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This paper reports a DFT modelling of SERS spectra for benzene and benzonitrile on the basis of a simple
noncoordinate substrate–adsorbate model. Assignment of normal modes was obtained from internal force
eywords:
FT calculations
ERS spectra modelling

constants and potential energy distribution matrices and used to identify, according the SERS selection
rules, the orientation of the optimized molecules on the metallic surface. Calculated band enhance-
ments are in good agreement with experimental observations. The optimized geometry parameters of
the molecule–Ag system, changes of HOMO–LUMO energies are discussed to give insight in the different
SERS mechanisms for both molecules.
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. Introduction

It is well known that adequate prediction and interpretation
f the vibrational spectra requires the use of quantum chemical
ethods [1]. In this sense, different ab initio studies on IR and

aman have been performed since a decade, and more recently
hese studies have been extended to surface-enhanced Raman
cattering (SERS) [2]. With the recent progress in developing use-
ul approximate functionals and availability of versatile software,
ensity functional theory (DFT) has become a popular approach
or the computation of molecular structure, vibrational frequen-
ies and energies of chemical reactions [3–5], because vibrational
alculations are computational less demanding than the conven-
ional ab initio correlation techniques such as the second order

öller-Plesset (MP2) method [6]. DFT has been reported to pro-
ide excellent vibrational frequencies of organic compounds if the
alculated frequencies are scaled to compensate for the approxi-
ate treatment of electron correlation, for basis set deficiencies,

nd for the anharmonicity [7].

The benzonitrile (BN) molecule and some of its derivatives have

een widely studied because of their interesting biochemical and
hysical properties [8–13].From a theoretical point of view, BN is

nteresting because it contains different binding sites for its interac-

∗ Corresponding author. Tel.: +56 32 500276; fax: +56 32 7688.
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c
o
w
t
o
t
t
t

ion with the metal surface. Thus, BN contains an aromatic ring, the
bond of the CN group, and lone pair electrons of nitrogen atom

14]. In this sense, Raman and SERS spectroscopic studies of BN [15]
nd its methoxy derivatives [16] in silver sol have been reported
hile the orientation of adsorbed benzene and BN on gold–aqueous

nterface and on gold in vacuum at 20 K have been analyzed by Gao
t al. [17] Further, SERS for BN adsorbed on seven electrode surfaces
as studied by Weaver and coworkers [18] in combination with
FT calculations to give insight into the underlying structural rea-

ons for the sensitivity of the experimental coordination-induced
requency shifts to the nature of the intramolecular mode and
he metal surface. Palafox et al. [19] have performed a theoretical
tudy of vibrational frequencies for difluorbenzonitriles at different
emiemprical, SCF, post-SCF and DFT levels of theory.

Taking into account that Refs. [15–17] provide only qualitative
vidence that SERS selection rules can yield reliable information
egarding adsorbate orientation on metal surface, and that in Ref.
18] the DFT calculation was performed on a structure with Ag
oordination to the terminal nitrogen atom, we report here a more
omprehensive theoretical DFT modelling of SERS spectra for BN
n the basis of a simple noncoordinate substrate–adsorbate model
ith a twofold purpose: first, to complete the information about
he possible site of the adsorbate–substrate interaction, and sec-
nd, to derive the orientation of the molecules on the surface and
o gain insight on the spectral assignment. This work also deals with
he mechanisms proposed to explain the main contributions to
he overall SERS phenomenon-charge transfer and electromagnetic

http://www.sciencedirect.com/science/journal/13861425
mailto:ruben_diaz@entelchile.net
dx.doi.org/10.1016/j.saa.2008.02.046
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Fig. 1. B3LYP/LANL2DZ-optim

20] in order to identify the one which could be dominant in our
etal–molecule system, and, consistently, to interpret the interac-

ion as a physisorption or a chemisorption.
This study also requires the Raman and SERS modelling of ben-

ene in order to compare the interaction of the metallic surface
ith the aromatic ring and changes by the effect of the CN group. It
rovides information on the force constants for all molecules under
tudy to test the validity of the calculation.

