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M
etal nanoparticles (NPs) exhibit
amazing physical and chemical
properties, such as optical,1 elec-

tronic,2 andcatalytic,3whichhaveopenednew
research fields with interesting applications in
biophysics, medicine, pharmacology, and ma-
terials science.4 These properties strongly de-
pend on size, shape, and atomic species
composing NPs; parameters that are crucial
to design specific nanoscale devices with uni-
form properties.5�7 Among these proper-
ties, optical activity is relevant for new chiral
science and technology developments,8 for
enantioselectivity processes,9 structural DNA
self-assembly nanotechnology,10 and other
interesting applications. Chirality is a geomet-
rical property that consists in the impossibility
of making coincide the original object with its
ideally realized image in a plane mirror. This
means that both objects are nonsuperposable
and they are called enantiomers.11 Further-
more, chirality is a property present at the
nanoscale, for instance in fullerenes, nano-
tubes, andmetal NPs;12 and circular dichroism
(CD) has risen as an important tool to study
optical activity in these systems.13�17

Metal NPs, like gold and silver, are usually
unsteady and need to be stabilized by add-
ing certain kind of ligands on their surface;
frequently adsorbing thiol molecules.18 This
passivation can lead to atomically precise
NPs,19 which are of fundamental impor-
tance to understand the evolution of elec-
tronic and optical properties as a function of
size and morphology.20 In these ligand-
protected metal NPs a whole new range of
optical properties have been observed, in
particular, optical activity has been mea-
sured when chiral and achiral ligands are
employed. Since the first observation of
optical activity21 and its later confirmation
using different NPs and ligands,22�26 differ-
ent groups have investigated its origin.27�38

For instance, there have been proposed
atomic chiral configurations for bare and/
or ligand-protected Au38, Au28, and Au34

�

clusters that show intense optical activity
due to the strong distortion of the metallic
part.27,28 However, the higher symmetric
cluster [Au25(SR)18]

� protected with differ-
ent ligands (R),31,32 also shows a significant
optical activity.33 In this case, a theoretical
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ABSTRACT The electronic circular dichroism (CD) spectra of a methyl-thiol

adsorbed at different sites on an icosahedral silver nanoparticle is studied by using

time-perturbed density functional theory. Despite that separately molecule and

nanoparticle are achiral and consequently optically inactive, the Ag55�SCH3
compound emerges with a new symmetry, which may be chiral or not depending

on the adsorption site and orientation of the molecule. It is found that chirality is

favored when the thiol is adsorbed between two atoms of different coordination

number. Chiral compounds have characteristic CD spectra in the UV�visible region, where Ag55 shows optical absorption but SCH3 does not; revealing that

highly degenerated molecular-like electronic states of Ag55 are modified by the presence of the molecule inducing optical activity. It is concluded that CD

line-shapes and magnitude strongly depend on the site where the adsorption takes place, while its intensity is modulated by the molecule orientation.
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study concluded that CD signals not only come from
the structural distortion of the metallic core, but also
from a dissymmetric field created by the ligands, which
not only induces chirality, but also enhances the CD
signal coming from the slight structural distortion of
the metallic core, where both mechanisms are acting
concurrently.34 It was also found that optical activity is
mainly due to the overall chiral geometry of the
organo-metallic compound, and quite independent
of whether the ligands are chiral or not.20,34 This
theoretical prediction has been recently confirmed
by the enantioseparation and measurement of CD
spectra of Au38 clusters protected by achiral ligands.36

Similarly, morphology has been found to be also
relevant in the optical activity and enhancement of CD
signals when silver NPs are used instead of gold.38�42

Chiral biomolecules conjugated with large silver NPs
(∼23 nm in size) also show characteristic CD signals.39

