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Abstract

We study the optical properties of the Ag,o(BDT),,(TPP), cluster, the geometry of which is available from experimental
structure determination, by means of Fourier-transformed induced densities from real-time (time evolution) calculations of
time-dependent density-functional theory. In particular, we demonstrate the influence of the ligands on the optical spectra
in the visible region and, even more, in the UV. A strong peak in the UV reminiscent of the spectrum of isolated benzene is
found to be caused by the phenyl rings of the TPP ligand molecules. Nonetheless, their absence in the modeling also impacts
the absorption in the visible region substantially. By contrast, the aromatic rings of the BDT ligands are more strongly coupled
to the silver core and loose the character of independent oscillators; they contribute a much less peaked UV absorption. Our

results underline the importance of properly accounting for the full ligands for precise and reliable modeling.

Keywords Silver clusters - Optical response - Monolayer-protected clusters - Ligand modeling - TDDFT

1 Introduction

The properties of noble-metal clusters are decisively differ-
ent from those of the respective bulk metals owing to the
confinement to very small sizes. Ranging from clusters of
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but a few atoms to nanoparticles of a few hundred nanom-
eters in diameter, their study is of great importance for the
understanding of fundamental questions concerning the
physics of nanostructured metals. Wet-chemically produced
monolayer-protected clusters play a particular role because
many of them are stabilized in particular geometries which
can be determined experimentally by X-ray crystallography.
In recent years, total structure determination of a large num-
ber of monolayer-protected clusters has been accomplished
[1, 2], which provides the basis for the advanced study of
their properties and, in particular, of structure-property
relations.

The efforts of synthesis and total structure determina-
tion of monolayer-protected clusters were initially directed
mostly at gold clusters due to the relatively high stability
against oxidation and to their biocompatibility in view of
applications like biomolecule labeling [3], inhibition of HIV
fusion [4], or growth inhibition of bacteria [5].

However, silver clusters are likewise interesting for appli-
cations in view of their bactericidal effects [6-8]. They were
likewise found to form ligand-protected “ultrastable” nano-
particles [9]. Recently, clusters of 29 silver atoms have been
reported by different groups to show special stability and
interesting optical properties [10—-13]. A water-soluble vari-
ant, stabilized with lipoate (LA) ligands and tentatively iden-
tified as Ag,yLA |, by analogy to the hydrophobic homolog
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Ag,o(BDT),,(TPP), (BDT: 1,3-benzenedithiol; TPP: triph-
enylphosphine) determined by AbdulHalim et al. [13] has
been demonstrated to show antibacterial and antifungal
activity [14, 15].

In addition, doping of these 29-atom silver clusters with
gold atoms was shown to increase their stability as well as
their photoluminescence quantum yield [16]. Calculations
of time-dependent density-functional theory (TDDFT) of
these gold-doped clusters have been published by Juarez-
Mosqueda et al. [17], focusing on the effect of the dopants
and analyzing states and optical transitions. However, it
appears that a detailed analysis of the pure Ag,o(BDT),,
(TPP), has not been published.

Our present work focuses on the structure-determined
cluster of Ref. [13], Ag,o(BDT),,(TPP),. In that publica-
tion, it is noted that the cluster in charge state —3 (three
additional electrons) corresponds to a super-atom complex
(SAC) [18] according to the electron counting rule, with an
electron count of n = 29 — 24 4+ 3 = §, thus corresponding to
a shell filling 15?|1P® and an expected large gap between the
1P and 1D SAC states. That article also contains a TDDFT
calculation for which the phenyl rings of the TPP ligands
were replaced by -H groups to save time, justified, according
to the authors, by the fact that they are not involved in the
frontier orbitals. However, no explicit test of the validity of
this procedure for the calculation of the spectra was shown.
This example points to a more general question: in most cal-
culations of larger monolayer-protected clusters, a truncation
of the ligands was necessary either for computational con-
venience or due to the absence of precise knowledge about
their geometry. However, the effect of these simplifications
has mostly not been carefully tested, leading, in some cases,
to erroneous interpretation of computational results, as we
have shown previously [19]. Some general indications for
the case of the Au;4,(SR)g, class of compounds have been
given by some of the present authors in Ref. [20] in view
of the fine structure in the optical absorption spectra of the
clusters [21].