. Computational details

Calculations of the structure and vibrational spectra of the inves-
igated compounds were performed using the Gaussian 03 program
ackage [21]. All calculations were carried out with Becke’s three-
arameter hybrid method using the Lee–Yang–Parr correlation
unctional (B3LYP) [22,23] together with the LANL2DZ basis set
orresponding to the D95 basis on first row atoms [24] and the
os Alamos DZ on silver [25]. For the optimized structure of the
xamined species no imaginary frequencies modes were obtained,
roving that a local minimum on the potential energy surface was
ound. The energies of the frontier orbitals discussed in the last sec-
ion are in fact those of the � orbitals, close examination showed
hat there is almost no difference to the corresponding � orbitals
hich the additional � spin orbital (a HOMO) being located purely

n the Ag atom.
Calculated wave numbers have been scaled by 0.9695 to account

or anharmonic behavior. This value has been applied to all regions

f the spectra, so it is possible that some vibrations are affected
tronger than others [26].

Force constants obtained in Cartesian coordinates with Gaus-
ian were transformed into internal force constants through FCART
1, which is a modification of a previous software [27] written to

(

(

able 1
omparison of calculated and experimental bond lengths (Å) of benzene and BN

Benzene BN

(a) Calc. (a) Calc. (b) MW (

(2,3) 1.409 1.416 1.396
(1,2) 1.409 1.405 1.391 1
(5,6) 1.409 1.409 1.399
(3,12) 1.440 1.444 1
(12,13) 1.183 1.156 1
(1,7) 1.088 1.086 1.088
(2,8) 1.088 1.087 1.087 1
(5,11) 1.088 1.087 1.084

a) Present work; (b) Ref. [30]: average microwave structure; (c) Ref. [31]: electron diffract
benzene and BN geometries.

ccomplish all the necessary transformation and calculations using
he G03 output. With the internal force constants matrices of the
otential energy distribution (PED) are obtained which provide a
easure of each internal coordinate’s contribution to the normal

oordinate at the above-mentioned theoretical level. For the sake
f brevity, the complete tables of the internal force constants and
ED are not reported here, but can be downloaded as supporting
aterial.
The surface was modelled by a single Ag atom, at an initial dis-

ance of 3.0 Å in a position near perpendicular to a C atom and
o the CN group for benzene and BN, respectively. No constraints
ere used for the calculation during the geometry optimization of

he adsorbate–surface system. While a single atom model to repre-
ent a metallic surface is not quantitative, this arrangement mimics
dequately the coordinative effects upon the aromatic intramolec-
lar bonding of interest here [18,28,29]. Also, this approach has the
dvantage of computational efficiency so that the individual calcu-
ated harmonic vibrational modes can readily be compared to those
f the normal Raman spectra.

The methodology to investigate the electronic properties of our
olecules on the silver substrate basically consists of five steps:

1) Geometry optimization of free molecules.
2) Determination of the equilibrium position of the molecule and

the Ag atom.
3) Comparison of calculated Raman and SERS frequencies and

intensities.

4) Analysis of the angle variation between molecules and the silver

atom as a consequence of the geometry optimization.
5) Analysis of the molecular orbitals and the corresponding ener-

gies for the free molecules and the molecules interacting with
silver atom.

c) ED (d) NMR (e) HF/4-21G (f) HF/6-31G**

1.408 1.400 1.390
.400 1.398 1.391 1.383

1.400 1.395 1.386
.438 1.434 1.437 1.445
.168 1.166 1.156 1.137

1.073 1.076 1.074
.086 1.089 1.076 1.075

1.083 1.077 1.076

ion structure; (d) Ref. [32]: liquid–crystal NMR structure; (e) Ref. [33]; (f) Ref. [34].



Table 2
Stretching (mdyn/Å) and bending (mdyn, Å/rad2) force constants for benzene and
BN

Benzene BN

(a) (b) (a) (c)

fCC 5.294 6.493 5.270a 6.470
fCH 5.631 5.066 5.690 5.190
fC–CN 5.799 5.400
fCN 17.560 17.574
fCCC 0.716 0.754 0.705 0.740
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Table 4
Selected calculated and experimental Raman wavelengths (cm−1), intensities
(Å4/amu) and band assignment for BN

Symmetry Exp. (a) (b) Calc. Raman
Int.