For instance, thiol group-containing biomolecules,
such as cysteine, glutathione, and penicillamine with
silver NPs produce CD signals in the region of
240�400 nm (ca. 3�5 eV). Here, cysteine is somehow
interacting with Ag colloids to cause new conforma-
tional arrangements, generating characteristic CD sig-
nals in the optical absorption region of silver. Also, a
critical concentration of cysteine molecules was found,
where the characteristic CD signal is observed, but it
decreases upon the increment from a critical concentra-
tion. The L-cysteine mixed with large silver NPs form a
chiral complex; this not only exhibits a different CD
spectrum with respect to its components, but also a
time-dependent CD intensity.40 Furthermore, silver NPs
with L-GS-bimane ligands not only show an enhanced
CD signal, but also an enhanced optical absorption,41

where the enhancement of both signals strongly de-
pend on NP size. The possibility to obtain enhanced CD
spectra, in analogy to surface-enhanced Raman scatter-
ing (SERS) phenomenon,42 has attracted attention, be-
cause CD has amoderate sensitivity, which hampers the
analysis of chiralmolecules at low concentrations and/or
low enantiomeric excess. However, it has been sug-
gested that chiral NP complexes could offer the possi-
bility to create strong optical activity in the visible
region.38 The study of optical activity in silver com-
pounds not only might result relevant for new chiral
science and technology, but also opens the possibility of
new spectroscopic chiroptical tools.
Despite the theoretical and experimental efforts

done up to now, all these results in gold and silver
ligand-protected NPs show a complicated relationship
between the resulting optical activity of the com-
pounds and the nature of their components, that is,
NPs and ligands. In this paper, we are interested in
explaining the origin of this chiroptical signal and its
possible enhancement, as well as its relationship with
the metal NP, the location of the ligands, and their
orientations. As a starting point, we present a study of

CD spectra of a single achiral molecule adsorbed at
different sites and with different orientations on an
achiral cluster, using time-perturbed density functional
theory. Our goal is to find the main mechanisms that
give rise to optical activity in ligand-protected NPs, and
how CD spectra line-shape and intensity are modu-
lated by geometrical end electronic interactions.

RESULTS AND DISCUSSION

We consider a NP formed by 55 silver atoms with
icosahedral symmetry, as seen in Figure 1a where the
pentagonal top arrangement is shown with blue
atoms. Icosahedra have 20 faces (equilateral triangles),
12 vertices, and 30 edges. All faces, vertices, and edges
are symmetrically equivalent, respectively.43 The Ag55
icosahedral NP comprises 13 atoms in the core-nucleus
and 42 atoms on the surface, where each face contains
6 atoms. The 13 atoms in the core have 12 first nearest-
neighbors, such that their coordination number is 12.
In the outside shell, vertex atom are always shared by
five faces, as shown in the top view of the pentagonal
top arrangement in Figure 1(b), and their coordination
number is 6, while edge atoms are shared by only two
faces and have a coordination number 8. Figure 1c
shows five σ (mirror) planes on the pentagonal top
arrangement of the icosahedron.
We assume that a SCH4 molecule is adsorbed at the

surface of Ag55. This molecule has one σ plane, which is
formed by the H�S�C�H atoms shown in Figure 2a.
The thiol group on the metallic surface is adsorbed
through the sulfur atom. Therefore, upon adsorption,
one of the H atoms of SCH4 is removed, and now the
adsorbed SCH3 molecule exhibits three symmetry
planes each one formed by the S�C bond and each
one of the three H atoms of the methyl, as seen in
Figure 2b. By the above description, both the Ag55
cluster and the SCH4 and SCH3molecules are achiral, so
separately they do not show any optical activity.
The Ag55�SCH3 compound is built by adsorbing the

thiol group, such that S is binding to the metallic NP

Figure 1. (a) The Ag55 NP. (b) The pentagonal top arrange-
ment and (c) its five σ planes, which are aligned over the five
edges.

