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Using time-perturbed Density Functional Theory the optical activity of metal-thiolate compounds formed by a high symmetric
Ag and Au nanoparticles (NPs) and a methyl-thiol molecule is studied after performing atomic optimizations and electronic
calculations upon adsorption. Many different sites and orientations of the adsorbed molecule on icosahedral Ag and Au NPs
of 55 atoms are considered. Upon molecule adsorption atomic distortions on Au NPs are induced while not on Ag, which
causes larger molecule adsorption energies in Au than in Ag. Structural distortions and the specific molecule adsorption site and
orientation result in chiral metal-thiolate NPs. Ag and Au compounds with similar chirality, according to Hausdorff chirality
measurements, show different optical activity signatures, where circular dichroism spectra of Au NPs are more intense. These
dissimilarities are attributed in part to the differences on the electronic density of states, which are a consequence of relativistic
effects and the atomic distortion. It is concluded that optical activity of Ag and Au compounds are due to different mechanisms,
while in Au is mainly due to the atomic distortion of the metallic NP induced after molecule adsorption, on Ag it is defined by
the adsorption site and molecule orientation respect to the NP symmetry.

1 Introduction

In recent years a growing research interest has been paid in
metal nanoparticles (NPs), including the synthesis and isola-
tion, studies on the structure and electronic and optical prop-
erties, and the development of various applications, as well
as the theoretical work and computing nanoparticles prop-
erties.1–10 Metal nanoparticles composed of a specific num-
ber of atoms are of fundamental importance for investigating
atomic structures, adsorption process, electronic and optical
properties that can be eventually understood.11–13 In partic-
ular, metal-thiolate nanoparticles exhibit interesting proper-
ties that can be manipulated by controlling different param-
eters, like size, shape, number of adsorbed thiols, which hold
promise in a wide range of applications, such as catalysis,
sensing, fluorescence labeling, and so forth.14–18 Research
works on the structure and bonding, chirality, ligand symme-
try equivalence, catalysis, and photoelectrochemistry, etc. of
metal-thiolate nanoparticles have revealed some particularly
interesting aspects of their fundamental properties.1–18 How-
ever, the role that the metallic part plays in the molecule ad-
sorption process, and in their structural, electronic and optical
properties has not been ultimately understood.
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It has been observed that ligand-protected metallic nanopar-
ticles have an exceptional optical activity that is contrasting to
those of the components: ligands and nanoparticles.9 Adsorp-
tion of organosulfur (SR) molecules on metal NPs could offer
the possibility to create strong optical activity in the visible
region.19–22 Circular dichroism (CD) is a preferred tool for
characterizing optical activity of chiral systems, which mea-
sures slight differences existing in optical extinction between
left and right circularly-polarized light passing through chiral
substances.23 CD has a moderate sensitivity, which hampers
the analysis at low concentrations and/or low enantiomeric ex-
cess. Controlled CD signals from organic molecules by using
metallic NPs is desirable for having an enhancement mech-
anism of the optical activity. The latter might improve chi-
roptical spectroscopic techniques, which are useful to study
molecule-molecule and molecule-nanostructure chiral interac-
tions, which are of great significance since most molecules
relevant in life are chiral. Thus, organometallic compounds
have emerged in recent years as interesting nanoscale systems
that hold promise in a wide range of applications, including
molecular recognition.24

Enhancement of the CD spectra coming from the ligands
has been observed to increase as the size of Ag NPs does.25 To
explain this, it has been proposed that surface plasmons sup-
ported by the metal NP enter in resonance with electronic tran-
sitions of the ligands involved in optical activity.26,27 How-
ever, it is not clear until now how much this effect enhances
the signal from the molecule, and even more if this is the
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only mechanism. There might be other factors associated to
NPs and ligands that could contribute besides NPs size.28 For
example, as the NP size increases the number of ligands ad-
sorbed on it also does, and an augmentation of the CD signal
is expected. However, there are other subtle effects that are
related to the structure and bonding of the metallic NP and the
molecule.29–33 In the last few years, experiments have been
performed in a variety of Ag and Au NPs and using differ-
ent ligands to study optical activity.19,20,34–39 In these exper-
iments, the dependence with the kind of ligands, ligand con-
centration, the influence of the metallic species,25 tempera-
ture dependence,40 as well as the time evolution have been re-
ported.25 On the other hand, different mechanisms have been
proposed to explain the observed optical activity, including
an intrinsic chiral metallic core model,19 a dissymmetric field
model20 originated from ligands protecting NPs, as well as the
concurrency of both mechanisms.35

