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Assessing the accuracy of first-principles computational approaches is instrumental to predict electronic
excitations in metal nanoclusters with quantitative confidence. Here we describe a validation study on
the optical response of a set of monolayer-protected clusters (MPC). The photoabsorption spectra of
Agos5(DMBT)5™, Agz4Pt(DMBT)182‘ and Auy4Pt(SC4Hg)1s, Where DMBT is 2,4-dimethylbenzenethiolate
and SC4Hg is n-butylthiolate, have been obtained at low temperature and compared with accurate

Received 23rd February 2024,
Accepted 28th May 2024

TDDFT calculations. An excellent match between theory and experiment, with typical deviations of less
than 0.1 eV, was obtained, thereby validating the accuracy and reliability of the proposed computational
framework. Moreover, an analysis of the TDDFT simulations allowed us to ascribe all relevant spectral
features to specific transitions between occupied/virtual orbital pairs. The doping effect of Pt on the
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1. Introduction

Metal nanoclusters protected by a layer of coating ligands with
well-defined stoichiometry and chemical structure, often
referred to as monolayer-protected clusters (MPC), are com-
pounds that exhibit peculiar physicochemical properties and
have emerged as a very important class of nanomaterials for
both fundamental studies and potential applications." "
Thanks to the versatility of properly devised bottom-up wet-
chemistry synthesis and purification procedures, many MPC
have been successfully characterized with atomic precision via
mass spectrometry and single-crystal X-ray crystallography,
thereby achieving a level of information that surpasses by far
the more elusive bare ‘naked’ metal clusters originally investi-
gated and characterized in, e.g., molecular beams and inert
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optical response of these ultrasmall MPC systems was identified and discussed.

dielectric matrices. Knowledge of the crystal geometry and
composition has been also instrumental to devise experimental
and computational characterization procedures, and this pro-
vided the chance of cross-validating methods and results in a
rigorous and robust framework. Cross-validation is especially
important to develop and refine computational methods aimed
to be quantitatively predictive in the study of the MPCs’
structure/property relationships, such as first-principles quan-
tum mechanics (QM) methods. For example, although several
different theoretical methods are available and have been
employed to study MPCs with various degrees of accuracy and
computational cost, it is very important to assess their perfor-
mances and shortcomings in view of choosing the most sui-
table method for a specific investigation, while keeping the
expected error and computational effort under control. Once
validated, computational approaches can then be employed
with confidence to obtain accurate and predictive information
also when experimental information is not available, and
ultimately, design new materials with desired properties.

The optical response, particularly the photoabsorption spectrum
of MPCs, is one of the those properties for which accurate
validation studies are desirable.**** Indeed, whereas a qualita-
tive agreement between theory and experiment has been gen-
erally obtained,®® a quantitative match is much more
challenging and has rarely been achieved.?”° In this context,
one of the first quantitatively accurate optical-response calcula-
tions for an MPC system was carried out for Ausy(S—tBu)is.””
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The conclusions of that study were that the necessary condi-
tions for a quantitative match between theory and experiment
are: (i) use an accurate MPC geometry, e.g., employing the
experimental geometry (from X-ray diffraction) in the calcula-
tion to avoid inaccuracies due to QM structure prediction; (ii)
employ a time dependent density functional theory (TDDFT)
method that uses hybrid exchange-correlation (xc-) functionals
(such as the B3LYP***" xc-functional in both the Kohn-Sham
equation and the response kernel).