Figure 2. (a) SCH4 shows one σ plane and (b) SCH3 shows
three σ planes. S in yellow, C in brown, and H in green.
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with Ag�S bond lengths of about 2.5 Å, according to
previous DFT calculations of small silver clusters with
thiol molecules.44 SCH3 is bonded using as a guide an
imaginary line that joints the S atom, the adsorption
site, and the mass center of the NP. Because of high
symmetry of Ag55, there are three different types of
adsorption sites, and each one has two different
possibilities. In Figure 3a the top�atom case is shown,
where the adsorption site corresponds to one Ag atom
in theNP,with twodifferent possibilities of top�atoms:
when the atom is on a vertex (top�vertex case) and
when the atom is on an edge (top�edge case); both
cases are shown in the top and bottom of Figure 3a,
respectively. The first case has 12 equivalent sites,
while the second one has 30. We also have the bridge
case that corresponds to an adsorption site located
between two nearest-neighbor Ag atoms, also with
two different possibilities: when both Ag atoms belong
to the same edge (bridge�edge case) and when both
Ag atoms are on different edges (bridge�face case), as
shown in the top andbottomof Figure 3b, respectively.
Both configurations have 60 equivalent sites. Finally,
we have the hollow case that corresponds to an
adsorption site located in the middle of three nearest-
neighbor Ag atoms, again with two different possibi-
lities: when one Ag atom forming the hollow is on a
vertex (hollow�vertex case), having 3 equivalent
places for each face, so there are 60 equivalent sites;
and when neither Ag atom is a vertex (hollow�face
case) with one possibility for each face, with a total of
20 equivalent sites. Both hollow�vertex and hollow�
face cases are shown in the top and bottom of
Figure 3c, respectively.
For each one of the six possible cases described

above, the SCH3 molecule can have different orienta-
tions around the adsorption axis; however, not all these
configuration are stable, as we discuss below. There-
fore, we have performed molecular dynamic simula-
tions over a large number of initial configurations to
obtain the lower-energy Ag55�SCH3 compounds,
which is fundamental to understand chirality and

optical activity. We have found that the lowest-energy
configuration is for the bridge�face case, while the
top�vertex case is the configuration with largest en-
ergy, showing a difference of ΔE = 0.964 eV between
them. The large energy difference between top and
bridge cases can be associated to the distortion of the
icosahedral symmetry suffered by Ag atoms when the
molecule is adsorbed in top configurations, as well as
the different coordination number of vertex (8) and
edge (6) atoms. While the largest atomic position
deviation from the icosahedral geometry in the
top�vertex configuration is about 2.2%, for the bridge
configurations it is less than 0.8%. On the other hand,
the difference in the coordination number of top and
vertex atoms can substantially change the electronic
conditions around the adsorption site. The bridge�face
and both hollow cases, vertex and face, are very close in
energy with ΔE = 0.002 eV. This is because hollow
configurations upon relaxation experiment a drastic
change in the position of the molecule, ending mostly
in bridge�face. Since these configurations are very
similar to those found for the bridge cases, the optical
activity and absorption spectra are almost identical to
those for the bridge cases. However, subtle effects can
be seen, as we will discuss later.
In Table 1, the energy differences between isomers

and the lowest-energy configuration, the bridge�face
case, are shown. Themaximumenergy variationsδEmax

due to different molecule orientations is also included.
Both top cases show very small variations δEmax, as
compared with the rest of the cases. This means that
the CH3 orientation does not play an important role in
the top final configuration, but it does in the optical
activity as we will discuss latter. Finally, δEmax is larger
for bridge and hollow cases, which means that the
stability of these configurations strongly depends on
the molecule orientation. As a consequence, we find
that some configurations are not stable. In this paper,
we are interested in the optical activity in terms of the
morphology of Ag55�SCH3. A detailed discussion of
the atomic arrangements of the most stable config-
urations will be discussed elsewhere.
We start discussing the optical absorption and op-

tical activity of the silver cluster and molecule as

Figure 3. (a) Top (bottom) model corresponds to the
top�vertex (top�edge) configuration. (b) Top (bottom)model
corresponds to the bridge�edge (bridge�face) configuration.
(c) Top (bottom) model corresponds to the hollow�vertex
(hollow�face) configuration. Ag atoms involved in the adsorp-
tion are in red.

