increasing the force constant of the ™ bond,
the frequencies of these modes increase due to the coupling.
From our normal-mode analysis, the PEDs for #henode are
sensitive to the change of the force constant of thevM\bond.

A detailed analysis of the dependence of the PEDs forthe
mode on the force constant of the-INl stretching mode is
shown in Figure 6. The PED of the two paralle-C bonds

(Sy) approaches a maximum at the force constant aroune 1.4
10 dyn/cm, while the PED of theg®oordinate has a minimum

at the same location. The trends of the PED changes for the
C—N stretching (9 and the other €C stretching (§) for the

true even at the large force constant. The linear dependence’s Mode are opposite as found in Figure 6. For-Ryr, theu,

originates from the coupling between thec®ordinate and the
N—Pt stretching. The PEDs also show that thec8ordinate
mainly contributes to thes, vss, and the N-Pt stretching
modes. As seen in Table 5 for the PEDs of the mode, a
decrease in thegXontribution is accompanied by an increase
in the mixing with the N-Pt stretch motion (8 with the
increase of the strength of the-\¥t bond.

Figure 5f shows the variation of the frequencies for the
v12, andvigamodes with the force constant of the &®ordinate.
If there is no coupling between the andv1, modes, the PEDs

mode almost purely belongs to the stretching motion of the ring
backbone of pyridine. This can also be found in Table 5 for
Py—Ag" and Py-Au* ion complexes. We believe that the

electrostatic effect leads to the decoupling between the S
coordinate and the backbone stretching motion of pyridine ring.

Again, we find the frequency of thes, mode (Figure 5h)
varies linearly with the force constant of the-dV bond. The
result supports our suggestion that the frequency shift of the
veamode is possibly a good indicator of the strength of the\N
bond in the vibrational spectra.
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Figure 7. Comparison in the bonding orbital electron cloud densities
between the free pyridine, PYAg, Py—Pt, and Py-Cu" complexes.

The frequency dependence on the force constang sifi@wn

in Figure 5i again demonstrates that the coupling among the

v1, v12, andviga modes is lost in Py Cut. Since the results in
the Py-M™ complexes are similar to each other. Results on
Py—Ag™ and Py-Au* are not discussed here.

Orbital Shapes and Electronic Structures.Contour maps
of ther bonding (1h, 2b;) and the lone pair (4 orbitals of
Py—M?° are given in Figure 7. The contour maps of the
corresponding orbitals of the free pyridine are also given in
Figure 7 for comparison. The orbitals of ;7are mainly
contributed by the lone pair orbital on the nitrogen of pyridine.
After bonding between pyridine and a metal atom or ion, there
is clearly an overlap of the lone pair of electrons on nitrogen
and the s-d, hybride orbital of the metal. The orbitals of 1b
and 2h are bonding orbitals involved in the first and second
m-bonds of pyridine. Because of the different bonding nature,
the shape of the 2lorbital has an increased deformation from
Py—Ag through Py-Pt to Py-Cu". The electron density of the
2by orbital disappears at the;€N;—Cg moiety due to the strong
electrostatic polarization. Simultaneously, the polarization effect
also results in an electron deficiency of the, Hubital at the
C, position of the pyridine ring. This suggests that to a certain
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bond distance significantly lengthens and the twebonds
parallel to each other shorten. The frequency shift is large due

to the strong N-Pt bonding. The bonding between pyridine and

Cu (or Au) is within the limits of the PyAg and the Py-Pt
complexes. In the ion complexes Pyl™, the electrostatic
interaction makes a large contribution to the-* binding
energies. The bonding properties are considerably different from

the neutral PyM complexes. Ther orbitals of pyridine are

polarized due to the strong electrostatic polarization. The

vibrational frequency shift is very sensitive to the type of the

bonding between pyridine and metals (ions).
Based on the present calculations, new assignments of the

fundamental frequencies for the bands attributed ta/the vs,

vs, andvig, modes of the free pyridine in the reported infrared
and Raman spectra have been suggested. The calculated

frequency shifts have indicated that the coupling©fv1,, and

v18a modes depends on the strength of the N-metal bond and
its bonding properties. The strong electrostatic effect decouples

the vy, v12, andvigamodes. The frequency of the ring breathing

mode v, is sensitive to the structural changes from the weak
o-donation through the largedonationfr-back-donation to the
interactions including the donation/back-donation and the
electrostatic effect. The PEDs of thg mode (1035 cmt) vary
substantially as pyridine is interacting with different metals. It
indicates that PEDs af;, should be quite different for pyridine

in the liquid, in the complexes, or for pyridine adsorbed on the
surfaces. This is in good agreement with the normal and the
surface-enhanced Raman spectra of pyridine. The fundamental
frequency of thess, mode has a nearly linear relationship with
the change of the force constant of the M bond. Accordingly,

the frequency shift o, can be used to correlate directly to
the strength of the interaction of pyridine with the metal atom
(surface).

It has been shown that the SERS spectral feature is rather
complex and cannot be interpreted simply by the SERS
mechanism. One has to investigate the surface bonding behavior
and recheck the assignment of vibrational properties of pyridine.
The quantum chemical calculation would be helpful to assign
properly the vibrational modes and to explain surface vibrational
spectra of pyridine adsorbed at surfaces.
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