Assignment

A1 462 461 452 8 CCC bending in-plane
768 770 783 0 CH bending out-of-plane

asymm
1002 1001 983 45 CCC trigonal breathing
1027 1026 1018 8 CH bending in-plane
1180 1176 1184 27 CH bending in-plane
1194 1192 1188 13 C–CN stretching
1490 1492 1474 2 CC stretching in-plane

CH bending in-plane
1599 1598 1573 4 CC stretching in-plane

CH bending in-plane
3065 3124 50 CH stretching symm

A2 400c 401 402 0 CCC bending out-of-plane
asymm

848c

B1 383 382 3 Ring-C–N bending out-of-plane
551 547 547 4 CCC bending out-of-plane,

ring-CN bending out-of-plane
690 699 0 CH bending out-of-plane
754 755 746 12 CH bending out-of-plane symm
926 925 949 0 CH bending out-of-plane

B2 626 626 620 5 CCC bending in-plane
1162 1173 5 CH bending in-plane
1290c 1289 1313 0 CH bending in-plane
1336c 1337 1337 3 CC stretching in-plane
1449 1448 1430 2 CC stretching in-plane

CH bending in-plane
1584 1603 1600 92 CH bending in-plane symm,

A

(

i
t
a
c

CCH 0.449 0.515 0.449 0.520

CCN 0.365 0.300

a Average. (a) This work; (b) Ref. [36]; (c) Ref. [33].

. Results and discussion

.1. Raman spectrum modelling of benzene and benzonitrile

Fig. 1 shows the optimized benzene and BN molecules. The cal-
ulated geometrical parameters of these molecules represent quite
ell the sp2 hybridization of the ring system. In Table 1 are pre-

ented calculated and experimental bond length parameters. For
N, the CC bonds show some variation as a consequence of the
N group, in comparison with benzene. This group shows a bond

ength of 1.18 Å which is characteristic for a triple bond, modified
y electron contribution from the C(3)–C(12) bond, contributing to
he conjugation of the system. These results are in good agreement
ith the experimental data obtained by microwave spectroscopy

30], electron diffraction [31], NMR [32], and with those obtained
n other theoretical studies [33,34].

In Table 2 are collected a selection of stretching and bending
iagonal force constants for benzene and BN obtained at our level
f calculation. These calculated values are in good agreement with
hose expected for aromatic systems, although the DFT method
nderestimates C–C stretching values and overestimates C–CN and
N values due partly to the neglect of electron correlation and partly
o basis set truncation. Interaction force constants between inter-
al coordinates without atoms in common have similar values than
hose thoroughly discussed Neto et al. [35] and are hence not given

ere. Values presented for benzene are comparable to those given

n an empirical work performed by La Lau and Snyder [36], as well
s in a HF calculation by Pulay et al. [37], while the BN data are
omparable to those calculated in Ref. [33].

able 3
elected calculated and experimental Raman wavelengths (cm−1), intensities
Å4/amu) and band assignment for benzene

ymmetry Exp.a Calc. Raman Int. Assignment

1g 992 974 67 Ring breathing
3063 3097 104 CH stretching symm

2u (671) 687 0 CH bending out-of-plane asymm

2u (1150) 1165 0 CH in-plane bending
(1308) 1333 0 Ring deformation in-plane asymm

1g 847 861 0 CH bending out-of-plane

1u (1038) 1018 0 CH bending in-plane asymm
(1478) 1459 0 CH bending in-plane asymm

2g 604 604 7 Ring deformation in-plane symm
1176 1176 7 CH bending in-plane symm
1585 1591 14 CC stretching symm
3044 3087 0 CC stretching asymm

2u (404) 404 0 Ring deformation out-of-plane
(975) 989 0 CH bending out-of-plane

a Ref. [17], frequencies in parenthesis are Raman inactive.
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ring deformation in-plane

1 2232 2230 2195 401 CN stretching

a) Ref. [18]; (b) Ref. [17]; (c) Ref. [38].