In the present work, we present a systematic study of
the electronic structure and the optical response of Agy,g
(BDT),,(TPP), using, in particular, the analysis of the

o)

Fig. 1 Structure of the clusters used in the present work: (1) the full
structure as taken from the original publication by the Bakr group
[13]; (2) the same structure after replacement of the aromatic rings
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induced density from real-time TDDFT that some of the
present authors tested and discussed recently [22]. In addi-
tion, we investigate the effect of the reduction of the ligands,
comparing in detail the full structure, the structure with the
phenyl rings of the TPP ligands cut-off as used in Ref. [13],
and a minimal model where all ligands are replaced by H
saturation.

2 Models and methods

We started from the experimentally determined coordinates
of Ref. [13]. In addition to the full structure (1), we used
two reduced models: (2) the structure with the phenyl rings
of the TPP ligands cut-off and saturated by H atoms, reduc-
ing the ligands to PH; (this is the model used in Ref. [13])
and (3) a minimal model where all the rings are replaced by
hydrogens, i.e., Ag,o(SH),4(PH5),. The resulting structures
are shown in Fig. 1. In all cases, the charge state -3 was used.

The truncation of the ligands and their replacement
by simpler and smaller moieties raises another question:
should only the added new parts, in our case the H atoms,
be relaxed? Or should the entire structure be relaxed after
the replacement? The first solution is motivated by the goal
of the calculation. One wants to describe the full cluster with
its complete ligands, their simplification is only applied for
computational convenience. However, if only the saturating
H atoms are relaxed on the fixed rump structure, the result-
ing structure is not in equilibrium. Moreover, this approach
presumes knowledge of the full ligands’ coordinates, which
is given in our relatively small case, but which is unavailable
in many others. By contrast, the second possibility, relaxa-
tion of the full structure including all atoms, incurs changes
in the structure of even the cluster core, which might cause
deviations from the results for the sought-for full cluster. We
have, therefore, used and compared both strategies.

The second issue in the description of the clusters is
the choice of the approximations within DFT and TDDFT,
i.e., the respective exchange-correlation functionals. The
arrangement of the organic ligands, in particular, can be
expected to be sensitive to the effect of van-der-Waals

) 3)

of the TPP ligands by hydrogen atoms as advocated in Ref. [13]; and
(3) a minimal model where all the ligands are replaced by hydrogen
saturation. (Yellow = sulfur, orange = phosphorus.)
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interactions. For the structural relaxations, therefore, we
study the effect of incorporating the van-der-Waals interac-
tions as prescribed by Grimme et al. (DFT-D3) [23]. The
GGA functional PBE for the exchange-correlation energy
is used for all calculations for structure relaxation. In the
following, “PBE-D3” refers to using PBE functional in a
DFT-D3 calculation.

For the calculation of the optical response it is in particu-
lar the description of long-range interactions that must be
properly taken care of. For that reason, we use and compare
the PBE functional and the asymptotically corrected LB94
functional [24].

The relaxation of the clusters was carried out using the
plane-wave code VASP [25, 26] using the projector-aug-
mented-wave (PAW) method for the description of the elec-
tron—ion interaction [27]. The description uses the artificial
periodicity of a supercell system and one k point (I"). The
excess charge of the cluster is compensated by a homoge-
neous background charge. Relaxation was carried out until
forces on all relaxed atoms were smaller than 0.007 eV/A.

