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In this work we present the first simulations of the surface-enhanced Raman optical activity (SEROA) using
time-dependent density functional theory (TDDFT). A consistent treatment of both the chemical and
electromagnetic enhancements is achieved by employing a recently developed approach based on a short-
time approximation for the Raman and ROA cross-sections. As an initial application we study a model system
consisting of adenine interacting with a Ag20 cluster. Because both the silver cluster and adenine in the
absorption geometry are achiral, the chiroptical properties are due to the interactions between the two systems.
Our results show that the total enhancement is on the order of 104 both for SEROA and SERS. However, the
chemical enhancement is found to be larger for SEROA than for SERS. The results presented here show that
SEROA can be a useful approach for studying induced chirality in small metal clusters due to the absorption
of molecules.

Introduction

By measuring the small difference in the Raman intensities
due to right- and left-circularly polarized incident light, Raman
optical activity (ROA) gives structural information related to
the chirality of molecules. This makes the method uniquely
suited for studying biomolecules because it does not rely on
electronic resonances, can easily be performed in aqueous
solution, and is sensitive to molecular chirality, thus providing
detailed information about the secondary and tertiary structures
of biomolecules in their native environment.1-3 ROA has proved
to be a valuable tool in biomolecular research, and its versatility
is clearly illustrated by the large variety of systems that have
been explored. This includes systems such as small molecules
such as peptides and carbohydrates,4-6 folded and unfolded
proteins,7-9 intact glycoproteins,10 RNA and DNA,11 and the
nucleic acid components of intact viruses.12 However, the
method is hampered by the low signal intensities which are
around a thousand times weaker than the already weak Raman
intensities. Large ROA signals can be achieved in surface-
enhanced Raman optical activity (SEROA) due to both a
surface-enhanced Raman scattering (SERS)-like enhancement
of the overall scattering and enhancements from a large electric
field gradient at the metal surface.13-21 SEROA is a unique
technique because it combines the powerful structural informa-
tion of ROA with the strong enhancements known for SERS.
However, only a few experimental studies have been reported
to date.18-21

While the theory for SERS is fairly advanced22-26 much less
is known about SEROA. Janesko and Scuseria devised a method
to determine SEROA by combining the electromagnetic re-
sponse of orientationally averaged model substrates with Raman
optical activity expressions.17 This model was based on the
earlier electromagnetic theory of Efrima.13,14 Bour later27

reformulated this in matrix form and generalized it for multiple
particles. These models treat the electromagnetic enhancements

due to the nanoparticles; however, so far they have only been
used for simple geometric particles. Efrima showed that in
addition to enhancements from the local field due to plasmon
excitations, a contribution from the electric field gradient at the
surface would also result in an enhanced ROA signal. This was
later confirmed by Janesko and Scuseria who did explicit
calculations on a model system consisting of (R)-(-)-bromo-
chlorofluoromethane interacting with either a dipolar or a
quadupolar substrate. These electromagnetic theories predict that
the enhancement of ROA could be larger than SERS for certain
substrates, making SEROA and SERS comparable.13,14,17,27

The theoretical models of Efrima, Scuseria, and Bour have
so far only considered the electromagnetic enhancements.
However, from SERS it is well-known that there are two
contributions resulting, respectively, from electromagnetic (EM)
and chemical interactions (CHEM) between the adsorbate and
the metal nanoparticle.23,26,28,29 The local field and field gradient
enhancements arising from the plasmon excitations can be very
large and are currently believed to be the dominant contribution
to the observed SEROA signal.14,17 However, so far there has
been no studies of the CHEM effect on SEROA.