In Tables 3 and 4 are presented selected frequencies, Raman
ntensities and current assignment for benzene and BN, respec-
ively, as well as experimental values given in the literature. The
ssignment agrees well with our PED matrix calculation, and the
alculated band intensities are in good agreement with the exper-
mental data. The most intense bands currently observed in the
enzene Raman spectrum at about 1000 and 3000 cm−1 are cal-
ulated with high intensity at 974 and 3097 cm−1. Weak bands
eported at 1585 and 1176 cm−1 are calculated also with a lower
ntensity at 1591 and 1176 cm−1. Very weak bands at 604 and
47 cm−1, are reproduced at 604 and 861 cm−1. For BN, more

ntense experimental Raman bands at 2230, 3065, 1603, 1192, 1176
nd 1001 cm−1, are calculated to 2230, 3124, 1600, 1188, 1184 and
83 cm−1, with the same intensity pattern.

.2. SERS spectrum modelling of benzene and BN

The hypothesis of this work is that the variation of the angle
etween the molecule and the Ag atom from the initial to the cal-
ulated equilibrium position should be proportional to the SERS
ffect, and consequently produce intensity and/or frequency vari-
tion of some specific bands. Figs. 2 and 3 show the change of the
ilver atom position during the optimization for benzene and BN,
iving quite opposite effect in both systems. In the case of benzene,
he Ag atom appear closer to the centre of the aromatic ring (flat
rientation) at an average C–Ag distance of 3.8 Å, while in the case

f BN the Ag atom becomes more in line to the nitrogen atom at a
istance of 2.57 Å, with a C–N–Ag angle of 154◦ (tilted orientation).
able 5 yields selected bond distances.

In Table 6, we present force constants for benzene and BN
btained with data of the SERS spectra. Slight differences with those



Fig. 2. Benzene–Ag orientation before (left) and after the optimization (right).

Fig. 3. BN–Ag orientation before (left) a

Table 5
Selected optimized bond lengths (Å) of the benzene–Ag and BN–Ag systems

Benzene–Ag BN–Ag

R(1,2) 1.411 1.404
R(1,6) 1.410 1.410
R(1,7) 1.088 1.087
R(1,Ag) 3.569
R(2,3) 1.410 1.417
R(2,8) 1.088 1.086
R(2,Ag) 3.571
R(3,4) 1.409 1.417
R(4,5) 1.409 1.404
R(5,6) 1.409 1.410
R(7,Ag) 3.885
R(8,Ag) 3.889
R(12,Ag) 3.663
R(N13,Ag) 2.566
R(12-N13) 1.180

Table 6
SERS stretching (mdyn, Å), bending (mdyn, Å/rad2) and torsion (mdyn, Å/rad2) force
constants for benzene–Ag and BN–Ag complexes

Benzene–Ag BN–Ag

fCC 5.25 5.39
fCH 5.63 5.69
fC–CN 5.80
fCN 17.50
fNAG 0.16
fCCC 0.71 0.71
fCCH 0.45 0.45
fCNAg 0.16
fCCN 0.46
fCCCC 0.042 0.042
fCCH 0.039 0.039
fHCCH 0.041 0.040
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nd after the optimization (right).

btained from the Raman spectra reflect the presence of the Ag
tom. In the case of BN–Ag, force constants involving the Ag atom
re in the expected range. The lower force constant value of CN after
he SERS effect is consistent with a N–Ag binding, which debilitates
he CN bond.

.3. Mechanism analysis

The two most important mechanisms that contribute to the
verall enhancement are related to an increase in both the molecu-
ar polarization � of the absorbed species and the local electric field
Elocal) near the metallic surface [20,39–41]. The former account for
he chemical or charge transfer (CT) mechanism, which depends
ensitively on the details of the chemical bonding between adsor-
ate and substrate. It is a kind of resonance Raman scattering in
hich the resonant intermediate states are thought to arise from
etal–molecules charge transfer excitation, that is, if the difference

n energy between the Fermi level (which give us information of the
lectrons that take part in ordinary electrical conductivity) and the
rontier orbital (HOMO–LUMO) of the absorbed species is close in
requency to the incident light, an enhancement mechanism occurs
42]. The interaction between the metal and molecule will be max-
mized when the HOMO–LUMO separation is resonant with the
xcitation wavelength [43]. If the LUMO is too high in energy with
espect to the Fermi level, or the HOMO similarly lies too low in
nergy, neither the excited electrons nor holes in the metal can effi-
iently couple to the molecule. The CT process would enhance the
ymmetrical modes in general, and preferentially modes involving

oordinates which are relaxed by the electronic exited state [44].

