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Abstract

Ligand-protected metal clusters are employed in a great many applications that
include notably energy conversion in a prospective hydrogen-based energy supply.
The interaction between the ligands and the metallic cores, mediated by an often
complex interface, influences profoundly the properties of in particular small clus-
ters. Nonetheless, the mechanisms of interaction remain far from fully understood.

The Auygqligp class of cluster compounds has long played a central role in the
study of monolayer-protected clusters, but total structure determination has been
achieved only recently for a thiolated and an all-alkynyl cluster. Both ligands
contain aromatic rings but differ in their ligation to the metal core: conjugation
along a triple bond in the former, saturation in the latter.

Studying the two closely analogous crystallographically determined structures
as well as an ad hoc saturated structure, we demonstrate the paramount importance
of the conjugation for the electronic and optical properties of monolayer-protected

metal clusters.

Introduction

Noble-metal clusters have attracted interest in view of energy conversion for a hydrogen-
based energy supply: thiolate-protected gold clusters are studied as electrocatalysts for
energy conversion, as cocatalysts of water-splitting photocatalysts, and as photosensitiz-
ers in solar cells.! Other uses comprise protein tagging,? biomolecule labeling,® inhibition

of HIV fusion,* and antibacterial and antifungal action.?®%

In recent years, total structure determination has been accomplished of many atom-
ically precise clusters™ of which complex ligand-metal interfaces make up a substantial
part. Their optical properties are particularly interesting because these are exploited in
many of the applications, but also because they reflect the complex dynamic coupling
between the metal core and the ligands. However, the understanding of the role of ligand-

core interaction remains far from complete.



The class of (icosahedral) cluster compounds denoted Aujyyligy are special among the
monolayer-protected clusters owing to the high stability of, in particular, the thiolated
cluster compound that was produced and studied by many groups.? However, it wasn’t
until 2018 that total structure determination has been accomplished: one version with thi-
olate ligands, Auyy(SCH,Ph)g,'° and one all-alkynyl compound Auyy(C=CAr)g with
Ar=2-FCgH,-.'! The coordination of the Au atoms is identical between these structures,
and likewise identical to the model(s) worked out earlier.'®! In the following, we refer
to these two structures as “the (full) thiolate” and “the (full) alkynyl” clusters.

A multitude of individual peaks pervades the VIS and near-UV optical spectra of
Auyglgo'* which are much more peaked than those of clusters of comparable size but
lower symmetry.” Together with the fact that Auj4s compounds can be synthesized with
many different ligands, this makes them an ideal benchmark to study the influence of
different ligands on the optical properties. Earlier comparisons of different measurements
seemed to indicate that the impact of different ligands is rather limited.'® However, the
absorption spectra of the two structure-determined clusters are strikingly distinct. %1116

It was shown early on'? that the Auy4 clusters show the characteristic frontier-orbital
structure of “Super-Atom Complexes” (SAC).” However, the calculation of optical spec-
tra was accomplished only much later, hindered by the sheer immensity of the systems

18,19

and necessitating different ligand simplifications in the thiolates SR like R=H, r

R:CH3 14

The question whether such ligand simplification is adequate!2°

rejoins the physico-
chemical question about the influence of the ligands on the clusters’ properties. However,
until recently neither the computational means nor experimentally confirmed structures
including the full ligands were available to conclusively answer these interrogations. In-
stead, investigations have focused on smaller systems of lower symmetry (greater interfa-

cial complexity). Fortunelli and coworkers have pointed out that aromatic ligands have

a greater influence on the optical properties of small gold clusters (Augg, Augs,...) than



25 and

aliphatic ligands, 2! 24 the effects were discussed in terms of electron delocalization,
it was noted that the influence may extend through energies below the absorption features
of the isolated ligands. The aromatic rings were directly connected to the “staples,” as
in Ausg(SPh)q4.2® However, it is not clear how these pieces of information carry over to

the critical size of incipient plasmonic / metallic cores. 118

In the structure-determined thiolate and alkynyl Auyyy clusters, both ligands, shown
in Fig. 1 (a,b) have an aromatic carbon ring which is connected to two gold atoms via
a bridge of two atoms. Two main differences exist: (i) the unsaturated -C=C- triple
bond along this connection in the alkynyl vs. the saturated sulfur-carbon single bond
(-S—CHy-) in the thiolate ligand; (ii) the presence of C atoms in the alkynyl vs. S atoms

in the thiolate “staples.”

