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Here we describe the procedure employed to derive the structures of the Au nanoclusters
discussed in the main text and to simulate their excitation spectra, and we provide further details on
the analysis of the TDDFT simulations in terms of independent-particle and fragment contributions
and thermodynamic stability. For reasons of computational convenience, we used different codes to

perform the structural and optical studies.

The geometry of the [Auzs(SH)15]” complex was obtained by locally optimizing the structure
taken from Ref. [1,17] within the Sg symmetry framework. The NWChem software [2] was used in
this calculation, adopting a Gaussian-type double-zeta basis set, a scalar-relativistic pseudo-
potential describing the inner 60 electrons of gold [3,4], and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation (xc-)functional [5]. Keeping the same point symmetry group, 12 H atoms
were substituted by (i) 12 phenyl rings and (ii) 12 phenyl rings with para-NO, substituents and
locally re-optimized using the same code and basis sets, thus producing relaxed geometries for
[Auzs(SPh)12(SH)s]” and [Auzs(SPh-pNO2)12(SH)s] complexes. The location of the phenyl and
phenyl-para-NO, substituents will be described below (see Fig. S4).

The geometries of the [Auy(SCHs)is],, the [Auas(SPh)is]” and the [Auzs(SPh-pNO2)is]
complexes were obtained starting from the experimental structure of the [Au,3(SCsH11)16]” complex
[6], substituting the SCgHi; ligands with the (i) SCHs, (ii) SPh, or (iii) SPh-pNO; ligands,
respectively, and locally re-optimizing the structures. In these calculations the Plane-Wave
QuantumEspresso software [7] was adopted in conjunction with ultra-soft pseudopotentials [8] and
the PBE xc-functional [5], and a background positive charge was added to compensate for the
negative charge of the species in periodic calculations. Values of 20 and 200 Ry were used as the
cut-offs for the selection of the plane wave basis sets for describing the kinetic energy and the
electronic density, respectively. For convenience of the reader, a schematic depiction of
[Auzs(SC2H4Ph)1g] and [Aua3(SCesHi1)16] clusters used as templates are depicted in Fig.S1(a,b).

A Scalar Relativistic Self-Consistent Field (SCF) Kohn-Sham (KS) formalism was
employed to describe the cluster electronic structure at the Density Functional Theory (DFT) level.
Relativistic effects were included at the Scalar-Relativistic Zeroth-Order Regular Approximation
(ZORA) level [9] using the ADF suite of programs [10,11].

Optical spectra were calculated at the TDDFT level, which involves solving the following

eigenvalue equation [12]:



QF, = o'F, (1)

where Q is a four index matrix with elements Q the indices consisting of products of

iaoc, jbr !
occupied-virtual (ia and jb) KS orbitals, while o and z refer to the spin variable. The eigenvalues
o’ correspond to squared excitation energies while the oscillator strengths are extracted from the
eigenvectors F,. The Q-matrix elements can be formulated in terms of Kohn-Sham (KS)

eigenvalues (&) and the coupling matrix K (built employing the KS orbitals), in the present work the

Adiabatic Local Density Approximation (ALDA) [13] for the xc-kernel has been employed.

The TDDFT calculations were performed at the optimized geometries, the scalar relativistic
ZORA formalism was used, with the Frozen Core (FC) Polarized Triple Zeta (TZ2P) ZORA basis
set of Slater Type Orbitals (STO) included in the ADF database for all atoms. The FC employed
was up to 4f and 4p for Au, up to 2p for S and at 1s level for C, N and O. In the TDDFT
calculations, the LB94 xc-functional was employed [14], which has the correct asymptotic 1/r long-
range behaviour of the potential. Individual peaks were broadened with Gaussian functions of fwhm
=0.12 eV in all spectra. Absorption spectra reported in this work are always averages over the three
X,y,z Cartesian components, i.e., they are obtained by summing the spectra produced by an electric
field oriented along each of the three Cartesian directions and then dividing by 3: this should be
taken into account for a proper comparison with literature results in which sometimes spectra are
not divided by the factor 3.

The spectra reported in the main text were obtained by extracting a limited number of
eigenvalues (roots) of the Casida matrix [12]. For example the spectrum of the [Auys(SPh-
PNO,)16] in Fig.2(b) of the main text was obtained by extracting 700 roots. To test the numerical
stability of the present calculations, in Fig.S2 we compare the spectrum of Fig.2(b) of the main text
with a spectrum of the same compound obtained by extracting 850 roots of the Casida matrix. The

excellent agreement between the two demonstrates that our spectra are fully converged.

In the main text, a [Au,s(SH)1s] species has been taken as the starting point of our
investigation as it represents the first model used to interpret the spectrum of the experimentally
synthesized [Auzs(SCH,CH2Ph)ig] compound. Use of more refined models such as

[Auzs(SCH3)18] do not change qualitatively our conclusions, as shown by Fig.S3 in which the



spectrum of [Au,s(SCH3)1] obtained by using the present computational approach is reported for

comparison.