TABLE 1. Energy Differences (ΔE) between the Lowest-

Energy Isomer and the Rest. The Maximum Energy

Variation (δEmax) as a Function of Molecule Orientation

for Each Case Is Also Shown

case ΔE (eV) δEmax (eV)

top�vertex 0.964 0.009
top�edge 0.698 0.042
bridge�edge 0.130 0.570
bridge�face 0.000 0.112
hollow�vertex 0.002 0.172
hollow�face 0.001 0.148
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separate units. In the energy region of interest, that is,
from 0.5 to 6 eV, we found that the molecule does not
show any significative optical absorption, and the
optical activity is null. The Ag55 cluster shows optical
absorption peaks that are characteristic of electronic
transitions associated to degenerate molecular-like
states. This degeneracy originates from highly sym-
metric atomic arrangements. In Figure 4 we show the
optical absorption spectrum of bare Ag55 after relaxa-
tion with well-defined peaks due to electronic transi-
tions from occupied to empty states. The highly
symmetric cluster does not show optical activity. As
follows, we discuss the optical activity and optical
absorption of the different Ag55�SCH3 isomers de-
scribed in the previous section.
First, we present the geometrical and optical proper-

ties of both top configurations, which allow us to
understand the role that symmetry plays in determin-
ing optical activity. In the top�vertex case the 5-fold
symmetry planes of Ag55 intersect each other at the
vertex atom where the adsorption takes place, such
that rotations by π/5 are present, see Figure 1c. On the
other hand, for the top�edge case the adsorption site
is not at the center of the pentagonmotif or vertex, but
at the middle of an edge. Then, there are only two
symmetry planes, which are perpendicular to each
other, giving rotations of π/2. Another important in-
gredient in describing symmetry is the orientation of
the molecule with respect to the symmetry planes.
Therefore, we define γ as the smallest angle between
any symmetry plane of SCH3 and anyone of Ag55,
where both planes are mutually intersected. In this
way, a configuration with γ = 0 is found when one
symmetry plane of Ag55 matches one of the molecule,
such that at least one symmetry plane is preserved and
the configuration is achiral, as shown in Figure 5b for
the top�vertex and top�edge cases. On the other
hand, Figure 5a and Figure 5c in the top row show low-
energy top�vertex isomers with orientations, such
that none of the symmetry plane of SCH3 coincide
with any of Ag55. In the bottom row similar configura-
tions are shown for the top�edge case. The off-align-
ment (γ 6¼ 0) breaks the total symmetry allowing
isomers be chiral and so, optically active. For these
chiral configurations, we assign negative values of γ
when the molecule points to the counterclockwise
direction with respect to the achiral configuration,

shown in Figure 5a, while Figure 5c corresponds to
positive ones (clockwise direction).
The optical absorption spectra for both top cases,

shown in the top of Figure 6, exhibit smaller optical
gaps than that found for the bare cluster (see Figure 4).
Here, optical absorption is found below 1 eV because
the cluster symmetry is broken, the degeneracy is
partly lost, and then, the molecular-like electronic
states are spread out. Therefore, the intensity of the
main peak at about 1.55 eV is decreased by nearly 40%,
and the well-defined peak structure is lost in part,
mainly between 1.5 and 2.5 eV. For each case it is
found that optical absorption is exactly the same
independently of the molecule orientation, that is, it
is not possible to distinguish the configurational differ-
ences between chiral and achiral systems. Therefore,
the molecule orientation cannot be deduced from the
absorption spectra. However, we will show that this
local property can be inferred from CD spectra.45

In the bottom row of Figure 6, CD spectra of
top�vertex and top�edge isomers with six different
γ angles are shown. From both CD spectra, we observe
the following: (a) CD is present at the same energy
range than optical absorption occurs and CD peaks are
at energies where the optical absorption of bare Ag55
was modified upon molecule adsorption. (b) Isomers
with smallest γ show CD spectra that are almost null,
like that which corresponds to achiral configurations.

Figure 4. Optical absorptionof theAg55 cluster after relaxation.

