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ABSTRACT: We introduce individual component maps of
rotatory strength (ICM-RS) and rotatory strength density
(RSD) plots as analysis tools of chiro-optical linear response
spectra deriving from time-dependent density functional
theory (TDDFT) simulations. ICM-RS and RSD allow one
to visualize the origin of chiro-optical response in momentum
or real space, including signed contributions and therefore
highlighting cancellation terms that are ubiquitous in chirality
phenomena, and should be especially useful in analyzing the
spectra of complex systems. As test cases, we use ICM-RS and
RSD to analyze circular dichroism spectra of selected (Ag−
Au)30(SR)18 monolayer-protected metal nanoclusters, showing the potential of the proposed tools to derive insight and
understanding, and eventually rational design, in chiro-optical studies of complex systems.

■ INTRODUCTION

Nanometer-scale, monolayer-protected metal clusters (MPCs)
constitute a class of compounds of intrinsic fundamental
interest and with momentum applications, e.g., in chiro-
optoelectronics and biosensing, and have so attracted rapidly
increasing attention over the past 20 years.1−3 In particular,
thiolate-protected gold nanoclusters with well-defined
Aux(SR)y stoichiometry and X-ray resolved crystal structure,
sometimes called “gold nanomolecules”,4 combining features
of gold nanoclusters and molecular compounds, have emerged
as very interesting MPCs in both basic and applied studies, due
to the possibility of achieving a high-level and thorough
characterization of these systems using the rich palette of
experimental and theoretical techniques available for stoichio-
metric and structurally resolved compounds.2,5−7 However,
despite the great interest raised and the considerable efforts
devoted to the investigation of their properties, the origin of
their distinct chiro-optical response still presents questions to
be clarified and unresolved issues, therefore hindering a
systematic rational design of optimal systems. A variety of
interactions and an interplay of different physical phenomena
(at the electronic level: preplasmonic features, many-body
effects, resonances, conjugation, combined with structural

floppiness) in fact determine the chiro-optical landscape of
gold nanomolecules.8 On one hand, this makes these systems
interesting as realistic prototypes of nanostructured metals and
in general of complex systems. On the other hand, this hinders a
facile interpretation of their response, in the same way as it
occurs for less characterized metal nanoparticles. Analysis tools
that allow one to model and master in a simplified way the
origin and basic features of the chiro-optical properties of these
and other complex (multicomponent) systems are strongly
needed to advance rational design in this field.
In this perspective, theoretical approaches, such as time-

dependent density functional theory (TDDFT), can play a
fundamental role, due to the possibility of disentangling and
dissecting, via in-depth analysis, the basic interactions in these
complex, multicomponent, and multifunctional systems.
TDDFT analysis tools proposed so far have more often
focused on the analysis of absorption spectra,9−11 while fewer
efforts have been dedicated to circular dichroism (CD)
spectra,12−14 despite their importance in bio- and/or interfacial
systems.15 This is due to the difficulty in deriving structure/
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property relationships in the chirality field. Chiro-optical
activity is in fact intrinsically more complex than absorption.16

First, chiro-optical activity has a bisignate nature (as opposed to
the monosignate nature of absorption), often leading to
cancellation between, e.g., response along different polarization
axes (in experiment, the rotational average of the response is
usually measured, not individual components). Second, the
calculated optical rotation, especially at low energy, can be
determined by the sum of very many (hundreds) off-resonance
excitations,16 not just a few dominant contributions, and this
feature, as will be seen in the following, is exacerbated in
complex systems. In the literature, one avenue has been to
simplify the system’s electronic structure by resorting to
approximate but more readily interpretable approaches such as
Hückel theory and to predict CD activity via an analysis of the
corresponding matrix elements, with satisfactory success for
the π-system of simple conjugated molecules.16 More
sophisticated approaches have derived the decomposition of
optical rotation tensor in terms of localized molecular orbital
(MO) contributions, such as bonds and lone pairs.17,18 This
real-space fragment analysis has allowed the rationalization of
several difficult cases, such as the exceptionally large optical
rotation of sterically hindered organic species (as in the
example of norbornenone17). Other advanced approaches have
focused on the decomposition of optical activity in terms of
sum-overstates19 or linear-response20 formalisms and are
closely related to the present proposal, from which they differ
basically by limiting the analysis to few states or orbitals
whichas we will see in the followingis somewhat
restrictive in complex systems: in Section 2 we will discuss
in more detail the comparison among our and these previous
approaches.
To make progress in the direction of a deeper understanding

and rational design of chiral phenomena, here we present and
discuss two complementary tools to analyze chiro-optical linear
response spectra derived from TDDFT simulations. One tool,
which we name individual component map of rotatory strength
(ICM-RS), follows the lines of and deepens the connection
between response property and single-particle excitations in
the density-matrix form of linear-response self-consistent
theory9,10,20 and allows one to visualize the main source of
chiro-optical response in the space of occupied/virtual
excitations, i.e., in momentum space. A second tool, rotatory
strength density (RSD) plots, allows one to visualize the
distribution of chiro-optical response in real space, thus
lending itself to further (e.g., real-space fragment) anal-
ysis.16−21 ICM-RS and RSD allow one to identify both the
single-particle-excitation nature of the excited state and also to
take into account the contribution of the dipole matrix
elements (ICM-RS) or the atomic/molecular components
(RSD) to the rotatory strength, with special emphasis on their
signs (e.g., the relative signs of magnetic dipole vs electric-
dipole-induced density-matrix elements in ICM-RS), therefore
visualizing and immediately singling out cancellation terms due
to interference between dipole and density-matrix components
which are ubiquitous in chiro-optical response.14,16−20

As test cases of the proposed approach, we take selected
(Ag−Au)30(SR)18 MPC monolayer-protected clusters, which
exhibit a phenomenology that is rich and general enough to
demonstrate the usefulness and potential of our approach in
chiro-optical studies of complex systems.
The article is organized as follows. In Section 2 we describe

the foundations of the approach and provide computational

details. In Section 3 we present results of the ICM-RS and
RSD analysis on the selected test systems and try to derive
elements of general significance. Conclusions and perspectives
are drawn in Section 4.