In this article we present the first simulations of SEROA
of adenine interacting with a small silver cluster using a new
quantum chemistry method based on time-dependent density
functional theory.30 The simulated SERS spectra will also
be presented and compared with experimental results. The
method has previously been used to study SERS of pyridine
interacting with small metal clusters.26,31-33 Although limited
to small metal clusters, this method provides a consistent
treatment of both the EM and CHEM enhancement mecha-
nisms and can be a useful approach for getting a microscopic
understanding of SEROA. Adenine is interesting because it
belongs to a large family of so-called prochiral molecules
(although theory predicts adenine to be chiral in the gas
phase). These molecules become chiral when adsorbed on a
surface, and little is known about their chiroptical properties
when adsorbed. Our results show that the total enhancement
is on the order of 104 both for SEROA and for SERS.
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However, the CHEM enhancement is found to be larger for
SEROA than for SERS. While these methods cannot provide
a complete picture of SEROA, because they are limited to
rather small metal clusters, they provide the detailed descrip-
tion necessary for constructing more realistic models that can
treat large metal nanoparticles.

Theory

Raman and ROA measurements can be performed using
different experimental setups, each leading to a different relation
between the measured intensities and the molecular properties.
In a backscattering geometry the Raman intensites are given
by34-36

where Rpand �(R)p
2 are the isotropic and anisotropic invariants

of the dipole-dipole polarizability transition tensor. The
parameter Kp, which is independent of the experimental setup
but depends on both the incident and scattered frequencies, is
given by

where υ̃inand υ̃p are the frequencies of the incident light and of
the pth vibrational mode, respectively. The corresponding ROA
intensities are then given by34-36

where c is the speed of light, �(G′)p the anisotropic invariant
of the product of the electric dipole-magnetic dipole polariz-
ability transition tensor and the electric dipole-dipole polariz-
ability transition tensor, and �(A)p the anisotropic invariant of
the product of the electric dipole-electric quadrupole polariz-
ability transition tensor with the electric dipole-dipole polar-
izability transition tensor. The different invariants contributing
to the Raman and ROA intensities consist of tensor contractions
of different combinations of the dipole-dipole polarizability
transition tensor, RRR

p , the electric dipole-magnetic dipole
polarizability transition tensor, G′R�

p , and the electric dipole-
electric quadrupole polarizability transition tensor, Aγ, δ�

p .
In order to calculate the polarizability transition tensors, one

typically adopts the Placzek approximation which is in general
valid in the off-resonance case. However, by adopting a short-
time approximation one can formulate a Placzek-like polariz-
ability theory which is valid both on- and off-resonance.37-42

Within the Placzek-like approximation, the transition tensors
are expanded in a Taylor series around the equilibrium geometry.
The transition tensors can then be expressed as geometric
derivatives of molecular properties as

where Qp is the normal mode of the pth vibration, RR� the
electric dipole-dipole polarizability, G′R� the electric dipole-
magnetic dipole polarizability, and Aγδ� the electric dipole-
quadrupole polarizability. In the short-time approximation, the
molecular properties are complex.

We have recently presented an approach to calculate the
different generalized polarizability tensors needed for ROA both
on- and off-resonance by including the finite lifetime of the
electronic excited states.43-47 This finite lifetime is included
phenomenologically by a common damping parameter Γ,48-51

which describes relaxation and dephasing of the excited state.
The incorporation of a damping into the polarizability calcula-
tions has been described previously, and readers are referred to
ref 43-47 for details. Here, this approach is combined with
numerical differentiation to calculate the generalized polariz-
ability derivatives needed to obtain the ROA scattering intensi-
ties. Gauge independent results are obtained by adopting the
modified velocity gauge (MVG) form for calculating the
response functions.46,47,52

Computation Details

All calculations presented in this work were performed using
a local version of the Amsterdam Density Functional (ADF)
program package.53,54 The Becke-Perdew (BP86) XC-poten-
tial55,56 and a triple-� polarized slater type (TZP) basis set from
the ADF basis set library were used. The 1s-3d core was kept
frozen for Ag, and all cluster-molecule complexes used frozen
1s cores for C, N, and O. Scalar relativistic effects were
accounted for by means of the zeroth-order regular approxima-
tion (ZORA).57,58 The vibrational frequencies and normal modes
were calculated within the harmonic approximation, and for this
reason the BP86 functional was chosen because it usually gives
harmonic frequencies close to experimental results without the
use of scaling factors.59 Additionally, all Ag atoms were frozen
in the vibrational frequency calculations to reduce the compu-
tational time. The cluster geometry chosen was taken from the
work of Doye and Wales.60 This structure was found to be the
global minima using the Sutton-Chen potentials.