More recently,”> some of us have considered an even more
stringent comparison regarding the hybrid B3LYP TDDFT
scheme calculation and the low temperature (77 K) absorption
spectrum of the Ag,,Au(DMBT);s~ anion. In that work an
almost quantitative agreement was attained across the entire
energy interval considered in the experimental spectral analysis.
In particular, it was confirmed that the use of a hybrid xc-
functional is mandatory to properly describe the low energy
optical spectral region, where electronic transitions involving
metal-ligand bonds play a major role. In contrast, GGA xc-
functionals such as PBE** or even asymptotically correct xc-
functionals such as LB94** gave a significantly worse agreement
with experiment in the low energy region of the spectrum,
although performing better at higher energies, which are domi-
nated by ligand excitations. A previous complete study regarding
the choice of the exchange-correlation functional®® (as well the
basis set and the geometry) has allowed to assess which are the
principal requirements of TDDFT for the calculation of photo-
absorption of MPCs. In general it was concluded that asympto-
tically corrected functionals like LB94 and SAOP perform much
better than standard GGA, but the low energy region remains
difficult to predict and can be properly described only by hybrid
functionals like B3LYP. The accurate prediction of the optical
response of MPCs represents a real challenge to theory, due the
co-existence and, thus, coupling of three moieties with quite
different electronic properties: (1) a metal core in a low-oxidation
state; (2) the metal shell of the “‘staple” motifs that interacts with
both metal core and ligands, (3) the ligands (thiolates, etc.).
Indeed, it has been shown that the B3LYP hybrid xc-functional
and kernel enable one to obtain a balanced description of the
electronic structure of regions with such a different chemical
nature.?”*® It is worth stressing that a quantitative prediction of
optical excitations in MPCs is particularly important for under-
standing properties and exploiting these compounds in view of
applications, such as sensing and photocatalysis.*>

The present work develops within this research framework.
Our main goal consists in testing and extending the validation of
the B3LYP scheme to a larger and more diverse set of clusters than
previously investigated. The present study, where we vary the nature
of the metal and the ligands, is particularly relevant to assess the
predictivity of the previously proposed B3LYP scheme, as it is
known®’ that the optical properties of MPC are affected by both
the metal and the ligand components. We selected three
metal clusters that share the same M,; metallic core structure
but have different metal composition and ligands: Ag,s(DMBT);5 ",
Ag,,Pt(DMBT);s>~ and Au,,Pt(SC,H,);s where DMBT is 24-
dimethylbenzenethiolate and SC,H, is n-butylthiolate. These
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nanoclusters can be prepared with atomic precision and offer a
diverse set of MPC compounds on which to test and validate our
theoretical approach.

2. Theoretical method

To predict optical spectra, we employ the complex polarizability
TDDFT (polTDDFT) algorithm.*® This approach is able to treat
very large systems by avoiding the bottleneck of the more
traditional Casida diagonalization via a direct solution of the
response equations, while still providing a very good accuracy
when compared with the exact Casida solution.*®*” The reader is
referred to the original work for a detailed description of the
algorithm®® and its implementation in the AMS/ADF program.*®

In practice, the photoabsorption spectrum o(w) is calculated
point by point, from the imaginary part of the dynamical
polarizability o(w):

o() = " 1m{o() W

This expression is of practical interest when the polarizability is
calculated for complex frequency, i.e. @ = w, + iw;, where the real
part o, is the scanned photon frequency (energy) and «; is the
imaginary part which corresponds to a Lorentzian broadening of
the discrete lines and can be interpreted as a pragmatic inclusion
of the excited states finite lifetime. The complex dynamical polariz-
ability is calculated by solving the following non-homogeneous
linear system, working with a basis set of density-fitting functions:

[S — M(w)]b=d 2)

In eqn (2) S is the overlap matrix between fitting functions, b
is the unknown vector with the expansion coefficients b,(w) of
the time-dependent electron density p{!) induced by the elec-
tromagnetic field, d is the frequency dependent vector corres-
ponding to the known non-homogeneous term, and finally the
elements of the frequency dependent matrix M are:

M, = (ful xxs(@)Kf) ®3)

In eqn (3) yks is the Kohn-Sham frequency-dependent dielectric
function, K is the kernel, and f,, and f, are the elements of the basis
set of density-fitting functions. Note that the matrix element in
eqn (3) is between density fitting functions, and therefore the
present implementation of the algorithm allows one to employ
only density-dependent kernels. For this reason, the density-matrix-
dependent Hartree-Fock exchange kernel, which is an ingredient of
hybrid xc-functionals, cannot directly be employed in polTDDFT.
However, it is still possible to employ hybrid kernels with nonlocal
Hartree-Fock exchange components if the hybrid diagonal approxi-
mation (HDA) is employed. The HDA method, which we have
recently proposed,*® to which we refer for further details is a very
efficient and robust approximation to TDDFT: by correcting only
the diagonal matrix elements for the non-local exchange, while
including local-density exchange-correlation terms of the kernel in
the off-diagonal elements, the computational complexity is drasti-
cally reduced while keeping an excellent accuracy.*’

This journal is © the Owner Societies 2024
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3. Experimental and computational
details

[n-Oct,N"|[Ag,5(DMBT);5 "], [n-Oct,N*],[Ag,,Pt(DMBT),s> ], and
Au,,Pt(SC,Ho)1g synthetized according to
procedures,’*>> with minor modifications (see ESIf).