All these results in Au and Ag ligand-protected NPs show a
complicated relationship between the resulting optical activity
of a compound and its components. In this paper, we are inter-
ested in explain the influence of the metallic nature of the NP
on the chiroptical signals, and the relationship with possible
enhancement mechanisms. Here, we employ a single achiral
molecule adsorbed at different sites and with different orien-
tations on Ag and Au NPs. Our goal is to find how CD spectra
are modulated by geometrical end electronic interactions in-
herent to each metal. Therefore, we also study in detail the
atomic and electronic properties of the optimized compounds,
where it is expected to find important differences because of
strong relativistic effects present on Au. We anticipate that
elucidating the main differences on the atomic, electronic, and
optical activity could help to identify advantages that let make
the selection between Ag and Au NPs, depending on specific
requirements.

2 Methodology

2.1 Atomic models

We consider Au and Ag NPs composed by 55 atoms with
icosahedral symmetry, which are optimized with a molecular
dynamics procedure described below. In both cases, Ag55 and
Au55, the icosahedron is composed by a central-atom, where
the center of mass is located. Then, the rest 54 atoms are dis-
tributed in two shell at three different distances respect to the
central atom. These characteristic distances are given by the
number of first-neighbor atoms, labeling each kind of atom by
a well defined coordination number. The first or inner shell
around the central atoms is composed by 12 atoms, all having
12 nearest atoms, such that their coordination number is (12).
All the atoms at the inner shell are located at the same distance
from the central atom. Therefore, the central atom also has co-

ordination (12). The second or outer shell is composed by 42
atoms, where 12 atoms are at the vertices of the twenty tri-
angular faces that compose the icosahedron. These 12 vertex
atoms have coordination (6). The remaining 30 atoms form
the edges of the triangular faces and have coordination (8). A
schematic model is shown in Figure 1. The average distances
in the optimized Ag55 from the central atom are 2.79, 4.82 and
5.52 Å, for core, edge and vertex atoms, respectively; while
for Au55 are 2.78, 4.87, and 5.52 Å. Even that Au atoms are
heavier than Ag, bond lengths are quite similar in both NPs,
because the strong relativistic effects present in Au.41,42

Fig. 1 Icosahedral NP of 55 atoms of element X(=Au or Ag)
composed by twenty equivalent triangular faces, where one is
remarked with atoms in blue and salmon colors to label the
corresponding coordination number or first-neighbor atoms.

We assume that a SCH4 molecule is adsorbed at the NP
surface of X55 with X=Au or Ag. The thiol group on the
metallic surface is adsorbed through the Sulfur (S) atom and
one H atom is detached, SCH3. Both, the X55 NP and SCH4
molecule are achiral, so separately they do not show any opti-
cal activity. Due to the symmetry of bare X55 there are six pos-
sible adsorption sites for the achiral SCH3 organic molecule:
on the top of a metallic atom that can be located at the vertex
[Top-Vertex(6)] shown in Figure 2(a), or the metallic atom that
can be located at the edge [Top-Edge(8)] shown in Figure 2(b);
between two metallic atoms located at the edge [Bridge Edge
(6)-(8)] shown in Figure 2(c), or between two atoms located at
the face [Bridge Face (8)-(8)] shown in Figure 2(d). There is
also the possibility to adsorb the molecule on the middle be-
tween three atoms at the edge [Hollow-Edge (8)-(6)-(8)], and
on the middle between three atoms at the face [Hollow-Edge
(8)-(8)-(8)]. However, hollow configurations upon relaxation
experiment drastic changes in the position of the molecule,
ending in bridge cases. Therefore, the cases of adsorption
sites reduce to Top-Vertex(6), Top-Edge(8), Bridge Edge (6)-
(8), and Bridge Face (8)-(8), which are shown in Figure 2.
Here the numbers in parenthesis denote the coordination num-
ber of the atoms involved in the adsorption process for each
case. From these initial atomic arrangements many different
molecule orientations around the adsorption site are consid-
ered, so the corresponding lowest-energy configurations are
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(a) (b)

(c) (d)

Fig. 2 (a) Top-vertex, (b) top-edge, (c) bridge-edge, and (d)
bridge-face initial atomic arrangements of X55SCH3 are shown.

obtained by inspecting few hundreds of initial configurations
by performing ab initio molecular dynamics simulations, as
described next.