The calculations of the generalized polarizabilities and
generalized polarizability derivatives were performed using the
AORESPONSE module42-47,61 of the ADF program package.53,54

The calculations of the polarizability derivatives were carried
out using a numerical three-point differentiation with respect
to Cartesian displacements. A damping parameter in the range
of Γ ∼ 0.0037-0.008 a.u. (800-1600 cm-1) is what we have
found previously to be reasonable, and for all the results
presented in the following, a value Γ ) 0.0037 a.u. was used
unless otherwise stated. However, one should be aware of the
fact that the resonance SERS and SEROA intensites roughly
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scale as 1/Γ4, and therefore the calculated enhancement factors
on resonance depend strongly on Γ.26,62,63 The vibrational circular
dichroism (VCD) spectra were calculated using the recent
implementation by Nicu et al.64 Atomic units are used unless
otherwise stated.

Results

SERS of adenine has been studied experimentally by Giese
and McNaughton,65 and the normal modes were assigned by
comparison with DFT calculations. They find that adenine on
silver colloids binds predominantly through one of the nitrogens
in an almost perpendicular orientation. Here we will adopt this
configuration and an illustration of the adenine structure, and
its orientation relative to a silver cluster is shown in Figure 1.
In the following sections we will present the bonding properties
of the adenine-Ag20 complex, the ultraviolet-visible (UV-vis)
absorption and electronic circular dichroism (CD) of the
complex, the Raman, vibrational circular dichroism (VCD), and
ROA spectra of adenine, the surface-enhanced VCD (SEVCD)
of the complex, and SERS and SEROA spectra of the complex
at two different incident wavelengths. While the UV-vis
absorption and electronic CD spectra mainly reflect the silver
core, the vibrational spectroscopies (VCD, Raman, and ROA)
provide information about the molecules absorbed on the silver
cluster. This has recently been demonstrated for small mono-
layer-protected gold clusters where VCD has been used to probe
directly the structure of chiral adsorbed molecules.66-68

It is well established that adenine in the gas phase is slightly
nonplanar with the two hydrogen on the amino group to be out
of the ring plane.65,69 This means that it is in principle possible
to measure the chiral response of the free molecule in the gas
phase, although such a measurement would be very difficult in
practice due to the small energy difference between the two
structures. In addition, adenine is planar in DNA due to its
interactions with the surroundings. This is also confirmed here
where adenine becomes planar upon interacting with the achiral
silver cluster. Therefore, the interactions between the two achiral
species form a chiral complex due to the breaking of the mirror
plane in both molecules, and the chiroptical response is best
interpreted as arising from the interactions with the metal cluster.
However, we will present the chiroptical properties of the free
nonplanar adenine in order to establish the enhancements of
the chiral response due to the interactions with the metal cluster.

Bonding Properties. To understand the interactions between
the two molecules we have analyzed the binding energy, the
Ag-N bond length (RAg-N) and the charge transferred from
adenine to Ag20 of the complex using the extended transition
state method developed by Ziegler and Rauk.71-74 The interac-
tion energy can be decomposed into three physical contributions
as74 ∆E ) ∆Eel + ∆EPauli + ∆Eorb. The first term is the classical
electrostatic interaction between the unperturbed charge distri-
butions of the two fragments, the second term is the Pauli