2. THEORETICAL APPROACH
DFT single-point and geometry relaxations were performed
using the CP2K package22 which is based on a hybrid
Gaussian/Plane-Wave scheme (GPW).23 Pseudopotentials
derived by Goedecker, Teter, and Hutter (GTH)24 were
chosen to describe the core electrons and DZVP basis sets25 to
represent the DFT Kohn−Sham orbitals. The semiempirical
Grimme-D3 correction26 was added to the Perdew−Burke−
Ernzerhof (PBE)27 exchange and correlation (xc-) functional
to take into account dispersion interactions. The cutoff for the
auxiliary plane-wave representation of the density was 300 Ry.
As test cases to demonstrate the potentiality of the ICM-RS

and RSD analysis we considered (Ag−Au)30(SR)18 MPC
nanoclusters. In detail, we took the experimental X-ray-solved
geometry of Au30(S

tBu)18
28 as a starting point, replaced the

StBu ligands with SCH3 for computational reasons, considered
both pure Au30(SCH3)18 and selected derivative (Ag−
Au)30(SCH3)18 compounds obtained by replacing some of
the Au atoms with Ag atoms (see Section 3), and finally
performed full geometry relaxations using the CP2K package
to determine the equilibrium structures.
On the thus derived geometries, TDDFT simulations of

both absorption and CD spectra were performed using the
complex-polarizability TDDFT method implemented in the
ADF package29 and described in detail in previous
articles,30−33 to which we refer for more information and
thorough comparison and validation with standard TDDFT
approaches. The LB9434 xc-functional was employed in the KS
equations, while the exchange-correlation kernel in the
TDDFT part is approximated according to the adiabatic
local density approximation (ALDA).35 A basis set of Slater
type orbitals (STOs) included in the ADF database of triple-ζ
polarized (TZP) quality was employed, which has proven to
provide fully converged results.32 The zero-order regular
approximation (ZORA)36 was employed to include relativistic
effects, which are important for heavy elements such as gold.
As anticipated in the Introduction, in the present work we

introduce two analysis tools to understand the nature of the
chiro-optical peaks: the individual component maps of rotatory
strength (ICM-RS) and rotatory strength density (RSD) plots.
The ICM-RS plots are obtained as follows. The z-

component of the rotatory strength at each given frequency
(energy) can be calculated as the imaginary part of the zz
diagonal element of the circular dichroic tensor (the quantity
denoted as βzz(ω) in eqs 23 and 25 of ref 33)
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where in the first equality of eq 1 ε corresponds to a
Lorentzian energy broadening; Pi

a[μz] is a density-matrix
element due to the perturbation induced by the z-component
of the electric dipole; and ⟨φi|mz|φa⟩ is a matrix element of the
magnetic dipole over a pair of occupied/virtual single-particle
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molecular orbitals. Pi
a[μz] in our approach is obtained via eq

24 of ref 33, which we report here for sake of completeness:
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All the terms contained in eq 1a are defined and explained in
ref 33. Completely analogous expressions hold for the x- and y-
components of CD(ω). In the rightmost side of eq 1 an
alternative, equivalent form of the rotatory strength CD(ω) is
also reported, expressed in terms of density-matrix elements
due to the perturbation induced by the z-component of the
magnetic dipole, Pi ̅a[mz], and matrix elements of the electric
dipole ⟨φi|μz|φa⟩, following eqs 25 and 26 of ref 33, which we
report here for sake of completeness:
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All the terms contained in eq 1b are defined and explained in
ref 33. We report this alternative, equivalent expression for
completeness and for future reference (see the analogous eqs 7
and 8 of ref 20), while using in practice in the present work
exclusively the form given in terms of Pi

a[μz] and ⟨φi|mz|φa⟩,
which is repeated explicitly for the convenience of the reader in
Section 3.1.
We pause here to discuss the dependence of eq 1 with

respect to the choice of the gauge (orientation and origin of
the reference system). ICM-RSs depend upon the orientation
of the system since they are calculated along the three
Cartesian x, y, z components. This dependence can be useful
when the system displays some symmetry, in which case it will
be possible to associate each dipole component with a well-
defined irreducible representation of the excited state
(assuming a totally symmetric ground state). When the system
has no symmetry, the choice of axes is arbitrary, but the
molecular orientation must be specified in order to exploit the
information from the ICM-RS analysis and is here reported in
Figure 1. Indeed, it should be recalled that many studies have
shown that the isotropic average of optical rotation is small in

many systems because of the cancellation of Cartesian
components with opposite signs and that a large isotropic
value is often associated with a strong imbalance of positive
and negative components. The dependence upon the choice of
the origin of the refence system is more subtle. ICM-RS
intrinsically exhibits the same behavior with the choice of the
origin as the values of the rotatory strength (RS) obtained by
TDDFT.37 The RS is not origin-dependent when the electric
dipole matrix elements are calculated in velocity gauge, but it is
origin-dependent for other choices of the gauge, and the
sensitivity with respect to this choice depends on the quality of
the basis set. In the present work we employ the same basis set
as in ref 33 in which thorough tests have shown that results
obtained in the velocity gauge and the electric dipole gauge are
in excellent agreement, confirming the good quality of the
chosen basis set and therefore the independence of the results
with respect to the origin.
ICM-RSs can be plotted either in 2D as contours or in 3D in

