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Abstract

Gold nanoclusters stand as promising building
blocks for solar energy harvesting applications,
luminescent materials and catalytic devices. At
the frontier between molecular and metallic struc-
tures, their large number of electrons prevent the
use of ab intio quantum mechanic method to ra-
tionalize and predict their structure-property rela-
tionships, especially when fully coated with or-
ganic ligands. Using an approximate DFT-based
scheme, namely Tight-Binding Density Functional
(DFTB), we demonstrate that is possible to rapidly
access the ground (geometry and electronic struc-
ture) and excited state (UV-Visible absorption)
properties of these nano-objects without sacrific-
ing the qualitative accuracy of its parent DFT,
paving the way towards a quantum material design
of gold-organic nano-devices.
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Introduction

Thiolate-protected gold nanoclusters (GNC),
consisting of a gold metal core stabilized by a
thiolate-ligands layer Au,(SR), (where x and
y represent gold atoms and surface ligands
numbers, respectively), have attracted consid-
erable attention in recent years. Their molec-
ular, strong size-dependent behavior, stability,
and tunability of properties, 1= make them po-
tentials building blocs for solar energy har-
vesting devices, > especially when the coat of
organic ligands around the cluster not only
protects the metal but also possesses photo-
chemical properties. They are also considered
as efficient catalyst, %7 and serve as fluores-
cent probes for biomedical applications.®?
Single crystal X-ray diffraction has been used
to characterize a vast number of GNCs, owing
to their highly symmetrical structures. Some
of the typical and most investigated GNCs are
listed below. Among the most frequently stud-
ied systems is the Au,s(SR)g cluster, which
has been extensively researched.'® To syn-
thesize the Au,s5(SR);g cluster, a range of
thiolate ligands has been employed, includ-
ing SC,Hy,.1, glutathione, SC,H4Ph, and thi-
ols with a polymerizable group.!®!! The na-
tive Auys(SR) g cluster is negatively charged,
with the n-tetraoctylammonium cation
(TOA') serving as the counterion.®1%13 The
[Auys(SR)1g]~ cluster can be readily oxi-
dized to [Auys(SR)13]1° and to [Auys(SR) 51t
by chemical oxidation.210:12:14-16 Ay13¢(SR) 4
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nanoclusters have garnered significant atten-
tion, with several theoretical models pro-
posed to describe their structural arrange-
ment. These models suggest that the gold
core of these clusters may either be symmetric
or disordered.!”-'® Interestingly, the unit cell
of Ausg(SC,H4Ph),4 does not contain a coun-
terion, indicating that the cluster is neutral in
nature.1? In addition, several studies have in-
vestigated the impact of different thiol ligands
on the electrochemical and thermodynamic
stability of these nanoclusters.2%-22 Of the var-
ious thiol ligands, —-SC,H,4Ph thiol is particu-
larly appealing due to its high electrochemical
and thermodynamic stability, as demonstrated
by Jung et al.2° Recently, Jadzinsky et al. re-
ported a complete structural characterization
of thiolate-protected Au;p,(p-MBA)44 (pMBA
= p-mercaptobenzoic acid, SPhCOOH).?3 The
exceptional stability of the Aujp(p-MBA)44
nanocluster may be attributed in part to the
electronic shell closing effect, which results
from the effective presence of 58 valence
electrons (102-44).2%24 Finally, Au;4(SR)go
has gained significant attention as one of the
largest molecular-like GNC. The Au-S frame-
work of Auj44(SR)¢o was initially predicted by
density functional theory (DFT) calculations
in 2009,2° and the experimental structure was
not published until almost a decade later, in
2018.2¢

To understand the deep structure-properties
relationship in GNCs, DFT has been employed
in theoretical studies for over a decade.?”-28
While numerous theoretical works have
been conducted on small and medium-sized
thiolate-protected gold clusters, they often
overlook a portion or the entirety of the ligand
coat.? Very few DFT-based studies have been
performed on large-size thiolate-protected
gold clusters,?42° where investigating the
excited state properties with TD-DFT is still
nowadays a very computationally demanding
task. As an alternative, the use of cheaper
quantum mechanics models is relevant to
achieve a complete description of these nano-
objects without neglecting the organic coat,
reaching up to thousands of atoms. Among
such approximate models, the Density Func-



tional Tight-Binding (DFTB) framework has
become a popular choice.