Photoabsorption measurements were carried out with a
near-infrared VARIAN Cary 60 spectrophotometer with a spectral
resolution of 0.5 nm. The spectra were collected over a range of
250-900 nm. [1-Oct,N'JAg,s(DMBT);s ] and [n-Oct;N'],[Ag,Pt-
(DMBT),s>" ] were dissolved in a 5:4:2 vol butyronitrile/propioni-
trile/dichloromethane solution, whereas Au,,Pt(SC,Ho);s was dis-
solved in a 1:1 vol tetrahydrofuran/toluene solution; we verified
that both solvent combinations form clear glasses at low tempera-
tures. The solutions were adjusted to obtain an absorbance of 0.2 at
400 nm, using a 1 mm optical-path quartz cuvette. The temperature
was controlled with an OptistatDN cryostat equipped with a
MercuryiTC temperature controller (Oxford Instrument). A HiCube
80 Eco, DN 63 ISO-K turbo pumping station (PFEIFFER Vacuum)
was used to generate a high vacuum inside the outer vacuum

were known

chamber of the cryostat. Before experiment, the sample holder
was purged with high-purity helium, which was used as the
temperature-exchange gas.

The cluster geometries used to perform TDDFT simulations
were taken from the corresponding experimental X-ray
structures.”® The geometries were partially optimized in the
ligand coordinates, while freezing the metal and sulfur atoms
at their experimental geometry.

Geometry relaxations were performed using the CP2K
package®® at the DFT/PBE level** with the addition of the
Grimme-D3 dispersion terms.>* DFT simulations, based on
the hybrid Gaussian/plane-wave scheme (GPW),>> employed
double-zeta-valence-plus polarization (DZVP) basis sets’® to
represent the DFT Kohn-Sham orbitals, GTH pseudopoten-
tials for describing the core-electrons of all the atomic
species,”” and an auxiliary set of plane-waves whose cut-off
was set to 300 Ry.

From these geometries, optical-response TDDFT calcula-
tions were performed with the version 2023.01 of the Amster-
dam modeling suite (AMS)®® set of programs,”>* employing a
basis set of Slater type orbitals (STO) functions of Triple Zeta
plus polarization (TZP) quality and optimized density fitting
functions.® Scalar relativistic effects were included via the Zero
order regular approximation®® (ZORA). The hybrid B3LYP xc-
functional was employed, which includes a portion of Hartree-
Fock non-local exchange and provides consistently the most
accurate predictions among DFT approaches. In this work, we
employed the resolution of the identity (RI) technique to
calculate the B3LYP HDA exchange integrals, as recently imple-
mented in version 2023.01 of AMS.** Such implementation,
known as ‘fitted HDA’, allows a speedup up to a factor of 30 in
the calculation of integrals with respect to the previous version
that used numerical quadrature. The polTDDFT results were
broadened by a Lorentzian function to obtain 0.150 eV of
FWHM. An imaginary frequency w; of 0.075 eV was employed

in eqn (1).
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Fig. 1 Geometries of the clusters (a)
(DMBT)352~, and (c) Au24Pt(SC4Ho)ss.

Agos5(DMBT)157, (b)

Ago4Pt-

4. Results and discussion

4.1. Cluster structures

Fig. 1 shows a schematic depiction of the structures of the three
clusters, each one taken from two different points of view. The
systems are characterized by the typical M,s structure which
can be briefly described as follows:** (1) one metal atom is in
the center of the cluster; (2) 12 metal atoms form an icosahe-
dron around the central atom; (c) a shell of ligands consisting
of six ‘staple’ units -SR-M-SR-M-SR- protects the inner metal
core. In the cluster series here considered: Ag,s(DMBT)s ,
Ag,,Pt(DMBT);5*> and Au,,Pt(SC4Ho);s, the first compound is
a monometallic silver cluster, while the next terms correspond
to monodoped silver and gold clusters respectively, where the
central Au or Ag atom is replaced by a Pt atom. As to the ligand,
whereas the first two clusters are protected by the typical
aromatic DMBT ligand, SC,H,, is aliphatic and this may have
effects on the optical properties. Indeed, it has been shown®
that aromatic thiolates can promote a plasmon ‘rebirth’ already
at cluster sizes that would not yet be plasmonic. Although
the first cluster is anionic, the second is dianionic, and
the last one is neutral, they all display a closed-shell electronic
structure.