The electronic states and the optical spectra have been
calculated using DFT and TDDFT with the real-space code
octopus [28-30]. To this end, using the relaxed struc-
tures from the VASP calculation, a ground-state calculation
is followed by a time-evolution (real time) TDDFT calcula-
tion. Norm-conserving Troullier-Martins pseudopotentials
have been used which include the d electrons in the valence,
that is, with 11 valence electrons for each silver atom. The
gradient-corrected PBE exchange-correlation potential and
the asymptotically corrected LB94 functional have been
used. The real-space grid spacing was set to 0.18 A, the
radius of the spheres around each atom that make up the
(non-periodic) calculation domain was set to 5 A. All cal-
culations are carried out without spin polarization. There-
fore, all states are doubly occupied. The projected density
of states was obtained from the ground-state wave functions
of the octopus calculation using the recipe as detailed
in Ref. [18]. Details are described in the Supplementary
Information.

Optical spectra were calculated using the Yabana-Bertsch
time-evolution formalism [31] of TDDFT. The ETRS propa-
gator (“enforced time-reversal symmetry”) was used. Propa-
gation time was 25 fs.

In order to analyze the electronic modes contributing to
the individual features in the absorption spectra, we used the
Fourier-transform analysis of the time-dependent induced
density that some of the present authors recently presented
and analyzed in detail [22]. The method is briefly described
in the Supplementary Information. The time-dependent
induced densities for each 25th time-step were used to per-
form the Fourier transformation at each of the grid points.
The grid spacing (0.18 A), the interval between two con-
secutive time-steps (df = 0.00247/eV) and the total time

of evolution (15625*dt) were chosen to be the same as in
the octopus simulation for the corresponding spectra. A
damping of 0.0037 atomic unit of energy (0.1 eV) was cho-
sen for the exponential window function during the Fourier
transform. The modes of induced density corresponding to
optical absorption at a given energy are shown as the Fou-
rier sine coefficients which were written out for 100 equally
spaced frequency points between 0 and 0.27 atomic units
of energy (=~ 7.35 eV). Graphics of induced densities were
prepared with the UCSF Chimera package [32].

3 Results and discussion

To study and quantify the differences incurred by the sim-
plifications of the full ligands, we have analyzed the inter-
atomic distances between the silver atoms in the three
relaxed structures for the case when all atoms are relaxed.
Most of the Ag-Ag bonds do not change strongly upon
removal of the phenyl rings from the TPP ligands, as can
be seen in Supplementary Figures S1 and S2 for the PBE
and the PBE-D3 relaxations. However, those which are the
most directly connected to the P atoms, viz. the sides of the
triangular pyramids pointing outward to the silver atoms to
which the P atoms are bound, shorten very strongly, from
3.40 to 3.16 A (PBE-D3) and from 3.58 to 3.18 A (PBE)
(labeled g in Supplementary Figure S1). A similar effect is
seen on the 12 bonds pointing outward on the rectangular
triangular “towers” labeled f, which shorten strongly upon
removal of the BDT ligands.

The electronic and optical properties that we present
in the following have been obtained using the following
choices: relaxation using PBE-D3 because of its physical
motivation, with relaxation of only the saturating H atoms;
thereafter, ground-state DFT and TDDFT calculations in
octopus using the PBE functional based on the comparison
with experiment (see below). The differences with respect to
the other possibilities are analyzed at the end of this article.

The electronic structure of the full cluster (1) and of the
two simplified models is shown in Fig. 2, the energies of
the states around the HOMO-LUMO gap in Supplementary
Figure S5. The individual states are shown in Supplementary
Figures S6, S7 and S8. We confirm the designation of the
cluster as 8-electron super-atom complex. However, in our
calculations of the full structure, the three SAC 1P states
lie 0.13 eV below a group of non-SAC states that constitute
the HOMO. The LUMO, by contrast, corresponds indeed
to the 1D states.