Figure 5. Low-energy configurations for top cases. Top row
shows top�vertex isomers and bottom row shows top�edge
isomers. While structures a and c are enantiomers, respec-
tively, structures b are achiral configurations. To distinguish
the atoms involved in adsorption, they are in red.

Figure 6. Optical absorption and CD spectra of the
Ag55�SCH3 compounds for top�vertex and top�edge
cases.
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Furthermore, CD of isomers with negative γ are the
same but of opposite sign to those with equivalent
positive γ. We conclude that isomers with the same γ
value but opposite sign behave like enantiomers,
where the molecule symmetry plane is rotated equally
but in opposite direction from a symmetry plane of
Ag55. (c) An interesting feature of these results is that
the line-shape of the spectra is similar for all molecule
orientations. However, the intensity of the spectra
varies as a function of γ, where the maximum intensity
is found for the largest possible value. For instance, in
the top�vertex case the maximum intensity is found
when γ is between two symmetry planes, that is, when
γ takes values close to( π/10. For the top�edge case,
the maximumwould be observed when γ is approach-
ing the value between two symmetry planes ((π/4).
However, this situation never happens because the
system becomes very unstable for values larger than
ca. (36�(π/5) .
The CD signal from top edge cases shows an in-

tensity which is about 20 times larger than that ex-
hibited by top�vertex. Also, CD line-shapes are quite
different for each case, although the maximum inten-
sity is reached at around 2 eV in both configurations.
The differences in both chiroptical signals could be
attributed to geometrical and electronic factors. For
instance, to the proximity of CH3 to themetallic surface
in the top�edge case, or to the fact that top�edge has
lower symmetry than top�vertex. Also notice that the
electronic environment in each is different: edge atoms
exhibit larger coordination number (8) than vertex
atoms (6) that lead to more or less degenerated
electronic states, which might be broken differently
uponmolecule adsorption due to the strong binding in
the Ag�S bond, as we will discuss latter.
Let us analyze the bridge cases which are those

found to be of lowest energy. Both bridge cases have
only one symmetry plane in the adsorption site, so that
only symmetry rotations by π are present. For the
bridge�edge, achiral configurations occur when the
molecule is aligned along the bridge formed by the
two Ag atoms involved in the adsorption, with two
possible orientations: CH3 pointing to the vertex atom
or, in opposite direction, to an edge atom. This latter
configuration is shown in top of Figure 7b. However,
these achiral configurations have larger energy, while
low-energy configurations are obtained when the
molecule is off-aligned to the bridge (Figure 7a,c); that
is, bridge�edge chiral configurations are more stable.
The molecule adsorption occurs between two Ag
atoms belonging to the same edge where one is a
vertex atom and the other is an edge atom, with
coordination numbers of (6) and (8), respectively. The
difference in coordination number of both atoms can
favor chiral configurations.9 The two chiral bridge
�edge configurations before and after relaxation in
the top and bottom of Figure 7a,c are enantiomers.

Comparing configurations before and after relaxation,
it is observed that not only CH3 rotates around the
adsorption site, but also a rotation around the S�C axis
is found. This means that the orientation of hydrogens
is changed, and then, the orientation of the molecule's
symmetry planes. Although important changes are
achieved, at the end of the relaxation process both
isomers are still enantiomers differing in energy each
other by only 0.004 eV.
For the bridge�face, achiral cases occur when the

molecule is aligned perpendicular to the bridge, hav-
ing two possibilities. The first is when SCH3 is pointing
to a vertex atom, which is not stable because it has an
energy of δE = 0.112 eV above the most stable isomer.
The second achiral configuration is when the molecule
points to an edge atom, as depicted in Figure 8b,
and which is only δE = 0.007 eV with respect to the
lowest-energy configurations shown at the bottom of
Figure 8a,c, which are chiral isomers. These chiral
configurations are obtained from a drastic change
upon relaxation of the initial configurations shown at
the top of Figure 8a,c, respectively. Here, initially SCH3

is parallel to the bridge, but after relaxation the mole-
cule rotates almost 90� around the adsorption site, and
at the same time hydrogens also rotate around the
S�C axis, resulting that SCH3 is slightly out of the Ag55
symmetry plane. After this significant change both
isomers are still enantiomers and they differ in energy
by only 0.002 eV.
The top row of Figure 9 shows the optical absorption

spectra for both bridge cases with optical gaps of

Figure 7. Bridge�edge configurations. Top (bottom) row
corresponds to initial (relaxed) configurations, structures a
and c are enantiomers, while structures b correspond to an
achiral case that observes high energy.