In the second case, the electromagnetic fields of the exciting
aser and Raman scattering are amplified by the excitation of sur-
ace plasmons on structures with nanoscale roughness (or particle
izes) on the order of 100 nm. This EM mechanism, which is oper-



Table 7
Comparison between Raman and SERS frequencies (cm−1) and intensities (Å4/amu) for benzene

Symm. Exp. freq.a Calc. freq. Calc. intensities Assignment

SERS Raman SERS Raman SERS Raman Ratioc

A1g 982 992 972 974 65 67 1.0 Ring breathing
3060 3063 3088 3097 0.2 104 0.0 CH stretching in-plane symm

A2u 697 671b 693 687 2 0 – CH bending out-of-plane symm

B2u (1149) 1150b 1165 1165 0 0 – CH bending in-plane symm
1311 1308b 1331 1333 0 0 – CC stretching in-plane asymm

E1g 864 847 865 861 3 0 – CH bending out-of-plane asymm

E1u (1032) 1038b 1021 1018 0 0 – CH bending out-of-plane
1473 1478b 1458 1459 0.4 0 – CC stretching in-plane

E2g (605) 604 604 604 5 7 0.7 Ring deformation in-plane asymm
1174 1176 1175 1176 6 7 0.9 CH bending in-plane
1587 1585 1588 1591 10 14 0.7 CC stretching symm

E2u 397 404b 400 404 1 0 – Ring deformation out-of-plane asymm
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a Ref. [17], frequencies in parenthesis are very weak.
b Frequencies inactive in Raman.
c “–” Raman intensity is zero, ratio not defined.

tive for in certain metals, can account for enhancement factors of
04 to 106, whereas the chemical contribution is thought to be of
he order 102. Most authors now agree that both mechanisms con-
ribute to the overall effect (multiplicatively), however one or other
an be dominant for certain systems.

While calculations performed on models based on the EM

echanism predict that intensities enhancement are produced

t significant distances of the surface [45], the CT mechanism
s limited to those molecules adsorbed on the metal (chemi- or
hysisorbed).

c
i
e
m

able 8
omparison between Raman and SERS frequencies (cm−1) and intensities (Å4/amu) for B

ymm. Exp. freq.a Calc. freq. Cal

SERS Raman SERS Raman SER

1 480 462 458 452 6
775 768 748 746
999 1002 983 983 6

1025 1027 1018 1018
1174 1173

1177 1180 1184 1184 17
1197 1194 1190 1188
1488 1490 1473 1474
1595 1599 1596 1600 62

2 385 (400) 384 402
862 (848) 863

1 550 551 557 547
758 754 776 746
930 (926) 944 949

2 626 626 621 620
1162
(1290)

1390 (1336) 1338 1337
1448b 1449 1430 1430

g effect on BN internal coordinates
2242 2230 2183 2195 273

179
164
81 2
44
39

a Ref. [18], frequencies in parenthesis extracted from Ref. [38].
b Ref. [15].
c “–” Raman intensity is zero, ratio not defined.
SERS selection rules which can be inferred from both CT and EM
echanisms [46] consider that vibrations with polarizability ten-

or normal to the surface suffer the highest intensity enhancement,
ecause the vibration implies electronic displacements which

nteract with the electromagnetic field produced by the surface
lasmons (electron oscillations at the metallic surface). In such a

ase, assignment of those bands which increase its intensity give
nsight on the orientation of the molecule on the surface. The SERS
ffect is stronger in molecules with electron lone pairs and also in
olecules with � electron density. According to Figs. 2 and 3 and

N

c. intensities Assignment

S Raman Ratioc

56 8 82.0 CCC bending in-plane
180 12 15.0 Ring breathing
91 45 15.4 CCC trigonal breathing

3 8 0.4 CH bending in-plane
11 5 2.2 CH bending in-plane
39 27 64.4 CH bending in-plane
28 13 2.2 CH bending in-plane