2.2 Computational details

Molecular dynamics simulations are performed using density
functional theory (DFT), where general-gradient approxima-
tion (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional are employed, as well as scalar-
relativistic norm-conserving pseudopotentials. A double-ζ
polarized basis set of numerical atomic orbitals is considered.
Then, optimized lowest-energy configurations are obtained by
considering unconstrained relaxations with atomic forces of
0.01 eV/Å, or less.43 DFT calculations were performed us-
ing the SIESTA code,44 which has been tested in many differ-
ent Ag and Au NPs, both bare and ligand-protected.30,34,45–47

The remarkable success of this kind of DFT methods in the
structure prediction of Aum(SR)n clusters has been recently
discussed elsewhere.48 Once the optimized atomic configura-
tions and electronic states are found, circular dichroism (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. Using time-perturbed
quantum-mechanical expressions, it is found that CD is di-
rectly related with the alignment of electric and magnetic
dipole moments, i.e., the non-zero inner product of the matrix

elements, 〈0|~µ ·~m|n〉. Here, |0〉 and |n〉 correspond to occupied
and empty electronic states and ~µ and ~m are the electric and
magnetic dipole moment operators, respectively.49 Due to the
large number of atoms in nanostructures, first-principles CD
calculations are computer demanding. A few years ago, we
implemented in the DFT SIESTA code44 the computation of
CD spectra for large nanostructures.50 This implementation
allows us to take into account a larger number of electronic
transitions, providing excellent results in agreement with ex-
periments and other higher-level calculations done in small
systems, such as CD spectra obtained from time-dependent
DFT in chiral molecules.50–52

In the next section, we first discuss the structural differences
between Ag and Au after optimization. Then, the lowest-
energy configuration for each case is obtained. To compare
equivalent Au55−SCH3 and Ag55−SCH3 NPs, we employed
the Hausdorff chirality measure, which not only accounts for
the atomic distortion but also for symmetry breaking upon ad-
sorption. Hence, we discuss the calculated optical absorption
and CD spectra, in terms of the relaxed atomic configurations
and their corresponding electronic density of states.

3 Results and discussion

In the absence of the molecule, both NPs Ag55 and Au55 re-
main symmetric upon relaxation. This is observed in Table 1,
where the mean distance, R of the core, vertex and edge atoms,
as well as their corresponding standard deviations, σ , are re-
ported. We observed that σ values are closed to zero, which
indicates that in both NPs symmetry is conserved after opti-
mization. It is also found that R values for Ag55 and Au55
are the same within a small difference of less than 1%, where
the main variation is found for edge and vertex atoms both
located at the outer layer. Despite that Au atoms are heavier
than Ag ones, bond lengths on Au55 are quite similar to those
on Ag55. This fact has been attributed to the strong relativis-
tic effects present on Au.41,42 These structural differences and
similarities between Ag and Au NPs are in agreement with
those discussed previously.30

Here, only the lowest-energy configurations for both top
and bridge adsorption sites are reported. When the molecule
adsorption causes a chiral configuration of Au55−SCH3 or
Ag55−SCH3, we have also examined the corresponding enan-
tiomer to double-check results, since energy and R and σ val-
ues of both enantiomers should be the same. However, in
this work we only report one enantiomer. In Table 1, R and
σ of Au55−SCH3 and Ag55−SCH3 for top-vertex, top-edge,
bridge-edge, and bridge-face cases, are also reported. Com-
paring R and σ for each Au55−SCH3 compound respect to
bare Au55, strong distortions in the NP are observed. For ex-
ample, R and σ for the three kind of atoms in the compound
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Table 1 Mean distance R and standard deviation σ in Å, for core, edge and vertex atoms in bare and molecule adsorbed Au and Ag NPs.