We will show in the present Letter that it is, in fact, the conjugation provided by the

triple bond in the alkynyl ligands that causes the most profound effects.

The full clusters have been relaxed starting from the experimental coordinates. In the
alkynyl ligands, the fluorine atom was replaced by hydrogen as in the experimental Ref.
16. Shown in Fig. 1 (a,b), both structures including the full ligands exhibit I symmetry
(60 point group operations, equivalence of all 60 ligands). Details are discussed in the

Supplementary Information.

Electronic structure. The Aujy clusters show clear SAC behavior.!? Compared
with the thiolate structure in Fig. 1 (c), a striking difference is the much larger HOMO-
LUMO gap of 0.56eV of the alkynyl structure, between a five-fold degenerate D state
(L = 2) and five H states (L = 5). It is striking that the thiolate cluster’'s SAC states
look similar: the same D and H states that make up HOMO and LUMO of the alkynyl
structure are present at almost exactly the same energetic distance (arrows). However,

on finds two very close-lying states, one of S (L = 0) and one of I (= 6) character, mid-
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Figure 1: (a,b) Cluster structures after relaxing the crystallographically determined full
clusters, highlighting the differences: the -C=C- triple bond vs. -S-CHy— single bond,
and C vs. S in the “staples.” (c¢) SAC projected density of states. (d) TDDFT spectra
in the VIS range, comparing the full clusters and the truncated previously used model
from Refs. [13,14] where R = CHjs. Inset: comparison with experiments from Refs. [11,16].
(e) larger energy range and comparison with the isolated ligand molecules. Inset: induced
density around one alkynyl ligand corresponding to the peak at 3.8eV (cf., Fig. 2).

way between the D and the H states. This produces the smaller gap. We note that the
PDOS of the simplified Auy44(SCH3)go matches well that of the full thiolate cluster in

the vicinity of the gap. This has a bearing on our discussion of the spectra below.

The spectra of the alkynyl and the thiolate clusters shown in Fig. 1(d,e) are very
different in the VIS energy range. In particular, a pronounced peak in the alkynyl struc-
ture’s spectrum at about 1.7eV is absent in the thiolate cluster. A strong peak at high
energies (=~ 6.8¢eV, Fig. 1(e)) is present in both structures when the full ligand is included.
Comparison with the spectrum of free benzene, i.e., an isolated aromatic ring, suggests
that this resonance originates from the ligands’ aromatic rings (localized phenyl group

excitation (pi-pi*)). We will show below that this is indeed the case.
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Figure 2: Induced densities for the different prominent excitations in the spectra of the
complete alkynyl (left two columns) and thiolate (right two columns) clusters. For each
energy and system, we show two representations: the standard isosurface representation
(left figure of each group) and the same isosurface cut to a 5A slab located symmetrically
around the center of the cluster in the y-z plane. Additional views are shown in Sup-
plementary Figures 7 and 8. The blue circles mark the connections of one ligand ring to
the cluster core in each of the two cases, highlighting the differences between the alkynyl
structure where at the triple bond there is a contribution, and the thiolate cluster where
at the saturated carbon atoms there is none. For an enlargement, see Supplementary
Fig. 6. The excitation is applied along z, which is one of the 5-fold symmetry axes.
Bottom line (b,c,d): same induced densities in integrated 1d representation (see text).
Vertical lines: positions of the outermost Au atoms.
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Consequently, we arrive at the intuitive picture of the clusters’ response as produced
by excitations in the ligand rings, coupled to those of the core. The high-energy peak is
sharper for the thiolate than for the alkynyl structure, suggesting a stronger coupling in
the latter.

In addition, a strong, broad peak is seen in the near-UV at 3.82eV for the alkynyl
structure, absent in the spectrum of the thiolate cluster. This is well below the onset
(~4.6eV) of absorption in the isolated ligand molecules (shown in Fig. 1(e)), which
suggest strong coupling between the Au core and ligand rings.