This situation is not very different in structure (2) after
removal of the TPP ligands’ phenyl rings, except that one
more state approaches the energy of the (non-SAC) HOMO
group of states. Finally, the removal of all the rings in the
minimal model (3) turns out to represent the essence of the
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SAC structure: here, the frontier orbitals are indeed the SAC
P and D states.

The absorption spectra are shown in Fig. 3. The VIS spec-
trum of the full structure (1) is characterized by a shoulder
at 2.20 eV and three peaks at 2.64, 3.08 and 3.31 eV. In
addition, a very strong peak in the UV, at 6.47 eV, is vis-
ible. The calculated spectra using the PBE functional agree
rather well with experiment below 3 eV, with a small shift
of about 0.14 eV, cf., Supplementary figure S4. We note that
our result agrees rather well with the spectrum of the pure
silver cluster included in Ref. [17].

The spectrum of structure (2) (rings cut off from the TPP
ligands) retains a certain similarity to that of the complete
structure (1), but the differences even in the lower VIS por-
tion of the spectrum are rather strong. In particular, the
intensities of the different peaks are very different. We con-
clude that the replacement of the rings on the TPP ligands
is not an option for the reliable calculation of the spectra in
the VIS, in spite of the fact that they do not contribute to the
frontier orbitals [13]. In addition, the strong peak at 6.47 eV
has almost completely vanished, pointing to the fact that it
originates in large part from the TPP phenyl rings, as will
be discussed below.

@ Springer

Energy [eV]

For the minimal model, structure (3), the resemblance
with the spectrum of the full structure in the VIS is
essentially lost, the spectra are very different and more
peaked (doubtless due to the lower number of transitions
available). The high-energy peak in the UV is entirely
missing and replaced by a background of unspecific
absorption.

All these findings point to the importance of the ligands
for the optical properties. We will now analyze the respec-
tive transitions using our tool of spatially resolved Fourier
transform on the induced density from a real-time (“time
evolution”) TDDFT calculation [22].

In Fig. 4, we show the Fourier-transformed induced
densities of the full cluster at 4 energies corresponding to
the peaks in the VIS at 2.20, 2.64, 3.08 and 3.31 eV. They
show that the three peaks at 2.64, 3.08, and 3.31 eV are
mainly due to contributions in the silver “core,” although
coupled to contributions in the ligands. This includes
small but real contributions from the four TPP ligands,
which in turn explains well the differences between the
spectra of the full structure (1) and the structure (2) where
the TPP ligands have been reduced to PH;. The contri-
butions in the BDT ligands are stronger, which in turn
explains the complete change of the spectra if these are
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Fig.3 Spectra of monolayer-protected Ag,, calculated for the three
structures using real-time TDDFT. We show the VIS part of the spec-
trum (upper panel) and a wider range including the high-energy peak
at 6.47 eV (lower panel). In all cases, PBE-D3 was used for the ionic
relaxation, and the PBE functional was used for the optical calcula-
tions (including the ground-state calculation preceding the time-evo-
lution calculation). The charge state of -3 was used in all cases. In
addition, the spectra of benzene, calculated using the same numerical
parameters, are added in the lower panel for excitation perpendicular
and parallel to the ring to highlight the similarity of the strong UV
peak to the benzene spectrum

Fig.4 The Fourier-transformed induced densities in Ag,o(BDT),,
(TPP), at energies (in the VIS) of 2.20, 2.64, 3.08 and 3.31 eV are
shown for an iso-surface value of +3 x 1077 (red and blue), along

removed, as in the minimal model structure (3). The low-
energy shoulder at 2.20 eV is clearly due to an excitation
in the silver core, with negligible contribution from the
ligands, as shown in Fig. 4.