274 2 137.0 CC stretching in-plane
49 92 67.9 CC stretching in-plane

96 0 – CC bending out-of-plane
0 0 – CH bending out-of-plane asymm

17 4 4.3 CCC bending out-of-plane
8 12 0.7 CH bending out-of-plane
2 0 – CH bending out-of-plane

6 5 1.2 CCC bending in-plane

18 3 6.0 CC stretching in-plane asymm
10 2 5.0 CC stretching in-plane symm

57 401 68.2 CN stretching
3 Deformation Ring-CCN

14 Deformation BN
56 Deformation Ag–BN

1 Stretching Ag–BN
101 Deformation Ag–BN
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Table 9
Frontier orbital energies (a.u.) of the investigated systems

Benzene Benzene–Ag BN BN–Ag

LUMO −0.009 −0.108 −0.063 −0.084
HOMO −0.253 −0.260 −0.275 −0.280
� 0.252 0.152 0.212 0.196
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wavelength at 514 nm (0.089 a.u.) used in Ref. [15] to obtain the
SERS spectrum of BN. That is, a suitable resonance is calculated
in order to induce a ligand to metal CT process [42]. The higher
metal–molecule CT energy in comparison with the excitation laser
ables 7 and 8 for benzene SERS the aromatic � system is important,
hile for BN it is the lone pair of the CN group.

.4. Analysis of band shifts

It is also observed in Tables 7 and 8 that shifting of Raman–SERS
requencies for both molecules in the modelled spectra follows, in
eneral, the same trend as the experimental ones. It is useful to
xamine the shift of the breathing frequencies of these molecules,
n which a red shift of about 10 cm−1 occurs as a consequence of
he bond weakening in the benzene ring system caused by the back
onation of the metal d-electrons to the benzene ring �* antibond-

ng orbitals. In our calculations of the benzene Raman spectrum,
he band at 974 cm−1 is shifted to 972 cm−1 in the SERS spectrum
f this molecule. This small shifting indicates a weak interaction
enzene–Ag. For the benzonitrile molecule, there are two kind of
ing breathing modes namely �1 and �12: [35] the �1 (746 cm−1)
ing mode is slightly blue shifted in the SERS spectrum to 748 cm−1,
hereas the �12 (983 cm−1) trigonal ring breathing mode obtained

n the modelled Raman spectrum remains in the same position
n the modelled SERS spectrum. This is in agreement with the
xperimental observation [35] in the sense that mono-substituted
enzene �1 is more sensitive to the mass of the substituent than
ther ring modes, so that the blue shifting is a consequence of the
ubstituent mass effect rather than the interaction between the
enzene ring � orbital and the metal d orbital. These results support
uite well our simple model. In general, calculated Raman frequen-
ies shifting as a consequence of the molecule–Ag interaction are
n good agreement with experimental ones, with exception of the
N mode where the shift is in the opposite direction. This could
e due to the sensitivity of the Ag–N interaction where small geo-
etrical changes lead to changes of the calculated SERS for �CN of

p to 30 cm−1 [47]. The similarity of the calculated �CN SERS and
aman values are the consequence of the participation of both �
nd lone pair electrons of the CN group interacting with the Ag sur-
ace. This result correlates well with observed SERS and Raman CN
requencies [15] which also do not differ much.

.5. Orientation analysis

The molecular orientations observed in Figs. 2 and 3 are con-
rmed by the comparison of intensity in Raman and SERS spectra
n the basis of the corresponding assignment (Tables 7 and 8).
nhanced bands should be those belonging to vibrations normal
o the surface.

For benzene, bands enhancements are in agreement with
bserved intensity difference between Raman and SERS spectra
17]. Enhanced Raman bands are those at about 671 (CH bending
ut-of-plane symm), 847 (CH bending out-of-plane asymm) and
t 404 cm−1 (out-of-plane ring deformation). These bands possess
trong polarizability tensors perpendicular to the metallic surface.
he intense bands at 992 (ring breathing) and the weak one at
04 cm−1 (in-plane ring deformation) retain the same intensity. The
mall increase in intensity of the inactive Raman band at 1478 cm−1

an be due to the influence of the CH in-plane bending, because
he small inclination of benzene on the Ag surface and infer to �
onding interaction of the benzene molecule with the Ag atom.