core edge vertex core edge vertex
Ag R (σ ) R (σ ) R (σ ) Au R (σ ) R (σ ) R (σ )
Bare 2.79 (0.00) 4.82 (0.01) 5.52 (0.01) Bare 2.78 (0.01) 4.87 (0.00) 5.52 (0.00)
Top-vertex 2.79 (0.02) 4.82 (0.02) 5.53 (0.04) Top-vertex 2.79 (0.03) 4.87 (0.03) 5.53 (0.04)
Top-edge 2.79 (0.01) 4.82 (0.02) 5.53 (0.01) Top-edge 2.79 (0.01) 4.88 (0.03) 5.52 (0.02)
Bridge-edge 2.79 (0.01) 4.82 (0.02) 5.53 (0.02) Bridge-edge 2.79 (0.02) 4.89 (0.05) 5.52 (0.03)
Bridge-face 2.79 (0.01) 4.82 (0.02) 5.53 (0.01) Bridge-face 2.79 (0.03) 4.90 (0.05) 5.53 (0.04)

are larger than those in Au55, evidencing changes in the atomic
distance distribution, as well as a symmetry breaking. Addi-
tionally, σ values of Au are larger than those for Ag, show-
ing that Au−S interactions are stronger than the correspond-
ing with Ag,53 driving to larger atomic distortion in Au NPs.
This fact is confirmed by comparing the adsorption energies
reported in Table 2. The adsorption energy is calculated as the
energy difference between the compound and the one of NP
and molecule separated. This is

Eads = ENP-SCH3
− [ENP +(ESCH4

−1/2EH2
)].

Here, 1/2EH2
is the energy of the detached H atom from

the SCH4 molecule upon adsorption. Thus, it is found that
molecule adsorption is more favorable in Au rather than in
Ag by about 15% to 30%, being the largest difference for the
bridge-face configuration. This is in agreement with the large
electron affinity in metals and particularly in Au.42 Addition-
ally, by looking the results for Au top and bridge cases, we
found that the trends in the adsorption energy and structural
properties are similar to those obtained previously for Ag,46

where it was found that top-vertex cases are independent of
the SCH3 orientation, while top-edge and both bridge cases
exhibit a larger dependence. Also, the overall lowest-energy
configuration in both Ag and Au is obtained for the bridge-
face case.

Notice that R and σ are average properties, and the de-
viation for some atoms are difficult to observe. Therefore,
to study in detail the displacement of Au or Ag atoms upon
molecule adsorption in the NP, it is important to plot the dis-
tance of each atom respect to the central one. As an example
in Figure 3 the bridge-face case is shown. Here, the average
distance of bare NPs are shown in dashed lines. In Ag NPs,
we find that core atoms remain very close to their original po-
sitions, as well as vertex atoms, while edge atoms are slightly
deviated. On the other hand, Au atoms show important devi-
ations from original positions, being more important in edge
atoms. These observations are in agreement with the σ values
reported in Table 1. In conclusion, it is evident that Au NPs
suffer larger atomic distortions than Ag NPs after molecule
adsorption. Chiral configurations were found for all lowest-
energy compounds. In Table 2 also structural parameters re-
lated to the molecule adsorption are reported, like Au−S and
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Fig. 3 Distances from the central atom for Au (red dots) and Ag
(blue dots) atoms in the bridge-face case. Dashed lines show the
average distance for bare NPs.

Ag−S bond lengths for top and bridge cases involving one
and two metal atoms, respectively. In general, the distances
between Ag−S are slightly larger than Au−S by about 1%.
Additionally, top cases show shorter bond lengths than bridge
cases. The angle formed by S−C and the metallic atom are
quite similar for Au and Ag, and in general they show the
same trends. However, by inspecting data from Tables 1 and
2, we notice a larger distortion for Au NPs upon adsorption
by using a single SCH3 ligand. This distortion could be re-
lated to the gain of the adsorption energy of the thiol group
on Au. In fact, it has been observed that Au NPs passivated
with multiple ligands, the strong Au−S interaction is able to
distort the high symmetry of the NP to create novel structural
motifs.54–56

To quantify the distortion of chiral arrangements, we
employ the Hausdorff chirality measure,57 H, for each
Ag55−SCH3 and Au55−SCH3 case, labeled as Hcom in Ta-
ble 3. H takes values between 0 and 1, where H = 0 means
that the system is achiral, and as H increases means that the
system is far away from its mirror image being more chiral. A
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Table 2 Structural properties and adsorption energy of Au55−SCH3 and Ag55−SCH3 top and bridge low-energy cases.

