


studies and provides additional information about micro-
scopic properties of a metal surface/adsorbed molecule
interface.

Complete modeling of a molecule chemisorbed on a rough
metal surface requires multi-scale simulations, in which the
electronic structure of a molecule and its local environment are
treated by quantum chemical methods while a larger-scale
environment is accounted for by a mean-“eld approximation.
However, to understand the chemical bonding e ects in SERS,
it is enough to simulate only the local environment of a
molecule. This is consistent with the ssadatom modelfswhich

related to -eeblinkinges events observed in recent SERS
experiments on 4-aminobenzenethid’?® We compare the
computed vibrational frequency shifts and relative Raman
scattering cross sections of the metal...molecular complexes
to experimental SERS data for benzenethiol adsorbed on
silver surfaces?®32

Our theoretical approach to compute Raman scattering
cross section is based on analytical derivatives of frequency-
dependent polarizabilities®® The frequency dependence of
polarizability derivatives includes resonance enhancement
e ects in an approximate fashion, which allows us to describe

assumes that the atomic-scale roughness features determine both o -resonance and resonance enhancement e ects on an

the hot spots on a metal surface. Obviously, such an approach
does not account for the electromagnetic enhancement due to
the excitation of surface plasmons in the metal. An interference
between the chemical and the electromagnetic e ects is
ignored as well. To get the total enhancement factor one has
to use a conventional phenomenological relatiotf which
assumes that both e ects enter in multiplicative fashion. In
most previous theoretical studies of SERS, only a few metal
atoms were used to model the molecule/surface interaction.
For instance, in ref. 22 the authors considered a complex with
a single Ag atom to mimic the chemisorption of phthalimide
on a silver surface and obtained a reasonable agreement with
experiments. Recently, Schatz and co-workers reported a
resonance Raman response calculation procedure using pheno-
menological lifetime parameters for electronic polarizability
derivatives®® This procedure has been applied to study SERS
of pyridine adsorbed on silver clusters up to a few tens of
atoms2*-2The authors identi“ed three di erent mechanisms
contributing to SERS: change in static polarizability of the
molecule upon adsorption, resonant enhancement due to

equal footing and to study resonance excitation pro“les
of Raman scattering cross sections. However, this approach
does not take into account the “nite lifetime of the excited
states. As a result, the Raman scattering cross sections
computed within our approach diverge in the strictly
resonant case.

We demonstrate that formation of mixed metal...molecular
electronic states results in a resonance structure in the Raman
excitation pro“les (REPs) for molecular vibrations within the
excitation range 1.6...3.0 eV, which is far below the purely
intramolecular transitions. Our lower-bound estimates of the
Raman signal enhancement due to chemical bonding is of the
order of 10°...18in the absence of intramolecular resonances.
The chemical bonding e ect thus provides additional "exibility
in controlling the enhancement of Raman scattering from
chemisorbed species.

The paper is organized as follows: in section 2 we describe
the details of our computational procedure. In section 3 the
computed results are presented and dierent mechanisms
contributing to the Raman enhancement are discussed. In

charge...transfer transitions, and electromagnetic enhancement particular, we show that the orientation of the benzene ring

due to coupling with a strong excitation in a metal cluster, and
discussed their role in SERS. In ref. 26 some examples of
di erent molecules and pyridine with substituents have been
considered. However, no systematic studies of other molecular
structures have been done yet. Given the dierences in the
chemical bonding of pyridine and thiols to metal surfaces, it is
important to know how general these “ndings are and whether
they can be applied to other types of metal...molecular coupling
or to other molecules.

