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Abstract We study the optical properties of the Ag29(BDT)12(TPP)4 cluster,
the geometry of which is available from experimental structure determination,
by means of Fourier-transformed induced densities from real-time (time evolu-
tion) 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.
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1 Introduction:

The properties of noble-metal clusters are decisively different from those of the
respective bulk metals owing to the confinement to very small sizes. Ranging
from clusters of but a few atoms to nanoparticles of a few hundred nanome-
ters 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 de-
termined experimentally by x-ray crystallography. In recent years, total struc-
ture determination of a large number 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 determination 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 applications in view
of their bactericidal effects [6–8]. They were likewise found to form ligand-
protected “ultrastable” nanoparticles [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 variant, stabilized with lipoate (LA)
ligands and tentatively identified as Ag29LA12 by analogy to the hydrophobic
homologue Ag29(BDT)12(TPP)4 determined by Abdul-Halim et al. [13] has
been demonstrated to show antibacterial and antifungal activity [14].

In addition, doping of the silver clusters with gold atoms was shown to in-
crease the stability of the clusters as well as their photoluminescence quantum
yield [15]. Calculations of time-dependent density-functional theory (TDDFT)
of these gold-doped clusters have been published by Juarez-Mosqueda et al. [16],
focusing on the effect of the dopants and analyzing states and optical transi-
tions. However, it appears that a detailed analysis of the pure
Ag29(BDT)12(TPP)4 has not been published.

Our present work focuses on the structure-determined form of Ref. [13],
Ag29(BDT)12(TPP)4 (BDT: 1,3-benzenedithiol; TPP: triphenylphosphine). In
that publication, it is noted that the cluster in charge state -3 (three additional
electrons) corresponds to a super-atom complex (SAC)[17] according to the
electron counting rule, with an electron count of n = 29 − 24 + 3 = 8, thus
corresponding to a shell filling 1S2|1P 6 and an expected large gap between
the 1P and 1D SAC states. The 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.

In the present work, we present a systematic study of the electronic struc-
ture and the optical response of Ag29(BDT)12(TPP)4 using, in particular, the
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(1) (2) (3)

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 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.

analysis of the induced density from real-time TDDFT that some of the present
authors tested and discussed recently [18]. In addition, we investigate the ef-
fect 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, reducing them to PH3 (this
is the model used in Ref. [13]), and (3) a minimal model where all the rings
are replaced by hydrogens, i.e., Ag29(SH)24(PH3)4. The resulting structures
are shown in Fig. 1. In all cases, the charge state -3 was used. The relaxation
of the clusters was carried out using the VASP code [19,20] and the PW91
gradient-corrected functional [21].

The electronic states and the optical spectra have been calculated using
DFT and TDDFT with the real-space code octopus [22–24]. Norm-conserving
Troullier-Martins pseudopotentials have been used which include the d elec-
trons in the valence, that is, with 11 valence electrons for each silver atom.
The gradient-corrected PBE exchange-correlation potential has been used. The
real-space grid spacing was set to 0.18 Å, the radius of the spheres around each
atom that make up the calculation domain was set to 5 Å. The projected den-
sity of states was obtained from the ground state wave functions of the octopus
calculation using the recipe as detailed in ref. [17]. Details are described in the
Supplementary Information.

Optical spectra were calculated using the Yabana-Bertsch time-evolution
formalism [25] of TDDFT. The ETRS propagator (“enforced time-reversal
symmetry”) was used. Propagation 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 [18]. The method is briefly described in the
Supplementary Information. The time-dependent induced densities for each
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Fig. 2 SAC projected density of states of the experimental structure (1) with the complete
ligands and of the two reduced models. The zero of the energy axis is the HOMO energy in
all cases.

25th time-step were used to perform the Fourier transformation at each of the
grid points. The grid spacing (0.18 Å), the interval between two consecutive
time-steps (dt=0.0024~/eV), and the total time of evolution (15625*dt) were
chosen to be the same as in the octopus simulation for the corresponding spec-
tra. A damping of 0.0037 atomic unit of energy (0.1 eV) was chosen for the
exponential window function during the Fourier transform. The modes of in-
duced density corresponding to optical absorption at a given energy are shown
as the Fourier sine coefficients which were written out for 500 equally spaced
frequency points between 0 and 0.3 atomic units of energy (8.1 eV). Graphics
of induced densities were prepared with the UCSF Chimera package [26].

3 Results and Discussion:

To study and quantify the differences incurred by the simplifications of the
full ligands, we have analyzed the inter-atomic distances between the silver
atoms in the three relaxed structures. 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 Figure S1. 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
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strongly, from 3.55 to 3.18 Å(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
in structure (3).

The electronic structure of the cluster and of the two simplified models is
shown in Fig. 2, the energies of the states around the HOMO-LUMO gap in
Supplementary Figure S2. The individual states are shown in the Supplemen-
tary Figures S3, S4, and S5. We confirm the designation of the cluster as a
8-electron superatom complex. However, in our calculations of the full struc-
ture, 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 five 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 SAC struc-
ture: here, the frontier orbitals are indeed the SAC P and D states. Fig. 2
shows that their energy difference remains roughly unchanged between the
three structures; it is the fact that other states enter between them and con-
stitute the HOMO in the first two cases that the gap is slightly smaller for
them compared to the minimal model.