Au-S Au-S-C Eads (Au55−SCH3) Ag-S Ag-S-C Eads (Ag55−SCH3)
Case (Å) (deg) (kcal mol−1) (Å) (deg) (kcal mol−1)

top-vertex 2.36 103.9 9.33 2.38 103.0 7.11
top-edge 2.35 102.6 18.60 2.39 105.3 13.17

bridge-edge 2.47/2.43 106.5/103.7 30.89 2.50/2.50 107.1/100.7 26.36
bridge-face 2.45/2.47 104.7/108.2 37.07 2.50/2.52 106.7/112.4 29.44

brief description of the Hausdorff method to measure chiral-
ity and its significance is given in Reference [ 58]. Here, we
found that bare Ag55 and Au55 have H = 0.000, in agreement
with the fact that both are achiral. It is observed that Hcom
values for Ag and Au are slightly different as comparing for
each case, being larger for Au compounds. However, to inves-
tigate the NP atomic arrangement distortion, we also compute
the Hausdorff chirality measurement for just the metallic part
or NP, denoted by HNP also reported in Table 3. These values
are in agreement with the differences in the standard devia-
tion, σ , of the atomic positions of the metallic NP reported in
Table 1. The non-zero value for Ag and Au HNP means that
upon molecule adsorption, chirality is induced on the NP. Ad-
ditionally, this induced chirality is larger in Au than in Ag, ac-
tually Ag NPs remain fairly symmetric after molecule adsorp-
tion with HNP ≤ 0.08. This induced chirality upon passivation
in Au NP was reported and discussed widely by Garzón and
coworkes.38,59 They found that when a highly symmetric Au38
NP, with HNP = 0.000, is passivated with 24 SCH3 molecules
or ligands, the final system exhibits a HNP = 0.121, which is
larger in comparison with the values obtained here, probably
because the large difference on the number of molecules ad-
sorbed.

Table 3 Hausdorff chirality measure of low-energy Ag55−SCH3
and Au55−SCH3 cases.

Ag55−SCH3 Au55−SCH3
Case Hcom HNP Hcom HNP

top-vertex 0.046 0.002 0.046 0.008
top-edge 0.064 0.002 0.076 0.005
bridge-edge 0.083 0.008 0.093 0.028
bridge-face 0.051 0.006 0.065 0.018

Within the DFT scheme, the imaginary part of the dielectric
function is calculated for Au55, top and bridge Au55−SCH3
cases, and they are compared with the corresponding Ag con-
figurations reported previously.46 For a full description of the
optical properties, a many-body description would be desir-
able.60 However, our results are in good agreement with trends
found using time-dependent DFT (TDDFT) calculations done
in bare Au and Ag small clusters,61 where general directions
can be drawn. Also, we found a good agreement with a re-

cent TDDFT calculation of the optical absorption of Au55. In
Figure 4, we compare the optical absorption obtained from
the dielectric function of Au55, and the one calculated using
TDDFT.62 Since DFT underestimates the energy of empty
states, we have shifted the DFT spectrum by about 1 eV to
make easier the comparison with the TDDFT calculation. De-
tails of how optical absorption is calculated from the dielectric
function are in Reference [ 63]. However, the discussion of
the optical properties below is done using the imaginary part
of the dielectric functions, since more details can be appreci-
ated.
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Fig. 4 Imaginary part of the NPs dielectric function as a function of
energy. Optical absorption spectra for Ag NPs are in blue lines,
while for Au are in red lines. Top plot shows results for bare NPs.
Middle and bottom plots show spectra for top and bridge cases,
respectively.

Top plot in Figure 5 shows NPs imaginary part of the di-
electric function for bare Au55 and Ag55, which exhibit simi-
lar behavior. For instance, the well-defined peak structure of
the spectra is associated to transitions between molecular-like
electronic states which are highly degenerated because of the
5-fold symmetry of Au55 and Ag55. Here, optical absorption
starts just below 1.5 eV, where an intense peak is observed,
being larger for Ag than Au NPs. Another structure is found
centered at about 2.0 eV, which are half intense than the peak
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at lower energy, and their line shapes show small differences
associated to the distribution of the density of states described
in Figure 6. Above 2.5 eV, an extended tail is found that also
show a peak structure but with smaller intensity. However, at
such energies the absorption spectra is slightly more intense
now in Au55 than in Ag55.
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Fig. 5 Imaginary part of the NPs dielectric function as a function of
energy. Optical absorption spectra for Ag NPs are in blue lines,
while for Au are in red lines. Top plot shows results for bare NPs.
Middle and bottom plots show spectra for top and bridge cases,
respectively.