In this paper, we address e ects related to chemical bonding
on Raman scattering from benzenethiol adsorbed on silver
clusters Ag,, n = 6...11, which is one of the most commonly
used analytes in SERS experiments. We link the enhancement
of Raman response to the modi“cation of the molecular
electronic structure due to adsorption. Excitation energies
and transition moments of the metal...molecular complexes
are substantially di erent from those of bare metal clusters
and of isolated benzenethiol. For o -resonant excitations,
Raman response is enhanced by one order of magnitude.
To understand the importance of the cluster geometry, we
modeled a pool of 7 di erent metal...molecular complexes. We
identify the e ects that contribute to the o -resonant Raman
enhancement, such as thenolecular orientational e ect the
e ect of the local symmetryof the adsorbate, and the e ect of
the proximity of the vibrational mode to a binding site.
Stochastic modulation of these e ects by thermal motion is

has a substantial e ect on the Raman scattering cross section.
We also identify metal...molecular states responsible for
the resonant enhancement of the Raman response of the
computed complexes. The computed Raman spectra are
compared to available experimental data. The conclusions
are formulated in section 4.

2. Computational details

Density functional calculations were performed using the
quantum chemistry package Turbomole, version 5.18%
Triple-z valence-polarization basis sets (def2-TZV#) were
used for the main group elements while for silver atoms
we employed split-valence basis sets with polarization
(def2-SV(P¥®) and e ective core potentials (ECP) comprising
the 28 core electrons and accounting for scalar relativistic
e ects.®” Preliminary calculations showed that expanding the
molecular basis set up to quadruple quality®® does not
signi“cantly alter the results.

Our choice of the computed exchange...correlation functional
was guided by the balance between the accuracy of the
computed Raman scattering cross sections and an accurate
description of electronic and geometric parameters of Ag
clusters. We chose the hybrid functional of Perdew, Burke
and Ernzerhof (PBEOY® which provides good accuracy for
frequency-dependent polarizabilities and Raman scattering
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Fig. 3 The computed Raman spectra of isolated benzenethiol (PhSH)
and four dilerknt complexes PhS-Ag; (1) and (Il), PhS-Age, and
PhS-Ag,, for the excitation energy 0.62 eV (2000 nm), which is below
all electronic transitions in the complexes.

Raman response rather than for estimation of the enhancement
factor. The computed Raman spectra are given in Fig. 3.
The computed Raman spectrum of isolated benzenethiol is
in reasonable agreement with the experimental o [=rgésonant
spectrum of neat benzenethiol recorded for a 785 nm
excitation.?® The dominant vibrational modes in the Raman
spectrum of benzenethiol are totally symmetric and belong to
the a’ irreducible representation of the Cs point group. The
computed vibrational band at 0, = 1019 cm ! is assigned to
the ring breathing mode, and the band at o, = 1059 cm *
corresponds to a ring deformation mode. The C-S stretching
mode is computed at o; = 1136 cm ! while the computed
Raman band at o, = 1656 cm ! is associated with a totally
symmetric ring stretching mode. Our results are consistent
with previous assignments.** The computed vibrational
frequencies of benzenethiol are blue-shifted by 10-50 cm *
with respect to experimental data due to incomplete basis sets
and neglect of anharmonicity. The totally symmetric modes
assigned above correspond to the experimentally measured

Table 2

vibrational frequencies 0P = 1004 cm !, 0$® = 1027 cm 1,
o%® = 1094 cm !, and 0P = 1583 cm !, respectively, for
neat benzenethiol.?® Comparison of computed Raman inten-
sities of isolated benzenethiol to experimental data is provided
in the ESL.w

Binding of benzenethiol to Ag, clusters leads to an overall
increase of olzrésonant Raman scattering cross sections
and to a significant redistribution of band intensities in
the Raman spectrum. This eleck is known as the static
enhancement mechanism of SERS.' This elect has been
attributed to the decrease of the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) and the ensuing
enhancement of the electronic polarizability and its
derivatives.’® The Raman cross section of the molecular
vibrational modes 0,4 in the computed metal-molecular
complexes can be up to 10 times larger than that in isolated
benzenethiol. This value is comparable to the results of ref. 24
for pyridine. However, we observe a strong dependence
of the enhancement factor on the geometry of a metal
cluster and the orientation of the molecule. For example, the
Raman signal from the modes 0,4 in PhS-Ag; (1) and (1)
complexes is almost unenhanced compared to PhSH, see
Fig. 3. Also, Raman signals from dilerent molecular
modes have dilerent enhancement factors. To characterize
the o [=résonant enhancement of Raman scattering, the cross
sections of the o, vibrational mode have been used. Table 2
shows the computed o [=résonant electronic polarizabilities,
HOMO-LUMO gaps, Raman cross sections corresponding to
the o, vibrational mode, and integrated Raman scattering
cross sections of benzenethiol and PhS-Ag, complexes for the
excitation energy of 0.62 eV (2000 nm). The integrated cross
sections are computed by summation of Raman scattering
cross sections over all vibrational modes of the complex,
including the vibrations of the metal cluster. The electronic
polarizabilities are, to a good approximation, additive and
thus increase linearly with the number of Ag atoms. The
integrated Raman scattering cross sections of PhS-Ag,
complexes are larger than that of benzenethiol by 2-3 orders
of magnitude but do not increase monotonically with the
cluster size n. Molecular vibrational modes contribute only a
small fraction (less than 5% with the exception of PhS-Ag, see
Table 2) to the integrated Raman scattering cross section
while the largest part of the scattered radiation arises from
vibrations within the metal cluster.