Phys. Chem. Chem. Phys., 2024, 26,17569-17576 | 17571
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Fig. 2 Comparison between experimental and calculated photoabsorp-
tion of the clusters (a) Ag.s(DMBT)ig™, (b) Ago4Pt(DMBT)15>~, and (c)
AU24Pt(SC4H9)18.

35 40 45

4.2. Cluster selection and comparison with experiment

Fig. 2 shows the calculated photoabsorption of the three
clusters calculated at the TDDFT level, as described in Sections
2 and 3, and the experimental spectra obtained at 77 K. The
intensity scale is absolute for the calculated profiles, whereas
the experimental profile intensity has been rescaled to achieve
a best match with the calculated profile and compare the
intensity of the calculated profile across different clusters.
To have a more general perspective, we start by discussing
the whole series, and defer the discussion of the single terms of
the series to the following sections.

First, we observe that for all three clusters a fairly nice
agreement between theory and experiment holds. All the
experimental features are properly reproduced by theory, with
modest energy shifts of few tenth of eV and a rather accurate
distribution of intensities, with only occasional deterioration.
These finding provide a strict validation of our theory
approach, demonstrating that the fitted HDA B3LYP
polTDDFT scheme can attain quantitative accuracy even with
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Fig. 3 Scheme with the most important occupied-virtual configurations
involved in the transitions in Ags(DMBT)g™. The labels refer to specific
features as reported in the inset. The color of the levels represents the
nature of the molecular orbitals in terms of fragments (see legend).

metal doping and with different ligand nature and electronic
effects.

Considering the trend of the spectra along the series, we
notice that whereas Ag,s(DMBT);s~ and Ag,,Pt(DMBT),>~ dis-
play a photoabsorption spectrum very rich of spectral features,
with many well resolved bands and maxima, the spectrum of
Au,,Pt(SC4Hy), aside from the region at low energy, is much
less structured, consisting mainly of weak shoulders super-
imposed to a background smoothly increasing with energy.

4.3. Ag,;(DMBT);5~

In this section we focus on the specific analysis of the photo-
absorption of Ag,s(DMBT),5 . Fig. 3 shows a schematic picture
of the main features (designated by the same capital letters
from A to F as in Fig. 2a, as described in the inset), whereas
Table 1 provides for each spectral feature the main contribu-
tions in terms of electronic configurations. From Fig. 2a it
appears that the theory generally underestimates the experi-
mental absorption energy: for the features A, E and F the
difference is less than 0.1 eV, whereas a slightly larger disagree-
ment is found for the other features, the largest deviation of
0.13 eV being found for feature D. The shape of the peaks is very
well reproduced by theory, but for peak C where a quite sharper
shape is predicted: this difference could be attributed to vibra-
tional broadening or to a deficiency in the description of the
electronic structure of the cluster. Regarding the assignment of
the transitions, peaks A and B have a character very close to
HOMO/LUMO excitations, ranging from HOMO—2 to LUMO+4.
Interestingly, their energy difference is attributed mainly to the
different energy of the virtual orbitals, which are grouped in
two close groups separated by about 0.5 eV (see Fig. 3). All these
orbitals have large silver contribution (see also the molecular
orbital plots in Fig. S1 and S2 of the ESI}) that is especially
large in LUMO and LUMO+1. We can describe the character of
these orbitals as Ag-S c-bonds for the HOMO, HOMO—1 and
HOMO-2, whereas those from LUMO and LUMO+4 mainly
pertain to Ag atoms only. With this picture in mind, we can

This journal is © the Owner Societies 2024
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Table 1 Analysis of the spectral features of Ag,s(DMBT).s~. Label feature, calculated and experimental energy (eV), calculated molar absorption (M~*

cm™Y) and assignment

Excitation Experimental

Excitation E (eV) E (eV) € Assignment

A 1.90 1.88 33555 56.61% HOMO—1 (32% Ag 55, 21% S 3p, 8% Ag 5p) — LUMO+1 (29% Ag 5s, 15% Ag 5p, 4% S 3p, 1%
Ag 4d); 30.54% HOMO (28% Ag 5s, 20% S 3p, 7% Ag 5p) —» LUMO+1