The optical response is dictated by the electronic density
of states (DOS) of each system. Figure 6 shows different
contributions to DOS of Au55 and Ag55 from each kind of
atom identified by its coordination number, i.e. contributions
from core (12), edge (8), and vertex (6) atoms are displayed
in green, blue, and yellow, respectively. Here, the Fermi level
is set to 0 eV. Both bare NPs exhibit molecular-like electronic
states due to quantum-size effects. Additionally, these states
are degenerated because the high symmetry of icosahedral
NPs. These two facts are more evident for Ag, where elec-
tronic states are at well-defined energies between −2.5 and
2.5 eV. These localized states give rise to electron transitions
with specific energies, which result in an absorption spectrum
with a well-defined structure. For instance, in Ag55 electron

transitions from occupied states at about −0.6 eV to empty
states around +0.9 eV, are responsible for the absorption band
located at 1.5 eV. The optical band with two shoulders cen-
tered 2.0 eV comes from transitions between occupied and
empty states at −0.9 and +0.9 eV; and between −0.6 and
+1.6 eV. Additionally, we have identified the occupied states
at −0.6 and −0.9 eV with mainly 5s orbitals, although 4d or-
bitals are also present but in small quantity. On the other hand,
empty states at +0.9 and +1.6 eV have similar contributions
from both 5s and 5p orbitals. Below −2.5 eV DOS increases
and becomes continues, because of the dominant presence of
4d occupied states at such energies. Transitions from these
states to empty ones are responsible of the tail in the optical
spectrum described above.

Fig. 6 Contributions to DOS in arbitrary units from core, edge, and
vertex atoms are shown in green, blue and yellow, respectively. The
contribution are slightly displaced to facilitate the comparison.
Results for bare Au55 and Ag55 are shown at the left and right hand
side, respectively. The Fermi level is at 0 eV.

Now, let us discuss the case of Au that is different mainly
due to strong relativistic effects. Comparing with Ag, occu-
pied states at −0.9 eV are now slightly shifted to −0.75 eV,
such that they are very close to those occupied states at
−0.6 eV. An important difference is that now both occu-
pied states have similar contributions from 5d and 6s orbitals,
showing different character from the corresponding ones in
Ag. The empty states at +0.9 eV in Ag are slightly shifted in
Au to about +1.1 eV and the orbital character is still the same,
i.e., they are similar contributions of 6s and 6p orbitals. Fi-
nally, occupied states at energies below−1.5 eV show a much
larger contribution for Au than in Ag, because of the dominant
presence of 5d occupied states at such energies, while in Ag
4d states are dominant below −2.5 eV . These differences be-
tween Au and Ag arise from relativistic effects more present
in Au, which are raising the 5d orbitals.41 These differences
in DOS produce some variations in optical absorption when
comparing spectra of both NPs. For example, we found that
below 2.5 eV the spectrum of Au is less intense than Ag, be-
cause of the partly lost of DOS peak sharpness. Additionally,
the double-peak optical band centered 2 eV in Ag now is lost
for Au, because of the energy shift of the involved occupied
and empty electronic states, giving a similar structure but with
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slightly different line shape. Finally, at energies larger than
2.5 eV optical absorption is now more intense for Au than in
Ag, because the presence of d orbitals.

Figure 5 displays the imaginary part of the NPs dielec-
tric function after molecule adsorption, where only spectra of
lowest-energy top and bridge cases are shown in middle and
bottom plots, respectively. Despite the atomic distortion in-
duced on Au NPs but not in Ag, optical spectra show quite
similar behavior. Upon molecule adsorption the NP elec-
tronic degeneracy is broken, spreading occupied and empty
electronic states at higher and lower energies giving rise to
electron transitions below 1.5 eV of low intensity. All config-
urations optical absorption spectra with discrete peaks. The
intensity of the optical peak at 1.5 eV is diminished by about
40%, but it is still more intense for Ag than Au. Similar trends
in optical absorption response have been already found by
Aikens,61 who employed time-dependent DFT in Ag25 and
au25 ligand-protected NPs, as well as in mixed metal “core-
shell” configurations. For instance, the discrete peak structure
of spectra of Ag and Au NPs is similar, being more intense for
Ag.