Finally, the spectrum of the truncated thiolate cluster with R=CHj3 appears rather
similar and related by a minor scaling of intensity to that of the full thiolate cluster be-
low 2.2¢eV, as expected from the similarity of the electronic structures in Fig. 1(c). The
deviations become bigger for higher energies. Naturally, the high-energy peak at 6.82eV
is absent in the truncated model. We note that our results for the thiolate cluster are

naturally close to those of Ref. 26 concerning electronic structure and spectrum.

Induced densities. Fig. 2 shows the electronic modes contributing to the individual
absorption features, calculated using a Fourier-transform analysis of the time-dependent
density that some of the present authors recently presented and tested in detail.?” Further
explanation can be found in the Supplementary Material.

The structures are included in “wireframe” representation. To further clarify our
observations, Figs. 2(b-d) show one-dimensional integrated representations of the same

induced densities along the direction of the excitation, S(z) = [dx dy [p(z,y,2,t) —

pGS(xvyu Z)}R < 9AO'

The peak at 2.13 eV has roughly the same intensity for both structures, so also
the induced densities can be directly compared. The overall shape is a dipole extending
over the clusters, while smaller local dipoles are likewise visible. In both cases, the main
contribution resides inside the gold core. For the thiolate structure, this is consistent
with the finding by Malola et al. that this portion of the spectrum is mainly produced by

contributions from the gold and sulfur atoms.?% Small contributions from the ligand layer



are slightly more pronounced in the alkynyl structure, suggesting a stronger coupling
between the ligand layer and the core.

The most important difference is a substantial contribution located around the triple
bonds in the alkynyl structure, largely absent on the saturated -S-CHs— bridge in the
thiolate structure (Fig. 2 (enlargements) and Fig. S5).

The peak at 3.82 eV of the alkynyl structure is compared with the same energy in
the thiolate cluster’s spectrum with no peak. There are relatively strong contributions
from the alkynyl ligands, with smaller contributions inside the core. In the thiolate
cluster, the contributions are almost entirely located in the core, with only very small
dipoles in the ligands. Once more, this indicates a stronger coupling of the ligands’
response to that of the core for the alkynyl cluster. The one-dimensional representation
in Fig. 2(c) confirms this clearly.

The high-energy peak at 6.68¢eV (alkynyl) and 6.54eV (thiolate) derives mainly
from contributions located in the aromatic rings of the ligands, thus confirmed by Fig. 2
to be modified resonances of the rings. The stronger coupling between ligand rings and
metal core in the alkynyl structure, leading to a larger width of the resonance, can be
seen in Fig. 2(d) which confirms the similarity of the modes in the two structures, but

with a sharper induced-density profile in the thiolate cluster.

To explain the differences in the optical response of the clusters in a generalizable
manner, what remains to be done is to unequivocally trace the origin of the coupling
between the ligands’ aromatic rings and the metal core. The principal differences between
the ligands are the triple bond in the alkynyl ligand that maintains the conjugation
between the aromatic rings and the core, and the presence of the sulfur atom in the
thiolate ligand.

To identify the effect of the triple bond, a way is needed to switch the conjugation
on and off. To this end, we have constructed an ad hoc structure by saturating the
triple bonds in the alkynyl cluster with 2x2 = 4 H atoms, i.e., by replacing -C=C-Ph by

~CH,-CH,—Ph, adjusting bond lengths and angles. The structure relaxes well and thus
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Figure 3: Switching off the conjugation: (a) Absorption spectra of the two complete
clusters, thiolate and alkynyl, compared with the artificial “all-C-saturated” structure
where the rings are connected by ~CHy~CHs— to the core, i.e., where the conjugation
has been switched off. This spectrum is very similar to that of the thiolate structure
without triple bond — the main effects consequently originate from the conjugation /
the triple bond, not from the difference of the atoms in the staples, C vs. S. Shifted up:
spectra of the isolated ligand molecules and of the ligand shells only. Inset: response of
phenylacetylene and ethylbenzene molecules in the different directions, with the strong
lowest peak in phenylacetylene corresponding to the long direction (z). (b) additional
comparison with the effect of replacing the phenyl rings in the alkynyl structure by H
atoms, thus retaining the triple bonds. The resulting spectrum is very close to that of
the S—CHj structure; the simple presence of the triple bonds does not impact the spectra
strongly.

can be studied for its optical properties as an at least metastable system.