Isotropic polarizabilities ajs (a.u.), HOMO-LUMO gaps (eV), Raman cross sections for the o, = 1583 cm * vibrational mode s, (cm?),

integrated Raman scattering cross sections Sy (cm?), and fractions w (%) of Raman scattering cross section from modes with frequencies larger
than 200 cm * for benzenethiol (PhSH) and PhS-Ag, complexes. The excitation wavelength is 2000 nm

Complex Qiso Egap s, 10 % Stot w

PhSH 85.8 5.96 1.39 334 10 * 64.0
PhS-Ag 130.7 3.35 16.50 153 10 ¥ 10.2
PhS-Ags 351.7 1.53 1.63 216 10 ¥ 2.8
PhS-Ag; (1) 365.2 2.80 1.35 1.04 10 % 2.7
PhS-Ag; (1) 374.9 2.54 0.64 123 10 ¥ 4.8
PhS-Ags 4256 1.34 0.48 167 10 ¥ 43
PhS-Ags 478.2 2.09 7.98 135 10 ® 0.6
PhS-Ag;o 529.3 1.22 14.43 228 10 % 0.6
PhS-Agy; 568.8 1.95 1.00 181 10 ¥ 4.0
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Orientation e ect. We “nd a signi“cant dependence on the
orientation of the benzene ring: the largest integrated Raman
scattering cross sections are computed for the complexes
PhS...Ag n=9, 10, in which the benzene ring points outward
from the cluster surface, see Fig. 1. In contrast, in the
PhS...Ag n=6...8, 11 complexes the aromatic ring is oriented
towards the metal cluster and non-binding C...Ag interactions
reduce the integrated Raman scattering cross sections by
about one order of magnitude. This orientation e ect appears
to be the major in"uence in the o-resonance Raman
spectra of PhS...Agcomplexes, while the e ect of increasing
electronic polarizability and the characteristic alternation of
HOMO...LUMO gaps in between even- and odd-numbered
metal clusters Ag, seem to be less important. The non-binding
interactions of the benzene ring with the Ag cluster in the
PhS...Agn=6...8, 11 complexes result in an e cient quenching
of Raman scattering from metal cluster modes, increasing the
relative weight of molecular vibrations.

Symmetry e ect. The relative intensities of vibrational
modes in Raman spectra of PhS...Agomplexes might be
explained based on their symmetry and proximity to the Ag
cluster. Comparison of the Raman spectra of the isomers
PhS...Ag (I) and PhS...Ag (Il) exempli“es the e ect of the
local symmetry of the benzene ring on the o -resonant
enhancement. The PhS...Ag(l) isomer is, similar to the
isolated benzenethiol moleculeCs-symmetric while the local
symmetry of the benzene ring in the PhS-Ag(ll) isomer is
perturbed by unsymmetric bonding to the cluster. The
symmetry of the benzene ring aects the aromatic C...C
stretching bands in the region of 1620...1660 cf Only
the totally symmetric aromatic C...C stretching vibration
(04 = 1656 cm ! in benzenethiol, denoted as &in Wilsones
notation®?) is observed in the Raman spectra of PhSH and
PhS...Ag (I) while the corresponding non-totally-symmetric
vibration at lower frequency (1641 cm * in benzenethiol, & in
Wilsones notation) is at least one order of magnitude weaker
and not observed in the experiment. The lower symmetry
of the PhS...Ag (ll) manifests itself in the redistribution of

