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ABSTRACT Raman signals frommolecules adsorbed on a noblemetal surface are
enhanced by many orders of magnitude due to the plasmon resonances of the
substrate. Additionally, the enhanced spectra aremodified compared to the spectra
of neatmolecules;many vibrational frequencies are shifted, and relative intensities
undergo significant changes upon attachment to the metal. With the goal of
devising an effective scheme for separating the electromagnetic and chemical
effects, we explore the origin of the Raman spectra modification of benzenethiol
adsorbed on nanostructured gold surfaces. The spectral modifications are attrib-
uted to the frequency dependence of the electromagnetic enhancement and to the
effect of chemical binding. The latter contribution can be reproduced computa-
tionally usingmolecule-metal cluster models. We present evidence that the effect
of chemical binding is mostly due to changes in the electronic structure of the
molecule rather than to the fixed orientation of molecules relative to the substrate.

SECTION Kinetics, Spectroscopy

S urface-enhanced Raman spectroscopy1,2 provides a
highly sensitivemolecular detectionmethodwith great
potential for chemical sensor applications.3 It can be

used for monitoring water pollution4 or for the detection of
biohazards.5 The phenomenon of surface-enhanced Raman
scattering (SERS)6,7 results in an overall enhancement ofmole-
cular Raman response by a factor of often about 106-108 due
to the interaction of the analyte with rough noble metal
surfaces.2,8 The signal enhancement is attributed to a strong
amplification of the electromagnetic fields near the plasmon
resonances of metal substrates2 and to spatially local effects,
which are commonly referred to as chemical enhancement.
The characteristic length scale for the electromagnetic en-
hancement effect is determined by the evanescent nature of
localized plasmon modes to be ∼10-100 nm and can be
significantlymodified by surface imperfections. The chemical
enhancement effect is characterized by an Ångstr€om length
scale and has been associated with metal-molecule electron
tunneling,9 intensity borrowing,10 and formation of charge-
transfer11 or metal-molecular surface12,13 states. The deter-
mination of the absolute value of the chemical enhancement
factor in surface-enhanced spectra remains a difficult problem
since measured spectra exhibit the combined effect of
both electromagnetic and chemicalmechanisms. The inhomo-
geneous distribution of electromagnetic and chemical
enhancement effects, associated with uncontrollable surface
imperfections, introduces an additional challenge into the task.
In this work, we demonstrate that progress toward under-
standing chemical enhancementcanbemadenonetheless by

analyzing the relative, rather than absolute, value of chemical
enhancement. Themethodmakes use of the plasmon extinc-
tion spectrum to approximate the electromagnetic enhance-
ment on nanoengineered substrates, allowing the relative
chemical enhancement to be determined from measured
SERS spectra. The relative chemical enhancement is found to
be in reasonable agreement with the results of density func-
tional theory modeling.

Vibrational frequencies and relative Raman scattering
cross sections of SERS spectra are generally different from
those measured in neat samples.1,14 As a consequence,
additional bands may become observable in SERS spectra,
or existing bands may be attenuated beyond the detection
limit. Thesemodifications ofRamanspectra complicatemolec-
ular identification, especially in mixtures. Within a classical
electromagneticmodel, surface selection rules are utilized to
describe enhancement or attenuation of Raman scattering
cross sections on flat15,16 or spherical17,18 surfaces. These
rules have been used to identify the orientation of molecules
on SERS substrates.19-21 An alternative hypothesis14 attributes
spectral modifications in Raman spectra to charge-transfer
excitations betweenmolecules andmetallic surfaces,9which
are not dependent on molecular orientation in a simple
fashion.
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Recent experimental developments in top-down andbottom-
up nanofabrication allow control of electromagnetic near-
fields in SERS substrates.22,23 These techniques open an
opportunity for a deeper understanding of different contri-
butions to Raman spectra enhancement.

In this Letter, we present experimental and theoretical
studies of SERS substrates with nanoengineered plasmonic
resonances, for which themodification of Raman spectra can
be factored into electromagnetic and chemical components.
While the first component characterizes the substrate, the
second contribution contains additional information about
molecular binding. We present evidence that changes in the
molecular electronic structure of the analyte may be more
important for description of modification effects in SERS
spectra than the effect of molecular orientation relative to the
polarization of plasmon excitations in the metal substrate.18,20

Accordingly, the chemical contribution computed using a
model geometry of a molecule adsorbed on small metal
clusters is in good agreement with the measured results.