full scale and are plotted as a function of the energies of the
molecular orbitals corresponding to the i and a indexes of eq 1,
while the Z-axis in the 3D plots corresponds to the ICM-RS
values. In the ICM-RS plots reported in Section 3, a color scale
is used to visualize different values of the ⟨φi|mz|φa⟩Pi

a[μz]

products. We finally note that each ⟨φi|mz|φa⟩Pi
a[μz] product,

corresponding to a point in the XY plane, is smoothed by
broadening with a Gaussian function with fwhm = 0.12 eV,
thus turning a set of delta-like points into a smooth surface.
The width of the Gaussian is a purely empirical parameter,
which we choose on the basis of graphical convenience. For a
precise identification, we use the notation ICM-RS(ω, x or y or
z): “x or y or z” denotes the Cartesian components of the
polarization axis, while ω is the excitation frequency (or
alternatively, the energy).
It should be noted that in a previous proposal, named

transition component mapping (TCM),10 the square of Pi
a[μz]

quantities as a function of the one-electron or single-particle
energies εi and εa were plotted, with individual contributions
smeared by a Gaussian function to make them visually clearer
as we do here. However, TCM is more focused on a
description of the excited state than being suited to rationalize

Figure 1. Pictorial illustration of the structure of the Au30(SCH3)18 nanocluster. Au in yellow, S in red, C in gray, and H in white color. The axis
system is also shown, with the z axis perpendicular to the plane of the figure.
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the mechanisms which are behind absorption or circular
dichroism spectra. In fact in TCM (i) the contribution of the
matrix elements of the dipole to the absorption or rotatory
strength intensity and thus also (ii) the relative sign of dipole
and induced-density-matrix elements of the individual single-
particle excitations are lost. In other words, the information on
the coherence or interference between the distortion in the
system’s wave function due to the external perturbation and
the value of the property is lost. These drawbacks are
overcome in ICM-RS by deriving appropriate formulas for
rotatory strength in eq 1 and by plotting not simply the square
of density-matrix elements but rather the products ⟨φi|
mz|φa⟩Pi

a[μz], i.e., the full individual single-particle contribu-
tions as functions of the one-electron or single-particle energies
εi and εa: thus, the proposed name of individual component
maps of rotatory strength (ICM-RS). The resulting plots are
suited for analyzing chiro-optical response and, by including
both density-matrix and dipole contributions, allow one to
single out and quantitatively assess within this response its
positive and negative components, which lead to enhancement
or damping of rotatory strength, respectively. It must be
stressed that the total rotatory strength intensity at each given
energy or frequency ω is proportional to the integral of the
ICM-RS(ω, x or y or z) over the (εi,εa) plane, so that negative
and positive contributions destructively interfere and cancel
each other. Indeed, the rotatory strength, CD(ω), is from a
mathematical point of view the scalar product, i.e., the integral
over the (εi,εa) plane, of density-matrix, and magnetic dipole
operators. Useful plots complementary to ICM-RS are thus
plots in the (εi,εa) plane of the contribution of the individual
components of the electric dipole (ED) and magnetic dipole
(MD) operators, i.e., ICM-ED[μx,y,z] and ICM-MD[mx,y,z]
plots, respectively, which will be reported in the SI for the
reader’s convenience.
In the literature, formulas for the rotatory strength lending

themselves to analyses alternative to eq 1 have been derived. In
particular, in ref 17 optical rotation has been given in terms of
a sum over occupied orbitals of matrix elements involving
derivatives of such orbitals with respect to perturbing electric
and magnetic fields, thus leadingafter a transformation
conveniently producing localized occupied orbitalsto a
decomposition of optical rotation in terms of bond and lone-
pair components. This formulation can be seen as being related
to eq 1 by summing over virtual orbitals. This real-space
analysis has allowed the rationalization of several difficult cases,
such as the exceptionally large optical rotation of norborne-
none in ref 17. The merit of this approach is a direct
representation of optical rotation in real space and in terms of
localized molecular orbitals which are ultimately connected
with molecular fragments. The drawback is that some
information is lost in this approach, e.g., when excitations
coupling the same occupied orbitals with different virtual
orbitals are important in determining CD spectra as will be
specifically found in one of the examples investigated below.
Another approach based on a sum-overstates analysis has been
proposed in ref 19 and has later been complemented by a
linear-response analysis20 that is closely related to the present
proposal. Our eq 1 is in fact equivalent to eqs 6, 7, and 8 of ref
20 (with the difference that we keep the 3 Cartesian
components separated), andanalogously to the present
ICM-RS proposalplots of individual contributions have
also been utilized as graphical analysis tools of TDDFT

simulations (see, e.g., Figure 1 of ref 20). Our approach differs
from this previous proposal because in ICM-RS plots we use
the pristine (εi, εa) plane, and we do not attempt to order
contributions in terms of their weight with the final aim of
reducing optical rotation to only a few states or orbital
contributions. We find in fact that this is restrictive in complex
systems such as MPC and may lead us to miss important
information, such as the competition between different regions
of the (εi, εa) plane discussed at length in Section 3: this is
already crucial in small MPC species such as those investigated
here and should become even more extreme when the number
of excitations contributing to the response diverges, e.g., in the
case that a plasmonic collective behavior arises. As a crucial
point, it should be recalled that a sum-overstates analysis has
shown thatdespite its unusual featuresthe optical rotation
of norbornenone is in fact dominated by only the first term in
the sum (its first excited state),19 a simplification which is
reasonable in small molecules but does not hold in complex
systems such as MPC,38 as we will specifically see in the
following.
We also note that, while ICM-RS analysis deals with chiro-