For convenience of the reader and to provide a complete information on structure/optical-
property relationships, in Fig.S4 we show atomistic depictions and optical spectra of all the species

considered in Fig.1 of the main text.

To quantify the enhancement factor due to the resonance between the Au-S core motifs and
the ligand fragments, it is useful to compare the optical spectrum of the final cluster with those of
the separate fragment species, i.e.. [Aux(SPh-pNO)is] with [Aup3(SCHs)1s] and [(HSPh-
PNO,)16]. This is shown in Fig.S5, where the amplification due to interaction between separate
excitations is apparent, as discussed in the main text.

Let us now provide more details on the optical spectrum of [Au,3(SPh-pNO;)16] reported in
Fig.2(b) of the main text and let us analyze this spectrum in terms of independent-particle
contributions. Let us first recall that, in terms of electronic gap between the Highest-Occupied-
Molecular-Orbital (HOMO) and Lowest-Unoccupied-Molecular-Orbital (LUMO), both the
[Auzs(SR)15] and [Auzs(SR)1s] compounds exhibit a large value, since they possess 8 nearly-free
electrons which correspond to an electronic shell closure [6,15,17]. The variation of the HOMO-
LUMO gap as a function of ligands’ conjugating characteristics for [Au,s(SR)1s] species has been
studied in Ref. [20] and the decrease of such a gap for [Au,s(SPh-pNO;)1g] there predicted is in
tune with our findings in Fig.2(b) of the main text: for example, the HOMO-LUMO gap of about
1.1 eV is consistent with the beginning of the optical spectrum in Fig.2(b). Let us analyze in more
detail the spectrum of [Au,3(SPh-pNO;)16] in Fig.2(b) of the main text. A tool that is particularly
effective in identifying the emergence of plasmon resonances is the projection of TDDFT peaks
onto the single-particle Kohn—Sham (KS) occupied/unoccupied pairs [22-24]. An analysis of the
most intense absorption at 2.64 eV exhibiting an oscillator strength f=0.17 in the spectrum of
Fig.2(b) of the main text shows that this absorption is made up of a mixture of many single-particle
configurations, which is typical of plasmonic phenomena. The largest single-particle contributions
to this excitation are:

21% = 603 (30% S3p, 24% Aubs) -> 642 (43% O2p, 23%N2p, 15% C2p)
11% 604 (26% S3p, 30% Aubs) -> 643 (20% N2p, 38% O2p, 11% C2p)
with all other configurations contributing less than 7% each, where "603", "604", "642", etc. denote

molecular orbitals, for which we also report in brackets the components projected onto the atoms in



the nanocluster distinguished by element. It is interesting to note that the occupied orbitals 603 and
604 are localized on the Au-S core motif, whereas the unoccupied orbitals 642 and 643 have strong
components on the Ph-pNO, residues (C, N, and O atoms) in tune with the model discussed in Ref.
[21]. As mentioned in the main text, the main difference between the intense optical band of
[Au23(SPh-pNO,)16] and a typical plasmon resonance of larger metal nanoparticles consists in the
fact that complex (many-body) electronic excitations do crowd in a narrow energy interval in the
spectrum of [Aux3(SPh-pNO,)i6] , albeit remaining separated, whereas in a fully developed
plasmon resonance Coulomb interactions are strong enough to merge all these electronic states into
a single collective excitation. This happens because the electronic excitations in the former are in
part scattered over spatially separated ligands, so that the Coulomb interactions among them are

correspondingly attenuated.

A more detailed comparison between TDDFT and KS spectra is reported in Fig.S6, in which
we report for [Auzs(SPh-pNO,)16]” a comparison of interacting and non-interacting susceptibilities
or between the TDDFT spectrum — taken from Fig.2(b) of the main text — and a spectrum calculated
as KS eigenvalue differences and transition moments between molecular KS orbitals. One can
notice the shift of the KS absorption band to higher energies in the TDDFT spectrum: from ~1.8 to
~2.6 eV [22-24]. It should also be added that the most intense KS single-particle peak at 1.88 eV
with an oscillator strength f = 1.14 consists in a transition from the HOMO orbital (627), which has
its main component on o(Au-S) bonds with 30% Au 6s and 10% S 3p contributions, to the
LUMO+17 orbital (645) which retains a o*(Au-S) character but with different 43% Au 6s and 5% S
3p contributions: in the KS description the absorption happens mostly within the Au-S core motif,
whereas, according to the TDDFT approach, response phenomena strongly involve ligands orbitals,

including significant components on the more electronegative N and O atoms.

Finally, although the focus of the present work is to understand electronic spectra of ultra-
small coated metal clusters and how to tune the ligands to obtain specific effects — so that we are
less concerned here with synthesis protocols etc. —, we can ask in general whether these predictions

are realizable and consistent with available experimental information.