We studied Raman spectra of benzenethiol adsorbed on
nanoengineered substrates; see Figure 1. SERS spectra and
extinction spectra at visible and near-infrared wavelengths
were measured for 16 different SERS substrates. The sub-
strates, Figure 1a, consisted of square lattices of gold metal
disks with lattice periods of p= 350, 500, 770, and 780 nm.
The heights of the disks were h = 40 nm, while their
diameters were varied in the range of d = 125-140 nm. In
each substrate, the disks were formed on a SiO2 spacer on a
100 nm thick gold film. The coupling between localized
surface plasmons (LSPs) on the nanodisks and surface plas-
mon polaritons (SPPs) at the interface between the SiO2

spacer and the gold film was controlled by varying the
nanodisk diameter and the lattice period. Extinction spectra
of the nanoengineered SERS substrates varied from a single-
peak to a double-resonance shape, depending on the geo-
metric parameters of the substrates, as shown in Figure 2a.
The observed changes in extinction spectra can be explained
by hybridization of the LSP and SPPs.24 In the following
discussion, we divide experimental results into four groups,
according to the lattice period of gold disk arrays.

Themain Raman-active vibrationalmodesω1=415 cm-1,
ω2= 700 cm-1,ω3= 1002 cm-1,ω4 = 1026 cm-1,ω5=
1094 cm-1, and ω6 = 1584 cm-1 are shown in Figure 1b.
We characterized the modification of the spectra by shifts of
these modes from their positions in the neat spectrum Δωn

and by their relative enhancement RE(ωn). The mode at
ω3 = 1002 cm-1 was used as a reference mode as it is the
strongest vibrational mode in Raman spectra of neat benze-
nethiol. The total relative enhancement factor was intro-
duced for each mode ωn as

REtotalðωnÞ ¼ ISERSðωnÞ
ISERSðω3Þ

IRðω3Þ
IRðωnÞ ð1Þ

where ISERS(ωn) and IR(ωn) are the intensities of the vibra-
tional mode ωn in SERS and conventional Raman spectra,
respectively.25 By this definition, therefore, the relative en-
hancement of the ω3 = 1002 cm-1 mode is unity. Unlike
absolute enhancement factors,26 relative enhancement factors

are independent of the analyte concentration. For substrate-
averaged characteristics, we neglect the correlations between
molecular orientation and spatial dependence of local electro-
magnetic fields and write the total relative enhancement
factor as a product of electromagnetic and chemical enhance-
ment factors

REtotalðωnÞ ¼ REchemðωnÞ 3REe:m:ðωnÞ ð2Þ
where the relative electromagnetic enhancement factor,
REe.m.(ωn), is approximated by the ratio of extinction in-
tensities of the SERS substrate at the Stokes frequencies ωn

andω3. This assumption is supported by recent wavelength-
scanned SERS studies,22 which show that enhancement of
the Raman scattering cross section follows the substrate
extinction profile according to the conventional |E|4 rule.27

An extinction cross section of a metal nanoparticle is the
sumofabsorptionand scattering cross sections, and its spectral
line shape is therefore, in general, different from that of the
near-field intensity enhancement on themetal surface.28-30

Figure 1. Scanning electron micrograph image and a schematic
picture of a plasmon substrate utilized in the study (a); ameasured
and a computed Raman spectra of benzenethiol (b). The main
Raman-active vibrational modes, which are also strongly enhanced
in SERS, are shown.
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For instance, different peaks in the extinction spectra can
originate from different spatial positions on a substrate,
some plasmon resonances cannot be coupled to the far-
field,28 and the near- and the far-field peaks can be shifted
with respect to each other.30 On the other hand, as shown in
Figure 2b, for our substrates, extinction spectra computed
with the finite difference time domain (FDTD)method are in
good agreementwith the frequencydependence of the near-
field computed at a hot spot point on the circumference of
the bottom surface of the gold disk.23 This result provides a
basis for the above approximation. Moreover, the use of
relative enhancements instead of absolute values makes the

approximation less sensitive to dissimilarities of the spectra.
However, for amoredetailed analysis, anexperimentalmeasure-
ment of near-field enhancement, for example, using two-
photon photoluminescence,31 may be required.