B 2.46 2.51 61256 21.50% HOMO—2 (31% Ag 5s, 18% S 3p, 7% Ag 5p, 5% Ag 4d) — LUMO+2 (25% Ag 5p, 23% Ag 55, 6%
S 3p, 1% Ag 4d); 15.26% HOMO — LUMO+4 (26% Ag 5p, 22% Ag 5s, 6% S 3p, 1% Ag 4d); 11.51%
HOMO—-2 — LUMO+4

C 3.16 3.22 102 811 24.56% HOMO—22 (38% S 3p, 6% Ag 4d, 2% Ag 55) — LUMO+1; 16.32% HOMO—20 (27% S 3p, 3% Ag
55) —» LUMO+1

D 3.66 3.79 87273 8.91% HOMO—23 (34% S 3p, 5% Ag 4d, 4% Ag 5s) — LUMO+3 (29% Ag 5p, 7% S 3p, 2% Ag 55, 1% Ag
4d); 8.31% HOMO—22 — LUMO+2

E 4.06 4.07 97 827 10.19% HOMO—13 (34% S 3p, 2% C 2p, 1% Ag 4d) - LUMO+8 (28% Ag 5p, 9% Ag 58, 1% C 2p); 8.89%
HOMO-12 (32% S 3p, 1% C 2p) — LUMO+8

F 4.22 4.15 94691 32.53% HOMO—16 (29% S 3p, 5% Ag 5s, 4% Ag 4d, 1% C 2p) - LUMO+8

attribute the A and B features to transitions from Ag-S c-bonds
to the metal core. B is more intense due to the largest metal
contribution in the final virtual orbitals. C is the most intense
band, whereas in the experiment it is more broadened as
already noted. This feature is attributed to transitions starting
from rather deep occupied orbitals (HOMO—20, HOMO—21)
with major ligand character (Fig. S1, ESIt). The nature of the C
band can also explain why it is so broadened in the experiment:
the mainly ligand character of the occupied orbitals is con-
ceivably more sensitive to their conformational freedom, which
in solution is particularly relevant for the ligands but is much
less important for the metal core.®>®” The next E and F features
are less pronounced, with the orbitals involved in such transi-
tion localized mainly on the ligands.

4.4, Ag,,Pt(DMBT);s>~

Here we focus on the first doped cluster of the series, namely
Ag,,Pt(DMBT),3*>". Fig. 4 shows the scheme of the molecular
orbital energy levels together with the main spectral features (A,
B and C), whereas the main contributions in terms of electronic
configurations are reported in Table 2. Fig. 2b illustrates that
the theory reproduces remarkably well the spectral window

Ag24Pt(DMBT)1g8>
2 4
Pt
1 — Ag
ligand
s 01 A Bl| ¢
o
w1 C
B
-2 1 E————— A
-3

Fig. 4 Scheme with the most important occupied-virtual configurations
involved in the transitions in Ag,4Pt(DMBT);52~. The labels refer to specific
features as reported in the inset. The color of the levels represent the
nature of the molecular orbitals in terms of fragments (see legend).

This journal is © the Owner Societies 2024

here considered, with the position of the three peaks in
quantitative agreement with experiment, and the largest devia-
tion for peak C limited to only 0.15 eV. Furthermore, the
intensity distribution is quite accurately predicted by theory,
and it is also worth noting that the profile shape between the
peaks follows very closely the experimental trend. The energy
levels from Fig. 4 give a situation qualitatively like the previous
pure silver cluster: the A and B bands again start from the same
group of occupied orbitals (HOMO, HOMO—1 and HOMO-2)
but arrive to two different groups of virtual orbitals, separated
by about 0.3 eV (LUMO and LUMO+1 for feature A and LUMO+2
and LUMO+3 and LUMO+4 for feature B). Interestingly, in
comparison with Ag,s(DMBT),5 , the nature of the transitions
is the same but both transitions are blue shifted, which is a
consequence of the larger HOMO/LUMO gap as well as the
smaller separation between virtual states involved in features
A and B. It is worth noting that the calculated shape of the
peak C of the present cluster is in very good agreement with
the experiment, at variance of previous Ag,s cluster where the
experimental peak was strongly broadened. We attributed
the strong broadening to a consequence of the ligand confor-
mational freedom. Therefore it is interesting to argue if this
different behavior could be ascribed to the Pt doping and/or to
the charge of the cluster, since the rest of the system (such as
the Ag geometry and the ligand nature) is the same. Indeed, the
Pt-Ag bonds are much more ‘directional’ and stronger than
Ag-Ag bonds, due to the role played by the Pt 5d orbitals, whereas
in Ag the 4d orbitals are deeper in energy and play a very minor
role in the chemical bond formed by Ag. Moreover, the larger
charge of the Pt-Ag cluster should entail a larger ‘pressure’ by the
solvent, which should also compress the ligands’ degrees of
freedom. This enhanced ‘Pt-Ag bond directionality’ together with
a larger environmental pressure should inhibit the conforma-
tional freedom of the ligands giving a sharper peak.