repulsion which represents the destabilization due to interaction
between occupied orbitals and accounts for steric repulsion, and
the last term is the interaction between occupied and virtual
orbitals and accounts for electron pair bond formation, charge
transfer, and polarization.54 We neglect the preparation energy,
i.e., the energy needed to deform the isolated fragments to their
structures in the complex, and the basis set superposition errors
because they were found previously to be rather small (<1 kcal
mol-1) for similar systems.31 We find the bonding energy for
adenine interacting with the silver cluster to be ∆E ) -16.8
kcal/mol with a bond length of RAg-N)2.247Å. The largest
contribution to the bonding energy is from ∆Eorb ) - 26.21
kcal/mol, and the sum of the electrostatic and Pauli repulsion
is destabilizing by 9.41 kcal/mol. The amount of charge
transferred from adenine to the silver cluster was found to be
0.132e using the Voronoi deformation density (VDD) charges.54

Both the interaction energy and the charge transferred are very
similar to what we found previously for pyridine interacting
with small silver clusters and is typical of physisorption or weak
chemisorption.31,33 Therefore, we would expect the interaction
between adenine and the silver cluster to result in similar
enhancements of the Raman cross-sections as we have found
previously for pyridine.

UV-vis Absorption and Electronic Circular Dichroism
of Adenine-Ag20. To simulate the absorption and CD spectra of
the complex, we calculated all electronic transitions as well as the
oscillator strengths and rotatory strengths up to 3.8 eV. The
simulated absorption and CD spectra of the complex are displayed
in Figure 2. We see that the absorption spectrum is characterized
by a strong band around 344 nm. This band corresponds to a large
collection of individual excitations and can be thought of as a
microscopic analogue to the strong plasmon resonances found in
larger metal nanoparticles. Because the isolated metal cluster is
achiral and the adenine becomes planar upon absorption the CD
spectrum is induced by the complexation. The CD spectrum shows
a negative band around 344 nm and a positive band around 400
nm. The CD spectrum is the result of a large number of excitations
with both positive and negative rotatory strengths and therefore is
expected to be very sensitive to the interactions between adenine
and the silver cluster. Such a large induced CD has been observed
experimentally in small (<3 nm) chiral monolayer protected clusters
consisting of a gold core and a glutathione adsorbate layer.75 It
has been shown that the chiral response can result from a
dissymmetric perturbation of the symmetric metal core by the chiral
adsorbate.76 However, in our case both the adsorbate and the metal
cluster are achiral, and the chiral response is a result of the
interactions.

Raman, ROA, and VCD Spectra of Adenine. Before
studying the surface-ehancement of adenine due to interactions
with the silver cluster, we first simulate the Raman and ROA
spectra of adenine at an incident wavelength of 514.5 nm and
the VCD spectra. The simulated Raman, ROA, and VCD spectra
of adenine are presented in Figure 3a, Figure 3b, and Figure
3c, respectively. Experimentally, the Raman spectrum of poly-
crystalline adenine is dominated by strong bands at 1483, 1333,
and 723 cm-1, with the band at 723 cm-1 being the strongest.65

In the simulated Raman spectrum, we find the strongest peaks
to be at 1462/1451, 1330/1315, and 706 cm-1. Overall there is
a fair agreement between the experimental spectra and the one
we calculated. One exception is the band at 706 cm-1 corre-
sponding to the strongest band at 723 cm-1 in the experiments,
for which the intensity is severely underestimated in the
simulation. A recent theoretical study has shown that using new
range-separated hybrid functionals can lead to a better agreement

Figure 1. Configuration of the adenine-Ag20 complex. The figure was
prepared using VMD.70
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with experiments, although the relative intensity of the band
around 700 cm-1 is still underestimated.77 However, the
experimental Raman spectrum is for polycrystalline adenine and
thus should show interactions between different adenine mol-
ecules. Therefore, it would be of interest to examine if part of
the discrepancy between theory and experiments stems from
adenine-adenine interactions.