Variations in the plasmon resonance modify the electro-
magnetic component in eq 2, leaving the chemical modifica-
tion unchanged.32 In Figure 2c and d, we show examples of
the measured SERS spectra of benzenethiol for four sub-
strates, each having a different period, and the SERS spectra
corrected for electromagnetic modification using eq 2. The
correction process consists of dividing the measured Raman
spectra by the extinction cross sections at the excitation and

Figure 2. Examples of the measured extinction spectra (a), the extinction spectra (solid lines) and the near-field spectra (dashed lines)
computed with the FDTDmethod (b), SERS spectra (c), and SERS spectra corrected for electromagnetic deformation (d)measured on four
different substrateswith the lattice periods of p=350, 500, 770, and 780nmand the disk diameter ofd=130nm. The spectra are vertically
displaced for clarity of presentation. The Raman spectra are corrected for the fluorescent background.
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the Stokes frequencies. In the unprocessed spectra, the rela-
tive intensities of Raman lines vary by an order ofmagnitude.
Variations in the peak heights of the spectra corrected for the
inhomogeneous electromagnetic enhancement are less than
15% among all 16 spectra, with the exception of the ω1 =
415 cm-1 mode. The relative intensity of this mode does not
fluctuate much for the substrates within a group, but it differs
by a factor of up to 2.5 if spectra from different groups are
compared.33 The latter difference is attributed to the fact that
the intensity of the ω1 mode may be underestimated for the
substrateswith plasmondouble-resonance structures due to a
considerable dissimilarity between the near- and far-fields.
The ω1 mode occurs between the two plasmon peaks, a
region where even a minor difference between the far- and
the near-fields can substantially affect the results. Differences
between the corrected Raman spectra (see Figure 2d) and
spectra of the neat analyte (see Figure 1b) are attributed to
chemical effects.

To characterize the chemical modification of the spectra,
we performed time-dependent density functional calcula-
tions of Raman spectra of isolated benzenethiol and five
representative PhS-Aun complexes shown in Figure 3. By
using small metal-molecular complexes, we assumed that
chemical effects in SERS are strongly localized near binding
sites.12 This model can account for atomic-scale imperfec-
tions on ametal surface and is quite common in the theory of
surface catalysis.35,36 The two structures PhS-Au1 and
PhS-Au2 represent the simplest configurations of benze-
nethiol bound to Au. Two larger structures PhS-Au9(I) and

(II) show more pronounced metallic properties, while the
structure (PhS)2-Au8 represents a “staple” binding motif.34

For a quantitative analysis of the chemical effect, one needs to
explore the large space of different cluster geometries. Here,
we selected several structures with a small number of metal
atoms showing bindingmotifs found in other studies.12,34We
assumed that the representative clusters provided enough
degrees of freedom tomimic accurately the environment that
adsorbate molecules might meet near a surface. The geome-
tries shown in Figure 3 were optimized, which further re-
stricted the allowed binding configurations. All computations
were performed using Turbomole quantum chemistry pack-
age, version 5.10.37,38

Rigorous calculations of Raman scattering cross sections
require integration of themolecular response over all possible
orientations relative to the surface. This procedure is compli-
cated by the lackof information about atomic-scale roughness
features, which have strong influence on surface selection
rules.18 Thus, we introduced two types of relative enhance-
ment factors that characterize the geometrical effect.
The orientation-averaged relative enhancement factor,
REchem

A (ωn), was defined as the ratio of differential scattering
cross sections

REAchemðωnÞ ¼ dσCðωnÞ
dσCðω3Þ

dσPhSHðω3Þ
dσPhSHðωnÞ ð3Þ

where the indexC denotes a particular PhS-Aun complex and
free-space averaging over all possible orientations of the
structures relative to the probe field was applied.39 Equation
3 accounts only for local effects on the length scale of the
metal cluster. It completely neglects geometrical effects of
fixed molecular orientation due to chemical attachment.18 In
the trivial case of isolated benzenethiol, the orientation-
averaged relative chemical enhancement is equal to 1 for all
modes. The fixed orientation estimate of the chemical mod-
ification was obtained by aligning all structures such that the
connecting linebetween the sulfur atomand thenearest point
of the metal cluster surface was parallel to the z-axis. Assum-
ing that localized plasmon excitation is polarized along the
z-axis and that only theRzz component of themolecule Raman
tensor contributes to the Raman response of a given mode
ωn, the fixed orientation estimate for relative enhancement
factors, REchem