The absorption spectra are shown in Fig. 3. The VIS spectrum of the full
structure is characterized by a shoulder at 2.20 eV and three peaks at 2.68,
2.95, and 3.27 eV. In addition, a very strong peak in the UV, at 6.68 eV is
visible. We note that our result agrees with the spectrum of the pure silver
cluster included in Ref. [16].

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 portion of the spectrum are very strong. In particular,
the intensities of the different peaks are very different. We conclude 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 6.68 eV
has almost completely vanished, pointing to the fact that it originates to a
large part from the phenyl rings, as will be discussed below.

For the minimal model, structure (3), the resemblance in the VIS is essen-
tially 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 respective transitions using our tool of
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Fig. 3 Spectra of monolayer-protected Ag29 calculated for the three structures using real-
time TDDFT showing the VIS part of the spectrum (upper panel) and a wider range in-
cluding the high-energy peak at 6.5 eV (lower panel). In all cases, the charge state of -3
was used. In addition, the spectra of benzene are added in the lower panel for excitation
perpendicular and parallel to the ring.

spatially resolved Fourier transform on the induced density from a real-time
(“time evolution) TDDFT calculation [18].

In Fig. 4 we show the Fourier-transformed induced densities of the full
cluster at 3 energies in the VIS, 2.68, 2.95, and 3.27 eV. They show that these
three peaks are mainly due to contributions in the silver “core,” although cou-
pled 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 lig-
ands have been reduced to PH3. The contributions in the BDT ligands are
stronger, which in turn explains the complete change of the spectra if these
are removed, as in the minimal model structure (3). The low-energy shoulder
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Fig. 4 Fourier-transformed induced densities in Ag29(BDT)12(TPP)4 at energies (in the
VIS) of 2.68, 2.95, and 3.27 eV are shown for an iso-surface value of ±2×10−7 (red and blue),
along with the atomic arrangements in the cluster. The perturbation was applied along the
x axis. We show the reconstructed modes at a quarter period, details are explained in the
Supplementary Material.

at 2.20 eV (not shown) is clearly due to an excitation in the silver core, with
negligible contribution from the ligands.

The high-energy UV peak at 6.68 eV is caused principally by the excitation of
the ligand rings, which is clearly visible in the isosurface representation of the
induced densities in the left panel of Fig. 5. This is also clearly corroborated
by the similarity of the high-energy peak to the spectra of pure, isolated ben-
zene as shown in the lower panel of Fig. 3. The isosurface representation in
Fig. 5 shows clearly that all the rings contribute, those of the TPP and those

Fig. 5 Fourier-transformed induced density corresponding to the high-energy UV peak at
6.68 eV in Ag29(BDT)12(TPP)4 is shown (at left) as an iso-surface with ±2×10−7 iso-value,
and as surface color maps for two different slabs in the x-y plane, at z = 0.0 Å (through the
center of the cluster) and z = −2.0 Å; the position of the slabs are indicated in the framed
insets. The slab through the center (at z = 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 z = 2.0 Å for the second slab has been chosen to highlight the contribution in the TPP
rings. The perturbation is applied along the x axis. Values for different color are shown in
the color bar.
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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 dif-
ference between this spectrum of structure (2) and that of the minimal model
(3) are due to the contributions of the BDT rings, clearly broadened and de-
viating from the excitations 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 those of the TPP phenyl rings. This can
be clearly seen in the color map representation of the slabs in Fig. 5, where
the relative 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.

4 Conclusions

We have carried out an analysis of the optical spectra of Ag29(BDT)12(TPP)−3
4

in view of the nature of the excitations 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 silver core strongly,
which leads to modifications in the order of the electronic states. The cluster is
indeed a 8-atom 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 absorption spectra us-
ing 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
constituting 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 region, the full structure including all
parts of the ligands needs to be treated.
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T. Tsukuda, H. Häkkinen, Journal of the American Chemical Society 137(3), 1206
(2015). DOI 10.1021/ja5109968. URL http://dx.doi.org/10.1021/ja5109968. PMID:
25549276

2. R. Jin, Y. Pei, T. Tsukuda, Accounts of Chemical Research 52(1), 1 (2019). DOI
10.1021/acs.accounts.8b00631

3. C.J. Ackerson, R.D. Powell, J.F. Hainfeld, in Cryo-EM Part A Sample Preparation and
Data Collection, Methods in Enzymology, vol. 481, ed. by G.J. Jensen (Academic Press,
2010), pp. 195 – 230. DOI http://dx.doi.org/10.1016/S0076-6879(10)81009-2. URL
http://www.sciencedirect.com/science/article/pii/S0076687910810092

4. M.C. Bowman, T.E. Ballard, C.J. Ackerson, D.L. Feldheim, D.M. Margolis, C. Me-
lander, Journal of the American Chemical Society 130(22), 6896 (2008). DOI
10.1021/ja710321g. URL http://pubs.acs.org/doi/abs/10.1021/ja710321g

5. J. Bresee, K.E. Maier, A.E. Boncella, C. Melander, D.L. Feldheim, Small 7(14), 2027
(2011). DOI 10.1002/smll.201100420. URL http://dx.doi.org/10.1002/smll.201100420

6. M. Rai, A. Yadav, A. Gade, Biotechnology Advances 27(1), 76 (2009)
7. N.V. Ayala-Núñez, H.H. Lara Villegas, L. del Carmen Ixtepan Turrent,
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