The ROA spectrum is dominated by a positive-negative
doublet around 1600 cm-1 and a positive band around 800 cm-1.
We see that the ROA signal is 103 times weaker than that of
the corresponding Raman spectra. The ratio of the ROA
intensities and Raman intensities are expressed in terms of the
dimensionless circular intensity differences (CID) as

We calculated the average CID 〈∆〉 for the modes in the
spectrum region between 500-1800 cm-1, thus reflecting the
average intensity difference between the Raman and the ROA
signal. For adenine we obtained 〈∆〉 ∼ 0.78 × 10-3 which are
in good agreement with the expectation that ROA is about a
1/1000 times weaker than Raman. Also, it is important to note
that the bands that are strong in the Raman spectrum are not
necessarily strong in the ROA spectrum, illustrating that ROA
provides complimentary structural information. The fact that
the spectrum consists of both positive and negative bands makes
ROA particular sensitive to even small changes in the structure
and therefore an attractive technique for probing the structures
of biomolecules. This is also the case for VCD where the
spectrum of adenine (Figure 3c) is dominated by one negative
peak at 1605 cm-1 and a positive peak at 1462 cm-1. Also, the
spectral signature of VCD is significantly different than ROA
making the two techniques complimentary.

Figure 2. Simulated (a) UV-vis absorption and (b) CD spectra of adenine interacting with a Ag20 cluster in two different configurations.

Figure 3. Simulated (a) Raman, (b) ROA for adenine at an incident wavelength of 514.5 nm, and (c) VCD. The Raman and ROA spectra are in
units of 10-30 cm2/sr and 10-33 cm2/sr, respectively, and the VCD in units of 10-44 esu2 × cm2. All simulated spectra have been broadened with
a Lorentzian having a full width at half-maximum (fwhm) of 20 cm-1.

∆ ) IR - IL

IR + IL
(7)
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SERS, SEVCD, and SEROA of Adenine-Ag20. In this
subsection, we present simulated surface enhanced Raman
scattering (SERS), surface enhanced VCD, SEVCD, and surface
enhanced Raman optical activity (SEROA) spectra of the
adenine-Ag20 complex. The total enhancement can roughly be
understood in terms of four mechanisms:26 an electromagnetic
mechanism (EM) due to resonance of the incident beam with
the plasmon of the metal surface, a charge transfer (CT)
mechanism due to resonance of the incident beam with an
excitation from the metal to the adsorbate, a resonance mech-
anism where the incident beam is resonant with a molecular
excitation, and an enhancement due to nonresonant interactions
between the surface and the adsorbate (CHEM).22,23,26 In the
following, we only consider the nonresonant chemical and
electromagnetic enhancement mechanisms. The enhancement
in the Raman and ROA cross-section for the complex calculated
at 514.5 nm relative to that for adenine in the absence of the
cluster provides a direct measure of the CHEM enhancement,
while the cross-section at the metal resonance wavelength (344
nm) provides an estimate of the combined chemical and
electromagnetic enhancements. The enhancements found in
SEVCD are similar in nature to the CHEM enhancement from
SERS and SEROA. One should realize here that the cluster
studied is too small to have a real plasmon resonance which
involves a collective excitation of all of the conduction electrons.
Instead the electronic excitations are molecular in character.
However the excited-state can still give rise to the same type
of enhancement effects that are familiar from SERS, so we use
the same notation.

In Figure 4 we present the simulated SERS spectra for the
adenine-Ag20 complex at incident wavelengths of 514.5 and
344 nm. The SERS spectrum simulated at 514.5 nm is off
resonance with the strong silver transition, and the enhancement
should therefore reflect the CHEM mechanism. However, at 344
nm the wavelength is resonant with the strong absorption band
of the complex, and the enhancement should arise from a
combination of the CHEM and the EM mechanisms. If we
compare the SERS spectrum of the complex presented in Fig-
ure 4a with the Raman spectrum of adenine in Figure 3a, we
see that the overall spectral appearance is similar although there
are more strong bands in the region between 1600-1200 cm-1.
The Raman intensities are enhanced by about a factor of 50
when adenine is absorbed onto the metal cluster. This is higher
than our previous results of pyridine interacting with a tetra-
hedral Ag20 cluster,31,33 because of the different geometry of
the metal cluster used in this work. Comparing the SERS
spectrum calculated at 344 nm (Figure 4b) with the Raman