With respect to the quasilinearity of the optimized BN–Ag sys-
em, its distinct normal modes can be classified in the irreducible
epresentation of the C2v point group. Table 8 shows that the most

trongly enhanced bands belong to in-plane vibrations, with the
iggest enhancement the one corresponding to CN stretching. It

s furthermore possible to compare the calculated SERS intensities
ith the experimental values of electrochemistry Au adsorbed BN

18], where calculated enhanced intensities clearly coincide with
F
s

UMO benzene–Ag–FL = 0.094 a.u. (485 nm). FL–HOMO benzene–Ag = 0.058 a.u.
786 nm). LUMO BN–Ag–FL = 0.118 a.u. (386 nm). FL–HOMO BN–Ag = 0.078 a.u.
584 nm).

he increasing in intensity of Raman experimental bands at 462,
68, 1180, 1599 and 2232 cm−1. In the case of BN in silver sol, the
resent intensity enhancement calculation is in agreement with
he one given in Ref. [15], in which frequencies belonging to class II
in-plane modes along z-axis) should be more enhanced if the ben-
ene ring is adsorbed edge-on to the silver surface, that is, Raman
ands observed at 461, 769, 1178, 1491 and 1599 cm−1.

For the Ag coordination to benzene, very low frequencies are
alculated at 23, 19 and 14 cm−1, which are attributed to the long
istance of the Ag atom (3.8 Å). Therefore, one can derive the more

mportant EM mechanism acting in the SERS of this molecule. In
ase of BN frequencies assigned to vibrations with influence of
he Ag atom were calculated at 81, 44 and 39 cm−1, in agreement
ith a shorter calculated Ag–N distance (2.56 Å) in comparison
ith benzene–Ag distances. On the other hand, the most strik-

ng calculated enhanced bands intensities belong to the symmetric
requencies, so that a chemically enhanced mechanism can be con-
idered for this molecule.

In order to determine the SERS mechanism, another aspect, the
alculated energies of the frontier molecular orbital and the Ag
ermi level, are considered. For the Ag atom the experimental value
f Fermi level (FL) has been reported to be −0.202 a.u. [48] This
alue is quite well reproduced at –0.207 a.u. in our calculations.
he HOMO and LUMO energies for free benzene and BN as well as
hose for the molecule–Ag system are given in Table 9.

Energy gap values (�E) given in Table 9 reproduce quite well
he �max of the benzene electronic spectrum (181 nm compared to
84 nm), while the �max for BN was calculated at 215 nm which is
lso very close to the one reported experimentally (about 220 nm)
49]. It is also observed in this table that the change in the
OMO–LUMO energy gap for benzene as a consequence of the
etal influence is less drastic compared to the BN–Ag system, sup-

orting the idea that for benzene the SERS mechanism should be
ainly EM in nature.
For both systems, the Fermi level lies above the HOMO (Fig. 4),

ut well below the LUMO. Regarding a ligand to metal CT for BN,
HOMO–Fermi level difference of 0.078 a.u. (584 nm) is calculated

or this molecule. This value is comparable to the laser excitation
ig. 4. HOMO of the BN–Ag system: the nitrogen lone pair and the occupied �
ystem of BN interacting with a dz2 orbital of the silver atom.
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ine allows us to interpret the BN SERS effect as chemisorption. A
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. Summary and conclusions

The model and the level of calculation used herein to study the
aman and SERS spectra of benzene and BN give reliable informa-
ion on the geometrical parameters, internal force constants as well
s frequencies and intensities of the distinct normal modes in order
o gain insight in the orientation of benzene and BN on a Ag sur-
ace with respect to proper band assignments and SERS selection
ules.

Theoretical concepts on SERS developed in literature are also
ell reproduced at our level of theory. Thus, the calculated energy

ap HOMO–LUMO energy for benzene and BN reproduce quite
ell the electronic spectra of these molecules, while for the
olecule–Ag systems the HOMO–LUMO energies allow us to dis-

inguish between different SERS mechanisms, and to infer a main
ontribution of EM mechanisms in benzene and a ligand to metal
T in BN, in consonance with calculated Ag–molecule distances and
he symmetric characteristics of the enhanced normal modes.
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