In summary, the computational model describes properly
the optical behavior, ascribing the observed differences to the
presence of the Pt atom. The Pt contribution remains below
10% in all the orbitals considered, except for some that are
rather deep, around —3 eV, and do not contribute appreciably
to the spectral features. Incidentally, the Pt atom participates
mainly with the 5d electrons, which are rather diffuse, thereby
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Table 2 Analysis of the spectral features of Ag,4Pt(DMBT);5%~. Label feature, calculated and experimental energy (eV), calculated molar absorption (M™%

cm™Y) and assignment

Excitation Experimental

Excitation E (eV) E (eV) € Assignment

A 2.18 2.15 34131 37.37% HOMO (28% Ag 55, 20% S 3p, 3% Ag 4d, 3% Pt 6p, 2% Ag 5p) — LUMO+1 (26% Ag 55, 19% Ag
5p, 6% Pt 5d); 18.90% HOMO—2 (31% Ag 5s, 18% S 3p, 6% Ag 5p, 2% Pt 6s) —» LUMO

B 2.62 2.70 68651 24.62% HOMO—2 — LUMO+2 (21% Ag 5p, 19% Ag 5s, 4% Pt 5d, 1% S 3p); 22.00% HOMO—1 —
LUMO+3 (23% Ag 5s, 25% Ag 5p, 3% Pt 5d, 3% S 3p)

C 3.72 3.58 101702 10.65% HOMO—13 (29% S 3p, 16% C 2p, 1% Pt 5d) — LUMO-+4 (22% Ag 5p, 19% Ag 5s, 4% Pt 5d, 2%

S 3p); 9.10% HOMO—6 (27% S 3p, 9% Pt 5d, 7% Ag 4d, 3% Ag 5s, 1% C 2p) — LUMO+8 (16% Ag 5p,

8% Ag 5s, 1% C 2p)

providing kind of an ‘electron reservoir’. We can conclude
that for this cluster the spectral difference with respect to the
silver cluster can be rationalized in terms of the nature of the
central atom.

4.5. Au,Pt(SC,Hy)yg

The last compound considered in this work consists of a
neutral gold cluster protected by alkyl ligands and doped with
Pt, Au,,Pt(SC,Ho)qs. Fig. 5 shows the molecular-orbital energy
levels, with the main features (A, B, C and D) analyzed in
Table 3 in terms of leading electronic configurations. From
the previous Fig. 2c, it appears that the theory reproduces
quantitatively the peak A at low energy (2.2 eV). At higher
energy the photoabsorption profile is not as highly structured
as in the two silver-based clusters but is much smoother. Only
weak shoulders are predicted to show up in the energy range
3.2-3.7 eV, which is in satisfactory agreement with experiment.
For this cluster, the theoretical spectrum is blue shifted with
respect to the experiment by few tenths of eV. The predicted
feature D is unfortunately outside the experimental energy
interval, and thus, we do not have an experimental counterpart
for comparison. Also for this cluster it is worth noting that,
despite a minor disagreement in the energy positions of features
B and C, the calculated intensity profile resembles closely the
experimental shape, which features a typical ‘step’ behavior. In