spectrum of adenine (Figure 3a), we see that there is a significant
change in both the relative intensities and the total cross-sections.
The SERS spectrum is dominated by a strong band at 1288
cm-1 and two weaker bands at 1604 and 867 cm-1. The overall
enhancement is on the order of 104 compared with the Raman
spectrum of adenine and 3 × 102 compared with the SERS
spectrum of the complex calculated at 514.5 nm. Thus, the total
enhancement is a combination of a CHEM enhancement of
about 50 and an EM enhancement of about 3 × 102. As
expected, we see that the EM enhancement from the small Ag20

cluster is smaller than for realistic sized nanoparticles. Experi-
mentally the SERS spectra of adenine is dominated by a ring
breathing mode around 730 cm-1 and a ring stretch mode at
around 1330 cm-1.65 Using DFT, Giese et al.65 assigned the
mode at 1288 cm-1 to the experimental band at 1330 cm-1,
which is in good agreement with our findings because this mode
is strongly enhanced in the SERS spectra. These results show
that good agreement with the experimental data can be achieved
by including explicitly the silver cluster in the calculations and
accounting for both the CHEM and the EM enhancements. The
results also support the assignment made by Giese et al.65 that
adenine absorbs through the N7 atom.

However, the strongest band at 730 cm-1 in the experiments
is severely underestimated in our simulation of the SERS spectra
as was the case in the ground state. At this point we do not
know if this discrepancy is due to shortcomings of the
xc-functional used in the calculations or to other effects such
as adenine forming supermolecular structures on the surface. It
is known that adenine forms homochiral structures when
absorbed on a Cu(110) surface.78,79 However, so far this has
not been demonstrated for SERS active substrates. This is
particularly interesting because SERS of DNA is generally
dominated by signals from the individual bases, in particular
the 730 cm-1 band of adenine.80,81 It is therefore of interest to
establish the intrinsic SERS properties of the individual base
pairs because SERS has attracted tremendous interest for label-
free DNA detection due to its unique sensitivity.80-82

In Figure 5 we present the simulated SEROA spectra at
incident wavelengths of 514.5 and 344 nm, and the simulated
SEVCD spectrum of the adenine-Ag20 complex. Similar to the
Raman cross-sections, we attribute the enhancements at 514.5
nm to the CHEM mechanism and at 344 nm to a combination
of the CHEM and EM mechanism. If we compare the SEROA
spectrum of the complex at 514.5 nm (Figure 5c) with the ROA
spectrum of adenine (Figure 3b), we notice that the two spectra
look very different and that the intensities are around 100 times
stronger for the complex. Similar to what was found for the

Figure 4. Simulated SERS spectra for adenine-Ag20 in units of 10-30 cm2/sr at an incident wavelength of (a) 514.5 nm and (b) 344 nm, respectively.
All simulated spectra have been broadened with a Lorentzian having a full width at half-maximum (fwhm) of 20 cm-1.
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CHEM-enhanced SERS spectra, we see that there are more
strong bands, especially in the region around 1600-1200 cm-1.
The average CID is found to be 〈∆〉 ∼ 0.85 × 10-3 which is
slightly larger than the average CID found in the gas phase.
Therefore, we see that the CHEM enhancement is larger for
SEROA than for SERS scattering.