optical response, a parallel analysis can be analogously
conducted for optical absorption (the other component of
linear response), as done in previous work,38 in which we have
introduced individual component maps of oscillatory strength
(ICM-OS) plots and employed them to analyze and rationalize
optical absorption spectra of (Ag−Au)36(SPh)24 nanomole-
cules. ICM-OS plots for the investigated systems will also be
reported in Section 3 for completeness. We have also explored
the possibility of combining ICM-OS and ICM-RS plots to
visualize the ratio of CD and absorption, which provides a
different normalization of chiro-optical response potentially
useful in some cases. This possibility is not reported here as it
did not produce particularly illuminating results in the present
context but will be considered in future work.
The second analysis tool we introduce in the present work

to understand the nature of the chiro-optical peaks is the
rotatory strength density (RSD) plot. To this aim, we use an
alternative expression for the z-component of the rotatory
strength at each given frequency (energy), i.e.
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where in the first equality of eq 2 the product of the induced
density due to the magnetic dipole perturbation, ρmz

(1)(ω,r)̅,
times the electric dipole is integrated over the space to give the
CD. As in the case of eq 1, expressions completely analogous
to eq 2 hold for the x- and y-components of CD(ω). This
definition lends itself to an immediate visualization in real
space by plotting the Re(z·ρmz

(1)(ω,r)̅) quantity as, e.g., 3D
contours: we name such plots as RSD plots. For a precise
identification, we use the notation RSD(ω, x or y or z): “x or y
or z” denotes the Cartesian components of the polarization
axis, while ω is the excitation frequency (or alternatively, the
energy).
In the rightmost side of eq 2 we also provide an alternative

expression of CD(ω) in terms of the electric dipole
perturbation. At variance with eq 1 which can be
straightforwardly used in both equivalent symmetric formula-
tions to produce ICM-RS plots, this alternative CD definition
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is less convenient to be employed in practice since the
magnetic dipole operator is not a simple multiplicative
operator, at variance with the electric dipole. In eq 2 we in
fact introduce a generalized density matrix, in which, following
eq 5.2.5 of ref 9, r′̅ = r ̅ is set af ter the operator has acted on the
density but before integration. We report this alternative
expression for completeness and for future reference, while
using in practice in the present work exclusively in the form
given in terms of ρmz

(1)(ω,r)̅, which is repeated explicitly for the
convenience of the reader in Section 3.1.
Note that we try to present formulas as general as possible

because one of the goals of the present work is to introduce a
comprehensive setup that can be used to study systems for
which alternative formulations or quantities may be more
useful and informative than for the systems here investigated.

3. RESULTS AND DISCUSSION

The MPC system we choose as a test case of our analysis is
Au30(SR)18 and selected Ag-alloyed derivatives. Au30(SR)18
MPC compound has been synthesized experimentally; its
crystal structure has been solved; and it has been subjected to
extensive experimental and theoretical investigations (see refs
21, 28, 39, 40, and references therein). Figure 1 reports a
pictorial illustration of the framework structure of Au30(SR)18
nanoclusters, R = CH3, while Figure 2 reports the optical
absorption and circular dichroism (CD) spectra of the (Ag−
Au)30(SR)18 nanoclusters here investigated as predicted by our
DFT/TDDFT approach (see Section 2 for computational
details). Note that, here and in the following, we use the
common practice of reporting absorption spectra as a function
of wavelength (measured in nm) and CD spectra as a function
of excitation energy (given in eV): the conversion between the
two energy units is immediate and should not give rise to
ambiguity.
The framework structure of Au30(SR)18 does not exhibit any

symmetry plane and is therefore intrinsically chiral, but an
(approximate) C2 axis of symmetry is present, so that Au
atoms are equivalent in pairs (for convenience of the reader,
only symmetry-nonequivalent atoms are depicted and
numbered in Figure S1 of the SI). It should be added that
the structure of Au30(SR)18 is not only chiral but also belongs
to the class of anisotropic MPC discussed in ref 41; i.e., it
presents a significantly different response along the three
Cartesian directions (see, e.g., ref 16 for a previous discussion
of non-MPC systems). We therefore report CD spectra
distinguished into Cartesian components of the polarization

axis in Figure S2 of the Supporting Information (SI), and in
the following we focus on selected Cartesian components of
each systems.
As apparent from Figure 2b, the rotatory strength of