The high-energy UV peak at 6.47 eV is caused principally
by the excitation of the ligand rings, which is clearly visible
in the iso-surface representation of the induced densities on
the left-hand side of Fig. 5. This is also clearly corroborated
by the similarity of the high-energy peak to the spectra of
pure, isolated benzene as shown in the lower panel of Fig. 3.
The iso-surface representation in Fig. 5 shows clearly that all
the rings contribute, those of the TPP and those of the BDT
ligands. However, there is clearly a difference, as suggested
by the difference in the spectra: after removal of the phenyl
rings of the TPP ligands, the high-energy peak of the full
cluster (1) is strongly reduced and replaced by a bump in the
spectra consisting of a number of low-intensity peaks. The
difference between this spectrum of structure (2) and that
of the minimal model (3) is due to the contributions of the
BDT rings, clearly broadened and deviating from the excita-
tions of the isolated benzene due to strong coupling to the
silver “core” of the cluster. Also, the contributions from the
aromatic rings of the BDT ligands are weaker than the ones
from TPP phenyl rings. This can be clearly seen in the color
map representation of the planes in Fig. 5, where the rela-
tive values of the induced density around the BDT ligands
are much smaller than the values around the phenyl rings of
the TPP ligands. We infer from this that the coupling of the
BDT rings via the S atoms makes them lose their quality
as independent resonators. Indeed, the spectrum between 6
and 7 eV is not strikingly different from that of the minimal
structure (3) in which all the aromatic ligand rings have been
removed.

with the atomic arrangements in the cluster. The perturbation was
applied along the z-axis. We show the reconstructed modes at a quar-
ter period, and details are explained in the Supplementary Material

@ Springer
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Fig.5 The Fourier-transformed induced density corresponding to the
high-energy UV peak at 6.47 eV in Ag,o(BDT),,(TPP), is shown (at
left) as an iso-surface with +3 x 1077 iso-value, and as surface color
maps for two different planes in the y-z plane, at x = 0.0 A (through
the center of the cluster) and x = —2.0 A; the position of the planes
is indicated in the framed insets. The plane through the center (at

T
6[ — Ag, (BDT),(TPP),
— = Ag,y(BDT),,(PH,), relax all
g afF — Ag,y(BDT),,(PH,), relax H on P only
s T
S22
-
S F
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Qb — Ag,(SH),,(PH,), relax all
8 4 — Ag,(SH),,(PH,), relax H atoms only
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1 1.5 2 25 3 35 4 4.5 5

Energy [eV]

Fig.6 Effect of relaxing either all atoms or only the saturating H
atoms after the truncation of the ligand rings. PBE spectra using
PBE-D3-relaxed geometries, the charge state is -3

4 Technical differences

We are now going to discuss the differences produced using
the other choices as far as modeling and approximations in
TDDFT are concerned. In Fig. 6, we compare the results
obtained by relaxing only the saturating H atoms with those
obtained by relaxing all atoms. Clearly, there are differences.
For the Ag,o(BDT),,(PH;), structure, these appear mainly

@ Springer

x =0.0) of the cluster does not cut through the rings of the TPP
ligands but shows the contribution of the BDT rings. By contrast, the
value of x = —2.0 A for the second plane has been chosen to highlight
the contribution in the TPP rings. The perturbation is applied along
the z-axis. The values for the different colors are shown in the color
bar

— 30F 6} — Relaxation PBE-D3
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Agzg(B DT) | 2(TP]?) N
0 L A N IR R R R |
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Fig.7 PBE Spectra for geometries relaxed with inclusion of van-der-
Waals corrections (PBE-D3), or without (PBE). The charge state is -3

above 2.8 eV. For the minimal model, spectra are very dif-
ferent even at low energies.

We now analyze the differences of spectra calculated for
the geometries from relaxation with inclusion of van-der-
Waals corrections (PBE-D3), or without (PBE). The struc-
tural differences are shown in Supplementary Figures S2 and
S3. While this can certainly not be generalized easily, the
differences remain relatively small for the cluster we are
concerned with, as shown in Fig. 7.