Comparing the simulated SEROA spectrum at 344 nm of the
complex (Figure 5b) with the ROA spectrum of adenine (Figure
3b), we see that the enhancements are on the order of 104 and
thus comparable with the enhancements found for Raman. The
average CID is found to be (∆) ∼ 0.61 × 10-3 and thus slightly
less than the SERS enhancement. Although both SERS and
SEROA show comparable total enhancements, the CHEM
enhancement is slightly larger in SEROA than SERS. The
SEROA spectrum at 344 nm is found to be very different from
both the SEROA spectrum at 514.5 nm and the free adenine
molecule. We see that the SEROA spectrum is dominated by a
strong positive peak around 1600 cm-1, a strong negative peak
around 1450 cm-1, and a positive-negative doublet around 600
cm-1. Note that the modes that are strongly enhanced in SEROA
are different from the modes enhanced in SERS. This shows
that SEROA can provide different structural information than
SERS and is likely to be very sensitive to the orientation of the
molecule at the surface. We also see that the SEROA spectrum
of adenine interacting with the metal cluster show the charac-
teristic negative and positive peaks of ROA. Previous experi-
mental83 and theoretical work30,84 has found that the resonance
ROA effect is characterized by monosignate bands if the
resonance is due to a single electronic state. However, deviations

should be expected when more than one excited state contri-
bute significantly to the resonance effect. This is the case in
the SEROA spectrum where many states contribute to forming
the strong absorption band at 344 nm.

The SEVCD spectra of adenine (Figure 5c) is dominated by
a strong positive peak around 1600 cm-1 and a smaller negative
peak at 1550 cm-1 with all other peaks being very weak.
Comparing with the VCD spectra of the free adenine molecule,
we see that the intensities of the strongest peak is enhanced by
a around a factor of 20 and that the sign has changed. The
enhancement in SEVCD is thus slightly lower than what is found
for CHEM enhancement in SEROA. In general we find that
more peaks are enhanced in SEROA than in SEVCD. Experi-
mental evidence for SEVCD has been reported for monolayer-
protected gold clusters formed from chiral adsorbates.66-68 Here
it was demonstrated67 that the VCD spectra of small gold
nanoparticles (<2 nm) covered with adsorbed N-isobutyrylcys-
teine show a mirror image relationship for particles covered
with the two enantiomers. However, so far this has not been
demonstrated experimentally for SEROA. Therefore, the direct
comparison between theory and experiment for SEROA is likely
to be successful when measurement of mirror image spectra of
small enantiomers are available.21 We believe that SEROA
measurement is possible for monolayer-protected gold nano-
clusters with chiral adsorbates because they show strong CD
signals. Experimentally, enhanced Raman spectra of benzenethi-
ole monolayer-protected gold nanoclusters with core diameters
of ∼1.7 and ∼1.5 nm have been demonstrated. Such measure-
ment could provide detailed insights into the induced chiroptical

Figure 5. Simulated (a) SEROA at an incident wavelength of 514.5 nm, (b) SEROA spectra at an incident wavelength of 344 nm, and (c) SEVCD
for adenine-Ag20. SEROA in units of 10-33 cm2/sr and SEVCD in units of 10-44 esu2 × cm2. All simulated spectra have been broadened with a
Lorentzian having a full width at half-maximum (fwhm) of 20 cm-1.
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properties of monolayer-protected metal cluster. To understand
if SEROA is useful for studying monolayer protected metal
cluster, we are currently investigating SEROA of chiral
molecules interacting with a small metal cluster as a model
system.

Conclusions

We presented the first simulations of the surface-enhanced
Raman optical activity (SEROA) using time-dependent density
functional theory (TDDFT). By employing a recently developed
approach based on a short-time approximation for the Raman
and ROA cross-sections, we achieved a consistent treatment of
both the chemical and electromagnetic enhancements. A detailed
comparison between the SERS and SEROA was presented for
a model system consisting of adenine interacting with a Ag20

cluster. The chiroptical properties of the complex are due to
the adenine-cluster interactions because both are achiral in their
absorption geometry. The total enhancement was found to be
on the order of 104 for both SEROA and SERS. However, the
CHEM enhancement was found to be larger for SEROA than
for SERS. The results represented here shows that SEROA can
be a useful approach for studying induced chirality in small
metal clusters due to the absorption of molecules.
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