F (ωn), can be written as

REF
chemðωnÞ ¼ ðωex -ωnÞ4ω3

ðωex -ω3Þ4ωn

RC
zzðωnÞ

RC
zzðω3Þ

 !2
dσPhSHðω3Þ
dσPhSHðωnÞ ð4Þ

where the frequency-dependent prefactor on the right-hand
side comes from the definition of differential cross sections,
ωex is the excitation frequency, and the index C denotes a
specific structure. The Raman response from an isolated
benzenethiol computed with eq 4 neglects all effects related
to formation of metal-molecular complexes.

The computed spectrum of an isolated benzenethiol mo-
lecule (Figure 1b) shows all of the Raman modes observed in
the experiment. Moreover, the frequency shifts and the
relative enhancements used in the analysis are weakly sensi-
tive to the absolute differences between the spectra. The
computed frequency shifts (Figure 4) and the relative chemical

Figure 3. Computed PhS-Aun structures used to characterize the
chemical modification of the Raman spectra.



rXXXX American Chemical Society 2744 DOI: 10.1021/jz1008714 |J. Phys. Chem. Lett. 2010, 1, 2740–2746

pubs.acs.org/JPCL

enhancement factors (Figure 5) are in a reasonable agree-
ment with the measured results for all simulated metal-
molecular complexes. In contrast, the fixed orientation of
the molecule relative to the metal surface is not sufficient to
reproduce strong modifications in Raman spectra of molec-
ules attached tometal surfaces. For example, the orientation-
fixed relative enhancement factor of the ω5 = 1094 cm-1

mode for an isolated benzenethiol is equal to 1.1, which
should be compared to over 10 times enhancement observed
experimentally on plasmonic substrates. Variations in the

molecular orientation relative to the polarization of a probe
field do not account for the strong enhancement either.
Among the modes ω1-ω6, the strongest relative enhance-
ments are observed for the modes that show the strongest
vibrational frequency shifts.

To elucidate the role of chemical binding, we analyze the
change of the molecular structure due to adsorption. In the
computed metal-molecular complexes, some electron den-
sity is transferred from the metal cluster to the molecule. We
estimate by natural population analysis40 that about 0.2 e are
transferred from the cluster to the sulfur atom. For the
PhS-Au1 and PhS-Au2 complexes, the amount of charge
transferred to the sulfur atom is about 10-30% lower, which
can be attributed to larger ionization potentials of smaller
metal clusters. For all computed structures, the C-S bond is
elongated by 0.5-1%, and the adjacent C-C bonds are
elongated by 0.2-0.3% as compared to isolated benze-
nethiol. These modifications are associated with force con-
stants of the corresponding bonds.

All studied vibrational modes, ω1-ω6, involve multiple
bond stretches. The lowest-frequencymode,ω1= 415 cm-1,
inmetal-molecular complexes acquires a substantial admix-
ture of the Au-S bond stretching component upon adsorp-
tion. Interaction with the low-frequency Au-S stretching
modemay explain the blue shift of theω1 mode. Similar blue
shifts were observed for several out-of-plane modes of the
benzene ring with rather small Raman intensities. These
modes also involve vibrations of the sulfur atomwith respect
to the Au cluster. The largest discrepancy with the experi-
mental data found for the ω1 = 415 cm-1 mode can also be
explained by its sensitivity to a specific geometry of the local
metal environment. The red shifts of the modes ω2-ω5 are
associated with the reduction of the C-S and C-C bond
strength. These vibrational modes do not overlap with the
metal cluster. The shift of theω5mode and the corresponding
intensity change can be explained by the C-S and the C-C
stretch involving the carbon atom adjacent to sulfur. The
presence of an additional vibrational mode at 1473 cm-1 is
also consistent with the hypothesis of a bonding effect. In the
computed spectra, this mode is very weak for isolated benze-
nethiol and is strongly enhanced in metal-molecular com-
plexes. It involves the C-S and the C-C bond stretches,
similarly to ω5 = 1094 cm-1. These results support the
findings of refs 11 and 41, in which vibrational modes of
pyridine attached to a silver adatom were analyzed. In our
case, the changes are more delocalized due to a stronger
binding and involve all molecular vibrations. These results do
not provide a simple unified picture, which suggests that the
details of the changes in electronic structure are only obtain-
able from specific computations.