Again, the main optical bands can be explained by looking
at the DOS for each case, shown in Figure 7. Additionally
to the different contributions to DOS from core (green), ver-
tex (blue) and edge (yellow) atoms of the metallic NPs, the
contribution from the S atom is also shown in red. Top row
of Figure 7 displays DOS for Au compounds, while the cor-
responding Ag55−SCH3 compounds are in the bottom row.
Sulfur electron states are mainly 3p and are extended over a
wide energy range below the Fermi level, which means that
they are occupied. It is observed that the main differences in
the absorption spectra can be followed by looking at the con-
tribution from the S atom. For instance, for both top cases
we found that the spectra is mainly modified between 0.5 and
2.0 eV. This means that the electronic states, discussed above,
at −0.6 and −0.9 eV are now modified by the presence of the
molecule, since S states are more localized around these ener-
gies. On the other hand, for both bridge cases the changes are
found at all energies. Notice now that electron states from S
atoms are less localized. It is remarkable the independence of
DOS and thus, of optical absorption with the molecule orienta-
tion. As consequence, achiral and chiral configurations of the
same case exhibit the same optical absorption, being impos-
sible to distinguish between them. Nevertheless, chiroptical
spectroscopies are able to account this structural property if
the system is chiral, as it has been previously shown.46

Let us discuss the influence of the structural properties in
the optical activity of Ag and Au compounds studied here. As
expected, highly symmetric systems, i.e. bare NPs and the iso-
lated molecule, exhibit null chiroptical signals. Additionally,
we confirm that enantiomers show the same CD spectra but
with opposite sign. We previously found that the most-stable

Ag55−SCH3 isomers can be chiral or achiral under different
SCH3 orientations, and show quite different CD spectra, in
contrast to optical absorption.46 However, Au compounds are
always chiral because the atomic distortion discussed above.
In Figure 8, CD spectra of low-energy top and bridge cases
are shown in red solid lines for Au, and in blue solid lines
for Ag. Also, the corresponding Hcom values are shown. We
compare CD spectra for Ag and Au equivalent compounds that
also exhibit similar Hcom values. In general, Au compounds
show more larger CD intensities than Ag ones, except for the
top-edge case where intensities are similar. The differences
in intensity are in agreement with the fact that Hcom values
of Au systems are slightly larger than Ag ones. Additionally,
as larger Hcom is the CD spectra become more intense in Au
compounds. However, this is not found for Ag compounds.
This latter suggest that the origin of optical activity might be
different in Au than in Ag. Also, CD spectra of Ag and Au
equivalent compounds are not similar among they, despite that
their optical properties do. Furthermore, it is found that small
Hcom differences between Au and Ag result in large differ-
ences in CD intensities and line shapes. Additionally, both
top-vertex cases show the same Hcom, but the CD spectrum of
Au is about five times more intense than the one of Ag.
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Fig. 8 CD spectra of top and bridge Au (Ag) compounds are shown
in red (blue) line. While straight line refers to CD for Au55−SCH3
(Ag55−SCH3) compounds, doted line is CD from the respective Au
(Ag) isolated NC. For each case, Hcom and Hnc are included. Ag
CD spectra were discussed previously46.

These variations in CD line-shapes, intensities, and Hcom
values between similar Au and Ag compounds, give us some
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Fig. 7 Contributions to DOS in arbitrary units from core, edge, and vertex atoms are shown in green, blue and yellow, respectively, while
contributions from S atom is in red. The contribution are slightly displaced to facilitate the comparison. Results for Au (top row) and Ag
(bottom row) compounds of low-energy top and bridge cases. Fermi level is at 0 eV.

insights into the origin of the optical activity as a function
of the metallic component of the NP. We previously found
that in Ag systems the metallic part remains very symmetric,
such that optical activity depends on the symmetry breaking
given by the adsorption site and orientation of the molecule.46

The adsorption site determines the line-shape and magnitude,
while the molecule orientation tunes the intensitymaxima and
minima. However, the mechanism for Au systems looks quite
different. To elucidate this mechanism, we calculate CD spec-
tra and the Hausdorff chirality measure for only the metal-
lic part or HNP. In Figure 8 these spectra are shown dotted
lines also in red and blue for Au and Ag NPs, respectively.
As expected, Ag NPs exhibit null chiroptical signals corre-
sponding to achiral atomic arrangements in agreement with
the very small computed HNP values. An opposite behavior
is observed in Au compounds, now CD intensities with and
without molecule are of the same order of magnitude. This
means that the metallic part of Au compounds is mainly re-
sponsible of optical activity of the whole compound. This is
in agreement with the large HNP values for Au. Therefore, it is
found that initial achiral Au NPs become chiral after molecule
adsorption due to an atomic distortion of the NP, and their
chiroptical signals are very similar to the whole compound.
Despite HNP values are smaller than Hcom in Au compounds,
the CD intensity and line shape is practically defined by the
chirality induced on the metallic NP. Unlike Ag compounds,
whose optical activity is defined by the absence of a common
symmetry plane between the NP and molecule.46