Au30(SR)18 is significant, but only above 2 eV (up to 600 nm).
In order to have, for the sake of our analysis, a wider range of
excitation energies and a wider set of test cases with a
comparison among different but closely related systems, we
chose to consider derivatives of Au30(SR)18 obtained via
alloying with Ag, i.e., (Ag−Au)30(SR)18 nanoclusters. Mixed
Ag−Au MPCs have been intensively studied in the literature in
terms of UV−vis absorption spectra42−45 (although (Ag−
Au)30(SR)18 mixed systems have not yet been experimentally
synthesized), and here we extend this line of studies to explore
the effect of alloying on CD spectra.46 As we will see in the
following, the chiro-optical properties of the mixed (Ag−
Au)30(SR)18 MPC are interesting and present an enhanced
chiro-optical response, which make these systems appealing in
terms of both fundamental studies and applications.
To select which (Ag−Au)30(SR)18 compositions and

structures to investigate among the many possible ones, we
performed a preliminary energy analysis. In detail, the
energetics of single Ag doping into Au30(SR)18 according to
our DFT approach (all structures DFT-optimized as described
in Section 2) is reported in Table S1 and Figure S1 of the SI
and show that the cluster sites can be partitioned into 5 groups
as follows: (i) two sites in which Ag doping is optimally
favorable (associated with the nonequivalent [12] site in Table
S1 and Figure S1 of the SI), (ii) a set of 14 sites in which
doping is less favorable by 5−8 kBT at room temperature (the
[4,6,8,10,13,14,15] sites in Table S1 and Figure S1), (iii)
another two sites higher in energy at 9.5 kBT (the [7] site),
(iv) a set of 10 sites (including most staple sites) still higher in
energy at 12−14 kBT (the [1,2,3,5,9] sites), and finally (v) two
(staple) sites energetically most unfavorable at 19 kBT (the
[11] site). Since energy differences of the first two groups of
sites (i,ii) are a few times the thermal energy at room
temperature, it is possible that in a real experiment a mixture of
the energetically most stable and the second most stable sites
will be produced (unless the system is equilibrated for a long
time). We thus expect that the two lowest-energy sites (i) and
possibly the next 14 doping sites (ii) will be appreciably
populated under standard conditions, and we thus select three
compounds for our analysis: Au30(SR)18, Ag2Au28(SR)18, and
Ag16Au14(SR)18 nanoclusters, where Ag2Au28(SR)18 and
Ag16Au14(SR)18 are obtained by replacing Au with Ag in the
two most stable doping sites of Au30(SR)18 [Ag2Au28(SR)18] or

Figure 2. Optical absorption (left) and circular dichroism, CD (right), spectra of Au30(SR)18, Ag2Au28(SR)18, and Ag16Au14(SR)18 nanoclusters as
predicted by our DFT/TDDFT approach. Oscillator strengths and rotatory strengths are reported for absorption and CD, respectively.
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in the 16 most stable doping sites of Au30(SR)18
[Ag16Au14(SR)18].
For the thus selected compounds, Au30(SCH3)18,

Ag2Au28(SCH3)18, and Ag16Au14(SCH3)18, optical absorption
and CD spectra were simulated and are reported in Figure 2.
The Au30(SR)18 nanocluster has been named “green gold”
because it exhibits an absorption peak around 600 nm, which
gives it a characteristic green color and is well reproduced by
our TDDFT approach (see also Figure 2a in ref 28 and the
related discussion). Doping with 2 and especially with 16 Ag
atoms leads to a strong enhancement of absorption intensity in
the low-energy optical region, with a well-defined peak
developing at around 1.59 eV (780 nm) for Ag16Au14(SCH3)18.
In parallel, the rotatory strength of the Au30(SR)18 nanocluster,
which exhibits strong peaks at 2.58 and 3.02 eV (480 and 410
nm, respectively), is also enhanced and shifted at lower
energies by Ag doping, so that Ag16Au14(SCH3)18 finally
exhibits a CD spectrum with intense broad CD peaks all across
the optical region: at 2.50−2.85, 1.95−2.25, and 1.55 eV
(435−495, 550−640, and 800 nm, respectively). (Ag−
Au)30(SR)18 MPC therefore presents a rich and interesting
phenomenology in both the high- and low-energy optical
region which lends itself to and actually asks for a deeper

analysis and understanding. These systems are therefore
suitable as test cases of our approach.

3.1. ICM-RS and RSD Plots. We start with an ICM-RS
analysis of the chiro-optical spectrum of Au30(SCH3)18,
Ag2Au28(SCH3)18, and Ag16Au14(SCH3)18 MPC. As discussed
in Section 2, to obtain ICM-RS plots we use the definition of
the rotatory strength, CD(ω), based on the product of electric-
dipole-induced density-matrix and matrix elements of the
magnetic dipole:

i
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jjjjjj
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zzzzzzm PCD ( )
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2

Rez
i a

i z a i
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z

occ virt

∑ ∑ω ε ϕ ϕ μ= − ⟨ | | ⟩ [ ]
(3)

where, as introduced in Section 2, Pi
a[μz] is a density-matrix

element due to the perturbation induced by the z-component
of the electric dipole, and ⟨φi|mz|φa⟩ is a matrix element of the
magnetic dipole over a pair of occupied/virtual single-particle
molecular orbitals.
In Figure 3 we report 3-dimensional (3D) and 2-dimen-

sional (2D) ICM-RS(ω, x or y or z) plots obtained from CD
spectra predicted at 1.55, 1.65, and 3.05 eV for the (Ag−
Au)30(SR)18 clusters here investigated and selected Cartesian
components. We have chosen the data to be reported so as to

Figure 3. 2D (contour, upper panels of each given system and excitation energy) and 3D (full scale, lower panels of each given system and
excitation energy) ICM-RS(ω, x or y or z) plots along various polarization axes (as indicated) and at 3 different excitation energies (1.55 eV, left,
1.65 eV, middle, and 3.05 eV, right) for the Au30(SR)18, Ag2Au28(SR)18, and Ag16Au14(SR)18 nanoclusters derived from our TDDFT calculations.