Figure 8. Bridge-face configurations. Top (bottom) row
corresponds to initial (final) configurations. Structures a
and c are enantiomers, while structures b correspond to
an achiral case.
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about 1 eV. Similar to the top cases, both absorption
spectra are quite independent of themolecule orienta-
tion. Again, the symmetry of the cluster is broken by
the presence of the molecule, such that electronic
states are spread out, the intensity of the main peak
decreases, and thewell-defined peak structure is partly
lost. The bottom row of Figure 9 exhibits CD spectra of
low-energy isomers for both bridge cases. Here, red
and blue spectra correspond to the relaxed chiral
enantiomers, which have positive and negative similar
γ angles (see isomers a and c in both Figure 7 and
Figure 8). It is confirmed that CD spectra only differ by a
sign, as γ also does. The black line in the bridge�face
CD spectra belongs to the achiral configuration that
shows a very small γ angle. We recall that due to the
strong dependence of the isomer stability with the
molecule orientation for both bridge cases, it is not
possible to obtainmany different γ values as we did for
both top cases.
Here, CD intensities are about half of that of

top�edge, but they are about ten times more intense
than the top�vertex case. Considering the results
discussed for top cases and the fact that bridge con-
figurations exhibit only one symmetry plane, wewould
expect to obtain the maximum intensity when γ =(π/2.
While bridge�edge isomers can be closed to this
value, chiral bridge�face isomers reach less than a
third of π/2. Notice that in the bridge�face case, the
molecule adsorption occurs between two edge atoms,
such that they have the same coordination number (8).
This fact contributes to the stability of the isomers, but
γ is restricted to small values. Despite this difference,
CD intensities are not so different in contrast to top
cases. Also, line-shapes of both bridge cases exhibit
positive�negative structures in a larger energy region.
Moreover, CD spectra show a quite even intensity
along all the energies, and there is not a dominant peak
or peaks. Furthermore, the line-shapes of both bridge CD
spectra are quite different. Below, we will discuss how
these differences are related to how the electronic
degeneration is broken after molecule adsorption.
We have seen that the lowest-energy configuration

of Ag55SCH3 is the bridge�face case, when the

molecule is almost aligned perpendicular to the
bridge, as shown in Figure 8. Similar isomers with
almost equal energy can be found using different initial
configurations, for instance, in the bridge face when
initially the molecule is pointing along the bridge to
the left-or to the right-hand side, or when the initial
configuration is a hollow vertex. Although all these
isomers are quite similar, we observe that the hydro-
gens forming themethyl suffer different rotations after
relaxation depending on the initial configuration. This
fact can explain the small energy differences up to
0.002 eV found between isomers. Figure 10 shows side
and top views of the molecule and the Ag55 face
involved in the adsorption for the three different
bridge�face configurations described above. The first
case, Figure 10i corresponds to the chiral bridge face of
lowest energy and described in Figure 8a, while
Figure 10ii was obtained by relaxing the hollow face,
and Figure 10iii corresponds to the achiral bridge face
described in Figure 8b. Comparing the orientation of
the symmetry planes of CH3 in these arrangements, it is
observed that they differ in rotations around the
adsorption site and the S�C axis. This asymmetry is
reflected in the anglemade by the sulfur�carbonbond
and each one of the Ag atoms involved in the bridge,
Ag(1)�S�C and Ag(2)�S�C. The calculated angles are
in Table 2, as well as the γ angle defined previously
here as the smallest angle between one of the sym-
metry planes of CH3 and one of Ag55. From Table 2 we
observe that as γ becomes larger the difference be-
tween the two angles Ag(1)�S�C and Ag(2)�S�C also
does. The values of γ 6¼ 0 means that the symmetry of
the whole compound is broken, giving rise to optical
activity. Therefore, it is interesting to compare CD
spectra of similar relaxed isomers, but having different
γ or asymmetry.
Figure 11 shows CD spectra for the three bridge�

face isomers described above, where themain difference

Figure 9. Optical absorptionandCDspectra of theAg55�SCH3

compound for bridge�face and bridge�edge cases.