Au24Pt(C4Hg)18
0 4
2] ligand
A B C D 'gan
w
-6 1
-8

Fig. 5 Scheme with the most important occupied-virtual configurations
involved in the transitions in Aux4Pt(SC4Hg)1s. The labels refer to specific
features as reported in the inset. The color of the levels represent the
nature of the molecular orbitals in terms of fragments (see legend).
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the present work we did not consider the corresponding pure
gold clusters, as they have already been the object of previous
extensive experimental and theoretical studies,*®**®® and thus
we can profitably compare the present results on the Au/Pt
nanoalloy with the photoabsorption spectrum of Au,s5(SR);g~
measured at room temperature®® and the absorption spectrum
we previously calculated at the TDDFT B3LYP HDA level.*® Note
that in ref. 49 the experimental R = CH,CH,C¢H; ligand was
simplified as R = CH; in the calculations, but keeping the
experimental geometry, in such a way that the alkyl ligand nature
was preserved (important to describe properly the optical spec-
trum). This comparison indicates that Pt doping shifts the A
feature to higher energy from 1.8 eV in Au,5(SR);5~ to 2.2 eV in
Au,,Pt(SC,Hy);s in both experiment and calculations. In the
experimental Au,s(SR);s~ spectrum other less pronounced
features appear at 2.75, 3.1 and 3.9 €V, all of them shifted at
higher energy in Au,,Pt(SC4H,);5 by about 0.5-0.6 eV on average.
We conclude that Pt doping definitely promotes a blue shift of
the spectral features by about 0.4-0.6 eV depending on the
specific structure, in both Ag as well as Au clusters.

5. Conclusions

The photoabsorption spectra of three MPC compounds with differ-
ent alloy nature and ligands: Ag,5(DMBT);s~, Ag,,Pt{DMBT);s>~
and Au,,Pt(SC4Ho)s, where DMBT is 2,4-dimethylbenzenethiolate
and SC4H, is n-butylthiolate, have been measured at low tempera-
ture (77 K) in order to better resolve single optical peaks and
compare them with state-of-the-art theoretical simulations at the
TDDFT level of theory wusing hybrid xc-functional and
experimentally-derived geometries. For all three cases, we find an
excellent match between theory and experiment, with typical devia-
tions being less than 0.1 eV, occasionally reaching 0.2 eV. This
result provides a stringent validation of the proposed computational
protocol. In addition to validated accuracy, the calculations are
analyzed to assign the relevant spectra features, ascribing them to
specific transitions between occupied-virtual orbital pairs. It is
found that doping by Pt has an important effect on the spectra,
shifting the spectral features to higher energy by about 0.4 eV,
for both silver and gold clusters. Future developments of the
present work would be towards metal clusters containing atoms
of different nature with respect to the present ones, as well as
ligands different from thiols. This would help to trace more general
conclusions regarding the transferability of the method. Moreover

This journal is © the Owner Societies 2024
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Table 3 Analysis of the spectral features of Au,4Pt(SC4Ho)is. Label feature, calculated and experimental energy (eV), calculated molar absorption (M~*

cm™Y) and assignment

Excitation Experimental

Excitation E (eV) E (eV) € Assignment

A 2.20 2.16 12 804 34.51% HOMO—1 (17% Au 6s, 17% S 3p, 8% Au 5d, 5% Pt 6p) —» LUMO+2 (29% Au 6s, 15% Au 6p, 9%
Pt 5d, 2% S 3p); 25.04% HOMO (23% S 3p, 15% Au 68, 11% Au 5d, 7% Pt 6p, 4% Au 6p) — LUMO+2

B 3.24 3.06 19247 17.44% HOMO — LUMO+8 (25% Au 6p, 9% Au 65, 6% S 3p, 1% C 2p, 1% H 2s); 15.88% HOMO—6 (30%
S 3p, 11% Au 5d, 1% Pt 5d) - LUMO+2

C 3.70 3.40 40118 16.24% HOMO—14 (20% S 3p, 18% Au 5d, 12% Au 6s) - LUMO+2; 14.65% HOMO-3 (16% Pt 5d, 14%
Au 5d, 10% S 3p, 8% Au 6s) — LUMO+7 (30% Au 6p, 13% Au 6s, 3% S 3p)

D 4.42 — 75502 8.05% HOMO—8 (17% Pt 5d, 16% Au 5d, 14% S 3p, 1% Au 6s) - LUMO+9 (28% Au 6p, 2% Au 6s, 2% S

3p); 6.91% HOMO—10 (26% S 3p, 17% Au 5d, 7% Au 6s, 4% Pt 5d, 1% Pt 7s) - LUMO+9

future inclusion of range-separated xc-functionals, necessary to
describe charge transfer excitations, is under consideration.
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