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.8b00250
J. Chem. Theory Comput. 2018, 14, 3703−3714

3708

6

http://dx.doi.org/10.1021/acs.jctc.8b00250


single out the most interesting and representative cases: not all
Cartesian components of the polarization axis are reported, but
only those components whose contribution is dominant/
representative of the overall chiro-optical response and
physical behavior of the investigated systems (complete
ICM-RS(ω, x or y or z) plots can be found in Figure S3 of
the SI).
From an inspection of Figures 2b, 3, and S2 several

observations are apparent.
First, at 1.55 eV Au30(SR)18 exhibits a weak CD rotatory

strength because its chiro-optical activity is only incipient at
this energy, and additionally, there is a compensation between
x- and y-components of the polarization axis. In contrast, for
Ag16Au14(SR)18 the x-component of the polarization axis is
clearly dominant (although also in this system there is some
compensation between the x-component on one side and the
z- and y-components on the opposite side). Analyzing the x-
component of Ag16Au14(SR)18 in detail, its ICM-RS plot in
Figure 3 shows two major peaks (the red positive peaks
towering the 3D plot) which correspond to single-particle
excitations involving an occupied orbital with orbital energy of
−8.76 eV and two virtual orbitals with orbital energies of
−6.80 eV and −7.28 eV, respectively. To visualize these
excitations in real space, Figure 4 shows contour plots of the
involved occupied and virtual orbitals.
Second, it is interesting to note that, even at 1.55 eV at

which the x-component of Ag16Au14(SR)18 exhibits a

maximum in rotatory strength, there are significant negative
contributions in the x-component ICM-RS plots, in particular
contributions essentially corresponding to the off-diagonal
upper part of the (εi, εa) plane. Such contributions extend over
a significant portion of this plane, in tune with previous
observations that the calculated optical rotation is often
determined by the sum of hundreds of single-particle excitation
contributions16 and realizes a progress in understanding by
qualifying (signs) and quantifying (values) which regions of the
(εi, εa) plane contribute to the overall response (see also the
discussion below).
To confirm this cancellation phenomenon, we resort to an

RSD analysis. As discussed in Section 2, to obtain RSD plots
we use the definition of the rotatory strength CD(ω) based on
the product of the induced density due to the magnetic dipole
perturbation, ρmz

(1)(ω,r)̅, times the electric dipole

( )r z rCD ( )
3
2

Re d ( , )z m
(1)

z
∫ω ε ρ ω= − ̅· · ̅ (4)

and we plot the z·ρmz

(1)(ω,r)̅ quantity as 3D contours in Figure
5.
The presence of significant negative contributions to CD is

fully confirmed by this RSD plot: the x-axis RSD plot of
Ag16Au14(SR)18 at 1.55 eV shown in Figure 5a presents a clear
alternation of positive and negative regions in real space,
entailing strong cancellation effects.

Figure 4. 3D contour plots of molecular orbitals of the Ag16Au14(SR)18 nanoclusters most involved in the CD response at 1.55−1.65 eV as derived
from our DFT calculations: (a) occupied orbital with energy of −8.76 eV; (b) virtual orbital with energy of −7.28 eV; (c) virtual orbital with
energy of −7.00 eV; and (d) virtual orbital with energy of −6.80 eV. The isosurface values are 0.01 bohr−3/2.

Figure 5. RSD(ω, x) plots along the x-axis of polarization for the Ag16Au14(SR)18 nanocluster at two different excitation energies: (a) 1.55 eV, left,
and (b) 1.65 eV, right, as derived from our TDDFT calculations. The contour values are the same in both panels and are equal to 7 electron/bohr.3
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In general, for Ag16Au14(SR)18 we find that such cancellation
effects are important for dichroism, whereas they are less
important in absorption (as apparent from an inspection of
Figure 6 where we report selected ICM-OS plotsnote that
this finding is not general, and strong destructive interference
effects can occur also in absorption spectra38,47). Indeed in the
systems here considered we find that absorption and dichroism
have a significantly different behavior, as already suggested,
e.g., by the mismatch between the maximum in absorption
(≈770 nm = 1.61 eV) and the maximum in CD (≈800 nm =
1.55 eV) for Ag16Au14(SR)18. For a more detailed comparison
and for the sake of completeness we report in Figure 6 selected
ICM-OS(ω) plots for the same systems here investigated
corresponding to the ICM-RS(ω) plots of Figure 3.
Such a difference between absorption and dichroism

becomes a divergence for Ag16Au14(SR)18 at 1.65 eV (750
nm), at which energy absorption is only slightly below its peak
height at 1.61 eV, whereas the rotatory strength goes through
zero, both as average value and as x-component. It is then
instructive to compare in Figure 3 the x-component ICM-RS
plots of Ag16Au14(SR)18 at 1.55 and 1.65 eV (i.e., ICM-RS(ω,
x) plots at the energy of the maximum and the zero in CD,
respectively). An inspection of the top-left and top-middle
panels of Figure 3 shows that the zeroing in CD at 1.65 eV is
caused by the insurgence of a strong negative peak which

corresponds to a single-particle excitation from an occupied
orbital with orbital energy of −8.76 eV (the same involved in
the two major positive ICM-RS peaks) to a virtual orbital with
orbital energy of −7.00 eV. Notably, the contribution of this
single-particle excitation to CD is basically negligible at 1.55
eV, but it rapidly increases up to destroying the contribution of
the two other major excitations in one tenth of an eV. From an
inspection of the involved molecular orbitals in Figure 4 it can
be appreciated that the virtual orbital with energy of −7.00 eV
has a different spatial arrangement with respect to the virtual
orbitals with energy of −7.28 eV and −6.80 eV, which entails
an opposite “skewness” of the orbital wave function in real
space. This implies that the contribution of the (εi = −8.76 eV
→ εa = −7.00 eV) excitation to CD opposes the contribution
of the (εi = −8.76 eV → εa = −7.28 eV; εa = −6.80 eV)
excitations and, strongly increasing from 1.55 to 1.65 eV,
eventually cancels them, thus rationalizing the fast decay of CD
response.
The present analysis and the derived importance of

cancellation effects coming from excitations localized in the
same region of space suggest that the RSD analysis is less
informative than the ICM-RS one in the present case. Indeed
the comparison between RSD plots at 1.55 and 1.65 eV shown
in Figure 5 is useful as it confirms significant cancellation
effects in both cases and also suggests why there is a strong