The spectrum of the resulting “all-C-saturated” structure in Fig. 3 is indeed very close
to that of the full thiolate cluster, even though there is no sulfur in it now. Even the
width of the high-energy peak coincides very well with that of the thiolate cluster; the
difference to the full alkynyl cluster is large. This comparison shows unequivocally that
the difference is mainly due to the conjugation, whereas the presence of the sulfur atom
in the Au—S or Au-C “staples” is far less important, although it is probably responsible

for the fact that the spectrum is not entirely identical to the thiolate spectrum in the



VIS region, in view of the above-mentioned origin of this region of the spectrum from the
inorganic core (Au+S) (cf., Fig. 2 and Ref. 26).

To confirm that the differences are not simply due to the presence of the triple bond
but indeed to the coupling between the ligand rings and the core, we employ another
simplified model where the alkynyl ligands’ phenyl rings are replaced by H atoms. The
spectrum of the resulting Auy44[C=C-H]g in Fig. 3(b) is very close to that of the trun-
cated model with R=CHg, i.e., with no carbon rings or conjugation. This shows that the
mere presence of the proximal triple bonds does not influence the spectra strongly; the
increased delocalization as discussed in Ref. 25 is here not sufficient to induce substantial

differences.

Finally, to identify clearly the units between which the conjugation is at play, we
study the overall spectra in view of the individual molecules derived from the ligands by
H termination and replacement S—C, so as to produce phenylacetylene and ethylbenzene.
The spectra of the isolated molecules, as well as of the full shells without the gold core,
are shown in Fig. 3(a).

The isolated ethylbenzene molecule produces a strong peak similar to isolated benzene,
all other features are relatively weak. In other words, the aromatic ring dominates, the
saturated H-CHy—CHsy— chain contributes negligibly below 7 eV, typical for any saturated
hydrocarbon, e.g., cyclohexane. This is analogous to the weak coupling of the rings to
the core in the thiolate structure that leads to the close similarity of the spectra of the
truncated thiolate (R=CHj3) and the full thiolate clusters, despite the presence of the
aromatic rings in the latter.

In the phenylacetylene molecule, there is one strong resonance at much lower en-
ergy compared to the isolated-benzene spectrum for excitation parallel to the long (2)
axis along which the conjugation (triple bond) provides for electron delocalization. That
corresponds to the situation in elongated nanostructures (“nanorods”) with delocalized
electrons, where a strong resonance for excitation along the long axis is strongly red-

shifted with increasing aspect ratio.?®*3% A similar effect is found in the series of acenes.3!
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The peak at 3.8eV in the alkynyl cluster spectrum thus corresponds, strongly red-
shifted (by 0.85eV), to the lowest peak of the phenylacetylene. This is confirmed by the
induced density at that energy: the insert in Fig. 1(e), extracted from the overall density
shown in Fig. 2, shows the dipole shape of the density oscillation within the phenylacety-
lene ligand bridging the two gold atoms. Its location in the full structure is shown in

Supplementary Fig. S9.

These results show clearly the effect of conjugation (i) for coupling between the ligands
and the metal core, and, not surprisingly, (ii) within the aromatic ligand molecules. For
the alkynyl clusters, this ligand-core coupling leads to a strong redshift and broadening
of the lowest absorption peak of the isolated ligand to produce the broad peak at 3.82¢eV,
thus influencing the spectra at energies far below the absorption of the isolated ligands.

This type of ligand-core coupling is negligible in the full thiolate cluster, which is
corroborated by the close similarity between its spectrum and that of the truncated
Auy44(SCH3)go (with the high-energy peak trivially missing).

This shows that the saturated methylene pair (~CHy~CHy—) are sufficient to disrupt
the coupling between the metal core and the aromatic ligand rings. Such situations, then,
comprise many ligands for which the precise ligand R group bears little influence on the

spectra.

In conclusion, we have demonstrated the paramount importance of conjugation and
of the resulting coupling along the connection between metal cores and aromatic ligand
rings in monolayer-protected noble-metal clusters, with profound influence on their op-
tical properties. The mere presence of the aromatic rings in the ligands is not sufficient
to produce any such effects, their connection to the core is determinant. It should be
evident that even though we have here made use of the availability of the experimental
structures of Auyyy with two different aromatic ligands, the comparisons and conclusions

are expected to be valid for monolayer-protected metal clusters in general.
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