From a structural point of view, for the transition from [Aus(SR)15] to [Auz3(SR)16] to
occur and be thermodynamically favorable, the R groups should exhibit appropriate sterically
hindered geometrical features [6,15]. Steric hindrance of the organic R groups should be larger than

in the slim R=C,H,Ph (phenyl-ethyl) group, as it happens in R=C¢H1; (cyclohexyl) or in the even



bulkier R=C1oH15 (adamantyl) groups. Experimentally, it is proven that [Au3(SCsH11)16] (with a
counter-ion) [6] and Au4(SCioHis)16 (neutral) [15] can be crystallized. When R=adamantyl, a
mixture of Augs2425(SC10H15)16 compounds is actually produced [15], and it has been suggested
[15] that this should also occur for R=cyclohexyl, while theoretical considerations indicate that
favoring one given stoichiometry with respect to another also depends on environmental variables
[15]. The R=Ph or R=Ph-pNO, groups here considered are reasonable candidates, and the
corresponding nanoclusters should possess sufficient thermodynamic stability to be synthesized and
used in practice. The steric hindrance of the R=Ph or R= Ph-pNO, groups is however inferior to that
of R=CgHy; and thus sub-optimal. The addition of one or two methyl substituents on the phenyl ring
in ortho positions (which should not alter significantly the cluster electronic response) can increase
the bulkiness of the R=Ph-pNO, group. To prove this, we have constructed a R=%R=Ph-(0CH3),-
pNO; residue by adding two methyl groups on the phenyl ring in ortho positions while still keeping
the NO, group in the para position, and studied the energetics of the following three species:
[Auzs(SR)1s] » [Auxs(SR)1e] , and  [Auas(SR)16] . Their geometries were generated via local
relaxations starting from homologous structures containing adamantyl residues taken from Ref.
[15]. As in Ref. [15], we can analyze the total formation energy (TFE) of these Au nanoclusters,

defined as the energy of the reaction:

N Au+ M RSH — Aun(SR)m + M/2 H; @)

finding the following results (in Rydberg, Ry, units of energy):

TFE[AUz5(SR)18] =-5.21 Ry
TFE[AUz5(SR)16] =-5.25 Ry
TFE[AU23(SR)16] =-4.93 Ry

These numbers closely parallel those of the corresponding species containing adamantyl ligands
from Ref.[15]:

TFE[Auz5(SAdm)1g] =-5.19 Ry
TFE[Au,5(SAdm);6] = -5.23 Ry

TFE[Auz3(SAdm):6]” = -4.89 Ry

This proves two important points:



e the steric hindrance of the SR=SPh-(0CHs),-pNO, ligand is very similar to that of the
SR=SAdm ligand, thus it should be possible to synthesize both [Auzs 25(SR)16] and Au4(SR)16
(it can also be expected by analogy that placing only one methyl substituent in ortho position

one should obtain an intermediate steric hindrance, similar to that of R=CgHy;);

e m-electron conjugation in the ligands does not affect significantly the thermodynamic stability
of these species which is dominated by structural effects [25] — such as the bulkiness and

rigidity of the ligands — rather than electronic conjugation.

Finally, to test the sensitivity of our computational approach to the choice of the xc-functional, in
Fig.S7 the results of TDDFT calculations in which the PBE xc-functional instead of the LB94 xc-
functional was employed to predict the optical spectrum of the separate species: [Aua3(SPh-
PNO2)16] , [Auzs(SCH3)i6] , and [(HSPh-pNO,)1¢], are reported. A comparison with Fig.S5 shows
that the main features of the resonance enhancement phenomenon described in this work remain

qualitatively the same.



Figure S1. Schematic depiction of the clusters used as templates in the present work: (a)
[Auzs(SCoH4Ph) 18], (b) [Au2s(SCeH11)16] compounds. Color coding: Au in yellow, S in red, C in
green and H in gray. Coordinates taken from Refs. [1,15-17].
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Figure S2. Comparison between the TDDFT spectra of [Au,3(SPh-pNO,)16] obtained by extracting

700 or 850 roots of the Casida matrix, respectively.
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Figure S3. TDDFT simulated spectrum of [Au,s(SCH3)1g] .
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Figure S4. Schematic atomistic depictions and TDDFT simulated spectra of the species considered

in the present work. Color coding: Au in yellow, S in red, C in green, H in gray, N in light blue, O

in darker red (smaller spheres).
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Figure S5. Comparison of the TDDFT optical spectra of: [Auy3(SPh-pNO,)is] (black curve),
[Auz3(SCH3)16] (blue curve), and [(HSPh-pNO,)i6] (red curve) species, pictorially showing the

enhancement due to resonance between Au-S core motif and ligand fragments.
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Figure S6. Comparison between the TDDFT spectrum (black) and a spectrum calculated as KS eigenvalue
difference and transition moment between molecular KS orbitals (blue) of [Au,s(SPh-pNO,).] . For the KS

spectrum, individual transitions are also explicitly indicated as bars.
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Figure S7. Comparison of the TDDFT optical spectra of: [Auz3(SPh-pNO)1s] (black curve),
[Auz3(SCH3)16] (blue curve), and [(HSPh-pNO;)16] (red curve) species calculated employing the
PBE rather than LB94 as in Fig. S5) xc-functional. This figure pictorially shows that the
enhancement due to resonance between Au-S core motif and ligand fragments remain qualitatively

the same.
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