Raman scattering cross sections among the aromatic C...C

stretching modes such that the lower-frequencytBmode gains
intensity. As a consequence, a doublet of vibrational bands is
formed in the aromatic C...C stretching region. In the
PhS...Ag n =9, 10, complexes, the interaction between the
benzene ring and the Ag cluster is weak and local Cs
symmetry of the benzene ring is essentially unperturbed. This
results in only one observable aromatic C...C stretching band in
the Raman spectra of these complexes.

Proximity e ect. The proximity e ect on the Raman
scattering cross section may be observed in the region between
1000...1150 cm, including ring deformation modes ato; =
1019 cm tand 0, = 1059 cm *and the C...S stretching mode
at 03 = 1136 cm ! in benzenethiol, respectively. In both
PhS...Ag (I) and PhS...Ag (Il) clusters, the ring breathing
mode at 1011...1015 crhand the ring deformation mode at
1050...1055 cnf are strongly enhanced by the interaction with
the Ag, clusters. With benzene rings further away from the
Agn clusters in PhS...Agn = 9, 10, enhancement of ring

Fig. 4 The Raman excitation pro“‘les (REPs) together with the
electronic excitation spectra for (a) the PhS...Adl) and (b) the
PhS...Ag(ll) complexes. The molecular vibrational modes are denoted
by the corresponding frequencies, wher®, = 1019 cm 2, o, =
1059 cm?!, 03 = 1136 cm %, and o, = 1656 cm ? for isolated
benzenethiol. The dashed tilted line in the REPs plots corresponds
to the response of isolated benzenethiol averaged over all four modes.

deformation modes is diminished in these clusters, while the
C...S stretching mode is more pronounced.

All three e ects governing o -resonant surface enhance-
ment of Raman response of PhS...Agcomplexes, namely
the relative orientation of the benzene ring with respect to
the cluster, the local symmetry of the benzene ring, and the
proximity of the particular vibrational mode to the binding
site, are interrelated. Their modulation by thermal large-
amplitude motion of the aromatic ring may serve as a simple
and plausible explanation for the eeblinkinges events observed
in SERS experiments on 4-aminobenzenethiol attached to Au
bowtie nanoantennag’ or to molecular junctions.?®

3.4 Raman excitation pro“les

Raman excitation pro“les of four strong totally symmetric
benzenethiol vibrational modes,o,; = 1019 cm !, o0, =
1059 cm !, 03 = 1136 cm !, and 0, = 1656 cm !, were

calculated for the excitation energy range 1.6...3.0 eV (413...775 nm).
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The structures of the PhS...Agand PhS...Ag complexes
dier only by a single Ag atom, which is located approxi-
mately 4.8 Afrom the binding sites. The PhS...Agomplex has
a closed-shell electronic structure and shows a smaller number
of electronic transitions as compared to the PhS...Ag Both

frequenciesO; G, where O; stands for electronic excitation
frequencies. ForG we use a pragmatic value 0.1 eV, which is
consistent with ref. 24. The estimated enhancement of Raman
signal near the 2.17 eV electronic transition in the PhS...Ag
complex is of the order of 1§ and varies about 10 times

structures show 10...100 fold enhancements of Raman signalsfor di erent vibrational modes. Similar estimates are also

outside of resonant regions. Enhancement factors of di erent
vibrational modes di er by about one order of magnitude.
This can be seen by comparing the Raman cross sections of the
complexes to that of isolated benzenethiol for the excitation
energy 1.6 eV, Fig. 5.