To gain a better understanding in the CD line shapes,
we can look again at the computed DOS of top and bridge
Au55−SCH3 and Ag55−SCH3 cases. As we mentioned above,
chiral and achiral isomers of a given case exhibit the same
DOS, but different cases have different electronic distribu-
tion. DOS of Au and Ag systems in Figure 7 show strong

electronic distortion, which is associated to the adsorption
of the molecule. For instance, top cases have S electronic
states that are more energetically localized than those found
in bridge cases. In top cases, occupied S states are located
above −1.0 eV, and the DOS discrete peak structure of Ag
atoms in the bare NP is partly lost, while states below such
energies remain quite unperturbed. On the other hand, bridge
cases show a wider energy region around −1.7 eV where S
occupied states are present. Notice that the Au−S interaction
is different to that found in Ag, because it induces an atomic
distortion in the metallic NP, so that it breaks notably the large
degeneration of both occupied and unoccupied states, modify-
ing the chiroptical response of both Au and Ag NPs.

4 Conclusion

The metallic influence on the atomic structure and optical ac-
tivity was studied for Au and Ag icosahedral NPs, Ag55 and
Au55, before and after the adsorption of a SCH3 molecule.
Different adsorption sites were considered, as well as different
molecule orientations respect to the NPs. Molecule adsorp-
tion is favored in both metals when the molecule is bond to
two metal atoms forming a bridge. Low-energy metal-thiolate
NPs show different atomic structure depending on the atomic
specie. For instance, Ag NPs are minimally reshaped while
Au NPs are more susceptible to be distorted due to the sulfur
interaction. Thus, low-energy Au NPs become chiral just by
the adsorption of a single SCH3 molecule, while Ag NPs can
be chiral or no depending on the molecule adsorption site and
orientation. By comparing energies in both types of NPs, it is
found that adsorption of the thiol group is favored up to 30%
on Au rather than on Ag. Optical absorption spectra of bare
metallic NPs are quite similar. The optical response is domi-
nated by the high degeneracy of the electronic states, particu-
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larly at low energies, while at larger energies some difference
are found because relativistic effects more present in Au than
in Ag NPs. Such effects are also responsible of the preference
to adsorb the molecule in Au than in Ag. The optical response
of NPs-molecule equivalent compounds are also quite simi-
lar for Ag and Au. In contrast, circular dichroism spectra are
more sensitive to configurational changes, such as the adsorp-
tion site, molecule orientation, and distortion of the metallic
NP.

An outstanding conclusion is that optical activity of Ag
and Au compounds are due to different mechanisms. While
CD spectra of Ag compounds arise from the off alignment
between the symmetry planes of the Ag NP and the one of
the SCH3 molecule;46 for Au compounds CD is mainly de-
fined by the emerging chirality of the metallic part. Addi-
tionally, CD intensities of equivalent compounds are larger in
Au than in Ag. This particular mechanism associated to Au
compounds is in good agreement with theoretical other predic-
tions,19 and recent experimental results,33 where using achiral
ligands it was found that the influence of the ligand on the chi-
roptical spectra is minor. Hence, they observed strong struc-
tural contributions to CD spectra from Au compounds rather
than chirality associated to ligands.

We anticipate that these two different mechanisms that give
origin to optical activity can be employed for different applica-
tions. For example, large intensities can be achieved by using
Au NPs and the line-shape is determined by the atomic distor-
tion of the NP. On the other hand, Ag NPs can be more useful
to control chiroptical signals from chiral ligands because the
its atomic arrangement is unchanged, providing more infor-
mation about the ligands. Additional studies about the rela-
tionship between optical activity of the metallic NP-molecule
compounds in terms of NPs and number of ligands will con-
tribute to understand the importance of each mechanism. It is
expected that this work motivates to develop new experiments
for improving control on the structural and optical properties
of ligand-protected nobel metal NPs.
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Fig. 9 Graphical abstract. Circular Dichroism spectra of gold and silver nanoparticles with one SCH3 adsorbed molecule.
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