Finally, after obtaining the geometry to be used, the cal-
culation of the optical response needs to be carried out using
an appropriate functional as well. In the case of ligand-pro-
tected clusters, this choice is difficult because a functional
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that would fare well for the metal core would not necessarily
work well for the organic ligands at the same time. The sim-
ple GGA functional PBE is certainly a compromise. Here,
we compare its performance with the asymptotically cor-
rected PB94 functional. The resulting energies and the den-
sity of states from the ground-state calculation are compared
in Supplementary Figures S3 and S5. We note that the ener-
getic order of the states in the vicinity of the HOMO-LUMO
gap changes between the two calculations. While the SAC P
states are not the HOMO states for the complete structure in
both cases (5 states are slightly higher in energy), the LUMO
consists of the SAC D states in the PBE calculation, but a
number of other states lie closely below them in the LB94
calculation as can be seen in Supplementary Figure S5.

The spectra are shown in Supplementary Figure S4. The
differences in the spectra caused by the two functionals are
clearly larger than the ones originating from the inclusion of
van-der-Waals interactions in the relaxations, and the PBE
spectra are clearly closer to the available experimental res
ults.

5 Conclusions

We have carried out an analysis of the optical spectra of
Ag,o(BDT),,(TPP);? in view of the nature of the excita-
tions and of the influence of the different ligands present
in the structure. The customary procedure of truncating the
TPP ligands, justified by the assumption that they are not
involved in the frontier orbitals, gives a decent description of
the states around the HOMO-LUMO gap, but it easily leads
to questionable results for the optical spectra in the visible
region (and beyond, of course.) We find that the truncation
changes some of the silver bonds of the outer part of the sil-
ver core strongly if all atoms are allowed to relax. This leads
to modifications in the order of the electronic states (Fig. 8).

'S 30F 6 — Opt. PBE

=] Opt. LB%4 r

)

K 4t N

S 20 ¢ _ _\/\/

3 2t /\/

2 I Zoom -

g 10F / 1 1 -7
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2 .~ (rel. PBE-D3)
TP Ag, (BDT) ,(TPP),

0 1 et 1 1 1 1 1 1 L 1

2 3 PR 6 7

Fig.8 Calculated spectra (GS + time evolution) using the PBE and
the LB94 functionals. In both cases, the PBE-D3-relaxed geometry
was used, and the charge state is -3

We have compared different choices applied in our cal-
culations against alternatives: relaxation of all atoms vs.
relaxation of the saturating H atoms only; structural relaxa-
tion with and without inclusion of van-der-Waals interac-
tions through DFT-D3 calculation; calculation of the optical
properties using the simple GGA functional PBE vs. the
asymptotically corrected LB94. The latter point caused the
biggest differences. The much better agreement with experi-
ment of the PBE spectra compared with the LB94 spectra
led us to choose PBE, based on PBE-D3-relaxed structures,
for the main comparisons of this work.

The cluster is indeed an 8-electron super-atom complex,
but in our calculations, 5 states mostly localized in the
ligands are found inside the SAC gap; the HOMO group of
states does not consist of SAC states.

We analyzed the excitations that appear in the absorp-
tion spectra using spatially resolved Fourier transform of the
induced densities of the time-evolution TDDFT calculation.
The spectra in the VIS are due to excitations mostly localized
in the core but coupled to contributions from the ligands.
This coupling is sufficient to render the above-mentioned
truncation of the TPP rings inadequate for the description of
the spectra in the VIS region. The high-energy UV peak is
mainly due to the TPP ligands, their phenyl rings constitut-
ing almost independent oscillators. It is strongly diminished
when the rings are cut-off. By contrast, the aromatic rings
of the BDT ligands are much more strongly coupled to the
excitations of the core; their absence changes the spectra
entirely even in the visible region. Our analysis shows that
for the reliable calculation of even the visible range of opti-
cal absorption spectra, the full structure including all parts
of the ligands needs to be treated.

Supplementary Information The online version supplementary mate-
rial available at https://doi.org/10.1007/s00214-021-02783-4.
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