Similar to theRaman signal enhancement,11we can assign
two distinct contributions to the spectral modifications, the
static contribution associated with an increase of polarizabil-
ity derivatives due to a change in the ground-state electronic
structure upon attachment to a metal surface and the dy-
namic contribution associated with the formation of metal-
molecular states12 or charge-transfer excitations.42 As an
illustration, in Figure 6, the computed orientation-averaged
relative enhancements for the PhS-Au9(I) complex are

Figure 4. Shifts of six Raman-activemodes (ω1=415 cm-1,ω2=
700 cm-1, ω3 = 1002 cm-1, ω4 = 1026 cm-1, ω5 = 1094 cm-1,
and ω6 = 1584 cm-1) of benzenethiol adsorbed on nanoengi-
neered substrates as compared to the computed shifts for different
PhS-Aun complexes: (a) experimental data; the shifts are the same
for all substrates; (b) computed shifts; red - PhS-Au1, green -
PhS-Au2, blue - PhS-Au9 (I), cyan - PhS-Au9 (II), magenta -
(PhS)2-Au8.

Figure 5. Chemical relative enhancement factors obtained by
correcting the measured spectra for the electromagnetic modifi-
cation (a) compared to orientation-averaged estimates (eq 3) (b)
and orientation-fixed estimates (eq 4) (c) for isolated benzenethiol
and five PhS-Aun structures from Figure 3. It should be noted that
the vertical scale for the orientation-fixed estimates is different by
the factor of 2 from two other plots. The measured enhancement
factors are averaged over the substrates within the same group.
Thecolor coding is as follows: black- PhSH, red- PhS-Au1, green-
PhS-Au2, blue - PhS-Au9(I), cyan - PhS-Au9(II), magenta -
(PhS)2-Au8.
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shown as functions of the excitation energy. This plot is an
analogue of a Raman excitation profile12 introduced for
relative enhancements. The frequency dependence is given
by the sensitivity of molecular vibrational modes to the
electronic transitions. In the particular example, the lowest
electronic transition involving the molecule is above the
shown spectral range. The static component of spectral
modification can be approximated by relative enhancements
of vibrational modes computed about 1500 nm. At this
wavelength, the frequency dependence of the relative en-
hancements is essentially flat. The static component accounts
for more than 50% of the relative enhancement factors taken
at 783 nm. A stronger frequency dependence of theω1 andω5

modes is natural because of their proximity to the bonding
site. The actual energies of the metal-molecular states may
differ from the ones computed with metal-molecular com-
plexes. Therefore, the analysis that we provide is applicable at
least for a nonresonant excitation, where excited electronic
states are accounted for in an integrated fashion. Thus, it would
be interesting to analyze themodification of Raman spectra in
molecules that may have a distinct contribution of charge-
transfer excitations, such as 4-aminobenzenethiol.43

In conclusion, we have characterized changes in Raman
spectra of benzenthiol molecules adsorbed on nanoengi-
neered plasmonic substrates. Two major contributions have
been identified, the variation in electromagnetic enhance-
mentwith frequencyand the chemical effect.Modifications to
the intensities of the lines of Raman spectra can be broken
down into these two contributions for substrates with plas-
mon resonance profiles varying from single-peaked localized
plasmon structures to double-peaked hybrid localized-propa-
gating plasmon structures. The chemical modification is
associated with changes of the electronic structure of the
adsorbedmolecule.Wehave shown thataccess to theextinction
spectraofnanoengineeredplasmonic substrates in combination

with calculations of small cluster models of metal-molecular
complexes provides a readily accessible tool for a qualitative
characterization of the chemical modification effect. Possible
applications of the methodology introduced in this Letter
include the development of computational databases of
probable binding motifs of analytes to small coinage metal
clusters, which, combined with electromagnetic substrates,
could allow for the automated identification of mixtures in
realistic SERS applications.

SUPPORTING INFORMATION AVAILABLE Experimental
and computational details, population analysis of the computed
structures, computedRaman spectra, Raman tensors, relative enhance-
ment factors, and frequency shifts. This material is available free of
charge via the Internet at http://pubs.acs.org.
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