Figure 10. Lower-energybridge�face isomers obtained from
different bridge face and hollow face initial configurations.

TABLE 2. Structural Parameters of Bridge Face Con-

figurations after Relaxation

isomer Ag(1)�S�C (deg) Ag(2)�S�C (deg) γ (deg) ΔE (eV)

i 112.39 106.75 26.28 0.000
ii 111.00 108.43 2.88 0.006
iii 109.75 109.46 0.32 0.007
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among them is the value of γ, as shown in Table 2. We
have found that the order of magnitude of the CD
spectrum is directly related with the value of γ. Indeed,
CD spectra of bridge face cases ii and iii have been
rescaled by a factor of 2 and 20, respectively. It is
noteworthy that all CD spectra have similar line-shapes,
even the case for an almost null γ. This shows that CD
line-shape is defined by the adsorption site, while the
intensity ismodulatedwith the asymmetry orγ value of a
given configuration.
To understand the origin on the differences in CD

line-shapes and intensities, we take a look at the
electronic dependence by calculating the density of
states (DOS) for each case discussed here. In Figure 12,
we display DOS where the contribution from Ag atoms
of different coordination number is shown separately.

Therefore, contributions from core Ag atoms with
coordination number (12) are shown in green, while
contributions from outside edge atoms are in blue and
outside vertex atoms are in yellow, with coordination
numbers (8) and (6), respectively. The contribution
from the sulfur atom is also shown in red. As we
mentioned above, large symmetry in bare clusters
leads to highly degenerated molecular-like states.
Although contributions from the three different Ag
silver atoms are found in all peaks, it is observed that
Ag core atoms contribute more at low energies
(occupied electronics states), while outer shell edge
atoms play an important role at large energies (empty
electronic states). Despite that molecular adsorption
occurs on one or two atoms only, the binding of the
sulfur distorts the whole electronic density, even the
contribution belonging to core atoms. As we can
appreciate from Figure 12, the degeneration of occu-
pied and empty states breaks down upon adsorption,
where the states extend over energies not allowed
before. Also, we observe that sulfur states have an
important contribution to DOS. For instance, in both
top cases sulfur states are just below the Fermi level
but localized mainly in an energy range from �1.5 to
0 eV, where the distortion of Ag states are more evident.
Notice that these occupied states are involved in the
appearance of CD in Figure 6, where peaks around 2 eV
are more intense. Now, in both bridge cases sulfur
states and the distorted Ag ones are now less localized,
extending in a wider range of energies. This fact can
explain in part that bridge CD spectra extend over the
whole range of energies and show an almost constant
intensity, as discussed in Figure 9. However, to get CD
not only electric dipolar transitions are necessary, but
also magnetic ones as shown in eq 3, where the
intensity would be given based on how parallel these
resulting dipoles are.

CONCLUSIONS

The optical activity of a single SCH3 molecule ad-
sorbed on Ag55 with icosahedral geometry is studied
for different adsorption sites and molecule orienta-
tions. Although the NP and molecule are achiral, the
lowest-energy configuration Ag55SCH3 is reached in
such way that neither symmetry plane of Ag55 coin-
cides with any symmetry plane of SCH3, resulting chiral
and thus optically active. We have discussed how chiral
assemblies can emerge from achiral constituents,
where the atomic coordination number plays an im-
portant role. Circular dichroism (CD) was found in the
UV�visible region for chiral configurations. It is con-
cluded that CD spectra strongly depends on the final
morphology of the complex, where the adsorption site
determines the line-shape and magnitude, while the
molecule orientation tunes the maxima and minima
intensity. For instance, CD maximum is found when for
a given adsorption site, themolecule reaches the largest

Figure 11. CD spectra of lower-energy bridge�face isomers
described in Figure 10 and different γ values. Blue and
green spectra have been rescaled by a factor of 2 and 20,
respectively.