Figure 6. 2D (contour, upper panels) and 3D (full scale, lower panels) ICM-OS plots along various Cartesian axes of the electric field (as
indicated) and at three different excitation energies (1.55 eV, left, 1.65 eV, middle, and 3.05 eV, right) for the Au30(SR)18, Ag2Au28(SR)18, and
Ag16Au14(SR)18 nanoclusters derived from our TDDFT calculations.
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decrease in the rotatory strength from 1.55 to 1.65 eV: note
the significantly reduced values of the RSD taken at the same
contour value from 1.55 to 1.65 eV. However, it is not easy to
translate in an immediate way what can be visually captured
from Figure 5 into a quantitative analysis of the evolution of
the CD response, whereas this is possible using ICM-RS plots.
An ICM-RS analysis of Ag2Au28(SR)18 between 1.55 and

1.65 eV presents a yet different scenario. Focusing on the x-
component, it can be seen that the rotatory strength of
Ag2Au28(SR)18 is weaker than that of Ag16Au14(SR)18 not only
because the intensity of the ICM-RS(ω, x) peaks is smaller
(attention should be paid to the different color scale of the
ICM-RS plots for the two MPC compounds) but also as a
result of a cancellation between contributions coming
symmetrically from the upper-right (positive) and lower-left
(negative) region of the ICM-RS plot. In other words,
contributions coming from deep-HOMO-n → LUMO
interfere destructively with contributions coming from
HOMO → high-LUMO+m.
Passing now to the high-energy optical region, at 3.05 eV the

ICM-RS plot along the x-polarization axis for the
Ag16Au14(SR)18 cluster (not shown) is qualitatively similar to
that at 1.65 eV with strong peaks canceling each other, but a
dichroic response along the y-axis has meanwhile significantly
developed and has become the largest component in the CD
spectrum. Analyzing in detail this new feature, one finds that
the y-axis ICM-RS(ω, y) in Figure 3 is dominated by two
major peaks, corresponding to excitations along the diagonal of
the (εi, εa) plane. These excitations are also present at 1.55 eV,
where they are in phase and give a negative contribution,
whereas they are still in phase but now both positive and, being
the only major peaks surviving at this energy, produce a
maximum also in the total (average) rotatory strength. Despite
the ICM-RS plots now look more simplified, it can still be
noted that negative contributions from long-range and off-
diagonal excitations are spread over the (εi, εa) plane and
damp the CD response.
Finally, an analysis of the ICM-RS plots for low-doping

Ag2Au28(SR)18 and Au30(SR)18 systems at 3.05 eV shows that
these plots are drastically different with respect to the plots at
low energy. Focusing on the x-component of Au30(SR)18,
which is the most intense, one finds a strong contribution of
the lower-diagonal regions of the (εi, εa) plane with some
cancellation with the upper-diagonal region. This is thus
drastically different with respect to the cancellation between
upper-right and lower-left regions at 1.65 eV and, in some
sense, is more similar to the ICM-RS plot of the
Ag16Au14(SR)18 system at 3.05 eV. Indeed, the lower-diagonal
peaks of Au30(SR)18 are more intense than the upper-diagonal
ones and build up a maximum in rotatory strength of height
comparable to that of Ag16Au14(SR)18.
To summarize the previous observations, we propose three

different scenarios for the CD response and its possible
damping due to cancellation effects, i.e.: (i) specific major
peaks associated with excitations from a given occupied orbital
to different virtual orbitals; (ii) off-diagonal upper vs lower
regions of the (εi, εa) plane in the ICM-RS plot; (iii) upper-
right vs lower-left regions of the (εi, εa) plane in the ICM-RS
plot. These scenarios may be of general significance and
provisionaly set the stage for a systematic analysis of MPC
chiro-optical spectra to be conducted in future work.
It is worth noting that the physics behind the first two

scenarios (i,ii) and the third scenario (iii) just outlined is

different. The cancellation due to interference between specific
peaks or upper/lower off-diagonal terms is in fact an outcome
of a coupling between configurations with different orbital
energy difference δε (with δε = εa − εi), e.g., from the same
given occupied orbital with energy εi tosaytwo virtual
orbitals with different energies εa and εa′ and, therefore,
different orbital energy difference δε = εa − εi and δε′ = εa′ −
εi. We expect this type of cancellation to be very sensitive to
the details of the Hamiltonian coupling between the
configurations and therefore in principle to be tunable by
doping or changing the nature of the ligand, such as can be
achieved, e.g., switching from thiolates to selenolates.47 These
first two scenarios therefore offer wide room and opportunities
to tune the chiro-optical properties of the systems by rational
design (as indeed found by considering the effects of doping in
the present work). On the opposite, a cancellation due to
interference between the upper-right and lower-left off-
diagonal terms occurs among configurations with similar
orbital energy difference, and this type of mixing may be
expected to survive even after the system is perturbatively
changed by doping or by changing the nature of the ligands, so
that in this case it will be more difficult to tune the chiro-
optical properties of the systems by a proper design of the
cluster.
Before turning to conclusions, it is useful to underline once