Most electronic excitations shown in Fig. 4 and 5 result in
resonance-type divergences of the REP. However, Raman
enhancement in pre-resonant regions cannot be characterized
by the oscillator strengths of the respective electronic
transitions only. For instance, in the PhS...Ag complex the
electronic transition at 2.17 eV has an oscillator strength 0.04,
which is smaller than that of the 1.84 eV transition (oscillator
strength 0.05). Nevertheless, the former excitation induces a
large peak in the REP, see Fig. 5(b), while the latter has a
much smaller e ect. These two excitations di er by the degree
to which Ag...S bonds are a ected by the electronic excitations,
as can be seen in Fig. 6. The 2.17 eV electronic excitation is
localized around the bonding sites and does not involve all
atoms in the Ag, cluster, whereas the 1.84 eV excitation is
delocalised over the cluster. This observation lends support to
the underlying assumption of this work that the e ects of
chemical bonding on surface enhancement can be modeled to
a signi“cant extent using “nite-size metal clusters.

The occurrence of strong resonant Raman peaks is a
common feature of all considered PhS...Agomplexes. The
strong peak in the REP of the PhS...Adl) complex is centered
around the 2.54 eV electronic excitation, and in the REP of
PhS...Aga similar feature can be associated with the region
2.8...3.0 eV.

Our approach does not include “nite-lifetime e ects and
is thus not applicable in a strictly resonant case. The enhance-
ment of a Raman signal at resonances scales inversely
proportional to the fourth power of the homogeneous
linewidth G of the involved electronic states® SinceG enters
as a phenomenological parameter, estimates of the corres-
ponding enhancement factors are inherently imprecise.
To obtain lower-bound estimates of resonant enhancement
factors we consider the Raman scattering cross section at

obtained for other structures.

Usually, in SERS literature the enhancement below intra-
molecular excitations is associated with charge-transfer
excitations that have very small oscillator strengths. For
example, in ref. 24 electronic transitions at energies compar-
able to those considered here were found in a pyridine... Ag
complex, with enhancements that were also about $0The
excitations were referred to as charge-transfer states. In
our system, all electronic transitions in the excitation range
1.6...3.0 eV have a mixed metal...molecular character and can be
associated with a partial charge transfer between the cluster
and the molecule. However, most of them have only a small
contribution to the resonance Raman enhancement. Thus,
besides narrow singularities, the computed cross sections are
relatively smooth functions of the excitation energy. For
example, the 1.9 eV excitation in PhS...Adl) complex, see
Fig. 4, gives almost no enhancement of the Raman signal if we
take into account the “nite linewidth of the transition. The
important excitations, such as the excitation shown in
Fig. 6(a), are local to the binding site and are characterized
by the change of the electron density around the binding sites
only. It is important to notice that the di erence in the static
dipole between a ground and an excited state of the complexes
for such transitions is rather small. For example, the change in
the static dipole moment for the excitation of the PhS...Ag
complex depicted in Fig. 6(a) is 3.7 Debye.

3.5 Discussion

Many important features of experimental SERS results for
benzenethiof®3are re”ected in the computed Raman spectra
of the PhS...Agcomplexes. The molecular vibrational frequencies
of the complexes are shifted compared to that of isolated
benzenethiol. The frequency shifts of intensa® modes of the
complexes PhS...Adl) and (ll), PhS...Ag, and PhS...Ag are
compared to experimental SERS data in Table 3. The values
and the signs of the computed shifts are in good agreement
with the results of measurements. The magnitudes of the

Table 3 The frequency shifts of benzenethiol Raman-active vibrational modes due to binding to the metal. The values of the vibrational

frequencies are taken for neat benzenethiol from ref. 29. The shifts for the computed complexes, calculatedas = 0,(PhS...Ag
0 ,(PhSH), from the experimental studies, ref. 29...31. The frequencies are given

are coerared with the shifts of Raman linesPpo, = 0,(SERS)
incm

0,(PhSH),

Mode 0, 0, 03 04 05 06 07
Freq. PhSH 1004 1027 1094 1583 414 701 918
PhS...Ag(l) 7 9 31 33 1 4 8
PhS...Ag(ll) 4 5 24 17 3 6 12
PhS...Ag 1 2 18 8 6 4 5
PhS...Ag 1 3 18 9 5 4 11
Ref. 29 1 0 18 7 8 6 ”
Ref. 30 0 1 17 9 6 3 N
Ref. 31 1 2 21 11 5 8 N
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