Figure 12. Contributions to the DOS from core atoms
(excluding the central atom), outside edge atoms, outside
vertex atoms, and the sulfur atom for bare and top and
bridges low-energy isomers. The Fermi level is set at 0 eV.
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asymmetric stable configuration. It is concluded that
optical activity depends not only on the intrinsic chirality
associated to the molecule or nanoparticle, but also on
the symmetry breaking given by the adsorption site and

orientation of themolecule. Sincegeometry has a strong
influence on optical activity on these compounds, it is
expected to find a quite similar behavior for gold
nanocluster to those of silver discussed here.

METHODOLOGY AND COMPUTATIONAL DETAILS

Molecular Dynamics Simulations. Using density functional theo-
ry (DFT) within the general-gradient approximation (GGA) and
Perdew�Burke�Ernzerhof (PBE) exchange-correlation func-
tional, scalar-relativistic norm-conserving pseudopotentials
and a double-ζ polarized basis set of numerical atomic orbitals,
we perform molecular dynamics simulations for the configura-
tions described above, exploring many different molecule
orientations. By considering unconstrained relaxations with
atomic forces of 0.01 eV/Å or less, optimized lowest-energy
configurations are obtained. DFT calculations were performed
using the siesta code,46 which has been successfully proved for
silver NPs,47 and ligand-protected gold nanoclusters.29

Circular Dichroism (CD) Calculations. Once the low-energy iso-
mers are obtained for each configuration, CD spectra are
calculated as follow. CD is an optical property that only chiral
objects exhibit, and ab initio computations are necessary for its
reliable interpretation. Here, we employ a time-perturbed first-
principles method recently developed to study the natural
optical activity of nanostructures, making large-scale calcula-
tions feasible.48 This methodology provides theoretical support
for the quantification, understanding, and prediction of chirality
and its measurement in complex nanostructures composed
with a large number of atoms.12,17 Experimentally, CD can be
measured as the difference between left and right molar
extinctions, Δε = εL � εR. Theoretically, CD is given by a third
order nonlocal electromagnetic term:11

Δε(ω) ¼ 0:1343� 10�5

3300
β(ω)~ν2 (1)

where ~v (cm�1) is the wavenumber, and

β(ω) ¼ � 1
3ω

Tr[Re( ~GRβ(ω))] (2)

which has units of a0
4, where a0 is the Bohr radius (in atomic

units), Re means the real part, and Tr is the trace. The above
expression was obtained from a time-dependent perturbation
theory, where the Hamiltonian was expressed through an
electromagnetic multipolar expansion of vector and scalar
potentials. Therefore, CD spectrum is computed once the
Rosenfeld equation of the rotational strength is calculated:11

~GRβ ∼ ∑
j 6¼n

ÆnjμRjjæÆ jjmβjnæ
ωjn �ω

þ ÆnjmRj jæÆjjμβjnæ
ωjn þω

� �
(3)

where the matrix elements Æn|μR|jæ and Æ j|mβ|næ of the respec-
tive components, R and β, of the electric (μ) and magnetic (m)
dipole moments, correspond to transitions from ground states
|næ with energy εn, to excited states | jæ with energy εj; here, ω is
the frequency of the incident radiation field and pωjn = εj � εn.
Although chirality may, in principle, be deduced from the CD
spectrum, the task of computing the rotational strengths for
various transitions is by no means easy. For more details see
ref 48. This methodology has been proved for fullerenes,12

carbon nanotubes,17 and ligand-protected gold NPs,20,28,29,34

showing excellent agreementwith experiments and other time-
dependent DFT calculations.
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