more an important point derived from the previous analysis,
i.e., that typically, over the entire optical region from low to
high energies, both absorption and CD spectra of the MPC
systems here investigated are not determined by a single,
dominant peak, but rather the chiro-optical response is spread
over a significant domain of the (εi, εa) plane, including long-
range off-diagonal tails.16 While deferring a systematic study of
MPC and other metal nanoclusters to future work, we
anticipate that this seems to represent a general feature of
the absorption and particularly the CD spectra of complex
systems. The fact that chiro-optical response cannot be simply
described in terms of one or few excitations justifies and
actually calls for the introduction of advanced analysis tools
such as ICM and RSD, which provide a synthetic and
potentially insightful overview of the main types of
contributions at play in the real or momentum space
determining chiro-optical phenomena.

4. CONCLUSIONS
We have introduced and exemplified the use of individual
component map of rotatory strength (ICM-RS) and rotatory
strength density (RSD) plots as analysis tools of TDDFT
simulations.
RSD and ICM-RS are two alternative tools to visualize

chiro-optical response either in real space or in the conjugate
space of molecular orbitals. In particular, ICM-RS analysis
follows the lines of and deepens the connection between chiro-
optical response and single-particle excitations in the density-
matrix form of linear-response self-consistent theory9,10,20 and
at the same time extends it (a) to include chiral activity and
(b) to keep track of sign factors due to alignment (coherence,
constructive interference) or opposition (destructive interfer-
ence) of dipole and density-matrix contributions of individual
occupied/virtual orbital pairs, i.e., of coherence or interference
between perturbation and property. We reported both 3D and
2D ICM-RS(ω, x or y or z) plots, associated with the density
of rotatory strength in the orbital space, and RSD(ω, x or y or
z) plots, associated with the density of rotatory strength in real
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space. The ICM-RS analysis corresponds to the analogue for
chiro-optical response of the recently introduced individual
component map of oscillatory strength (ICM-OS) plots for
absorption.38

(Ag−Au)30(SR)18 monolayer-protected bimetallic nano-
clusters were selected as test cases, and their chiro-optical
response was shown to present a rich phenomenology which is
both representative of the behavior of complex systems and in
which the coexistence of chiral and strongly anisotropic
behavior is appealing, e.g., for sensing and bioapplications, as it
can provide information on anisotropic biomolecules or on
systems in typically anisotropic arrangement such as
interacting with a surface. Indeed, it can be expected that for
applications of these systems in a bioenvironment (e.g., sensing
or as markers) all these features, strong absorption, anisotropic,
and chiral activity, will simultaneously be crucial in controlling
their functionality.
The phenomenology deriving from ICM-RS and RSD

analysis in the investigated test cases is complex but can be
summarized in terms of three key features.
The first general observation is the ubiquitous presence of

long-range off-diagonal terms16 in all ICM-RS(ω, x or y or z)
plots here investigated and their importance in shaping chiro-
optical response, producing enhancement or quenching in
rotatory strength. This therefore seems to be a distinctive
feature of the chiro-optical response of complex systems such
as metal nanoclusters or nanoparticles.
Considering that the final goal of an analysis of chiro-optical

MPC spectra is to ascertain the origin of response as a function
of core/staple structure and ligand chemistry, so as to be able
to orient the synthesis of new compounds and achieve a
rational design of optimal systems, in the present ICM-RS/
RSD analysis particular attention has then been paid to
cancellation effects, whose control is crucial to enhance or
damp chiro-optical response. Three scenarios have been
encountered and outlined above, which can be basically
reduced to two, according to whether destructive interference
and cancellation in chiro-optical response arise from regions of
the (εi, εa) occupied/virtual orbital plane corresponding to
similar or dissimilar excitation energies. It has been argued that
the latter case (cancellation arising from single-particle
excitations exhibiting dissimilar orbital energies) better lends
itself to rational design, as it should be more sensitive to the
details of Hamiltonian couplings and therefore could be
manipulated by substituting different metal elements as here
investigated (doping) or by changing the nature of the ligand,
e.g., switching from thiolates to selenolates.
It is useful to note in this respect a third key feature of the

present analysis, i.e., that linear response in eq 1 can be seen as
a scalar product between density-matrix and dipole-matrix
elements in the double space of occupied/virtual pairs. This
entails that the maximum achievable value of the response is
obtained when such vectors are optimally aligned (vice versa,
the minimum achievable value is obtained for orthogonal
operators), thus providing a mathematical basis for optimal
tuning.
In terms of perspectives, a natural development of the

present approach is to combine ICM-RS with other analytic
tools, such as the projection of TDDFT spectra onto
fragments, freely defined as chemical parts of the systems or
functional basis sets (e.g., s/p and d bands). This will allow us
to exploit the merits of both ICM-RS and previous real-space
fragment analysis tools16−20 including the recently introduced

variants of fragment projection developed for MPC systems.21

This should allow one to disentangle, within the class of
response enhancement phenomena, plasmonic vs molecular-
like contributions to both absorption48 and CD, where
plasmonics effects can be associated with both traditional
plasmons or with “re-birth” phenomena due to matching of
orbital levels and resonance conjugation21,49), or to single out,
within the class of response quenching phenomena, their
physical origin, such as d-screening. These perspectives are
currently under study in our laboratories.
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