DFTB is a DFT-based approximate method
in which a combination of a minimal ba-
sis set and the neglect/parameterization of
the two-electron integrals (by pre-computing
them at the DFT/PBE level of theory and
tabulating them as numbers) allow to solve
the Kohn-Sham equations while saving
99% of the calculation cost. —The mod-
ern version of DFTB is the so-called self-
consistent charges DFTB (SCC-DFTB)3C in
which the variation of the atomic charges is
taken into account iteratively while search-
ing for the answer of the tight-binding
problem, allowing charge-transfer to occur
within atoms/molecules/material. The self-
consistent variation of the DFTB electronic
energy with respect to charges is determined
with the help of a second (SCC-DFTB2)3° or a
third order (SCC-DFTB3)3! Taylor expansion
starting form a reference density correspond-
ing to the sum of neutral atomic densities.
The performance of DFTB methods is thus
principally driven by the quality of the cre-
ated parameters for a specific application. In
a previous work, we designed a set of SCC-
DFTB2 parameters for the description of gold-
thiolates interaction, encompassing Au, S, C,
N, H, O atoms.3? The auorg set of parame-
ters, while encompassing the required pair
potentials for the description of thiolate pro-
tected GNCs, have been primarily tested on
the electronic structure and geometry of gold
bulk, surfaces or slabs decorated with organic
molecules,3? and bare gold nanoparticles of
growing sizes. 3334 Optical properties of such
gold nanoparticles were computed in another
work, taking advantage of TD-DFT electron
dynamics simulation to compute the plasmon
resonance band and rationalize their charac-
teristics. 34

The auorg parameter set was not originally
developed for an specific application on GNCs,
which exhibit a complex core-shell atomic
structure that includes gold atoms with dif-
ferent coordination numbers and various S-Au
bonding arrangements that depend on clus-
ter size and shape. As a result, the accuracy

of a parameter-based computational frame-
work must be carefully evaluated in differ-
ent scenarios. Nevertheless, the auorg pa-
rameters have already been used to describe
a fluorophore-functionalized GNC and ratio-
nalize the photoinduced electron transfer in
the nano-objects.3> Recently, phosphorus pa-
rameters were added to enable modeling of
phosphate-protected GNCs. 3¢

In this work, we provide a comprehen-
sive evaluation of the capability of DFTB us-
ing the auorg parameters, to accurately de-
scribe the structural and electronic properties
of various thiolate-protected GNCs, namely
Au,s(SR) 157, Ausg(SR)24, Auj2(SR)44 and
Auy44(SR)¢y (see Figure 1(a) and (b)). A
specific focus is set on analysing how the
nature of the protecting thiol ligands influ-
ence the GNC properties. For the first time
we also explore the ability of TD-DFTB, both
linear-response formalism in the frequency do-
main3’ and through real-time formalism,>® to
retrieve the experimental UV-Visible absorp-
tion spectra and provide a rationalisation of
the absorption bands nature. These results
are also confronted to previously computed
TD-DFT spectra. Through this study we point
out the identified strengths and weaknesses of
the current auorg set in order to facilitate fu-
ture applications and/or re-parameterization
of SCC-DFTB2 for these nano-objects.

Computational methods

Geometries of the GNCs were fully optimized
without symmetry restrictions using their ex-
perimental crystal structure as the starting ge-
ometry. Following geometry optimization, fre-
quency calculations were performed, result-
ing in only positive eigenvalues. The ground
state electronic structures and geometries of
all the systems studied were obtained using
the self-consistent-charge density-functional-
tight-binding (SCC-DFTB). 30340 particularly,
we used the DFTB+ code,*! with the auorg
set of parameters>? in the second-order SCC-
DFTB for all the DFTB calculations presented
in this work.
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Figure 1: (a) Core-shell representation of a thiolated gold nanocluster. Au,s(SR);4~ was taken as
an example for the representation. (b) Representation of the systems under study: Au,5(SR) g7,
Ausg(SR)24, Auy2(SR)44 and Auj44(SR)6o nanoclusters with different protecting ligands R. All R

moieties are omitted for clarity.

Using these equilibrium geometries, the op-
tical properties were simulated through the
time-dependent DFTB (TD-DFTB) framework
within two different approaches: the Casida’s
formalism“? or linear-response (denoted here
LR-TD-DFTB) and the real-time propagation
of the single electron density matrix (RT-TD-
DFTB).38 In LR-TD-DFTB, the electronic exci-
tation energy wy is obtained from solving the
following eigenvalue problem:

.QF] = 6012F1. (1)

Here, Q is the response matrix and its ele-
ments in the implementation from Niehaus et
al. within the DFTB method?3” are

Qjjo il = 5ik6j160rw52j + Z@Kijc,klf\/w_kh

(2)
where ¢ and 7 are spin indices, w;; = €; — ¢,
i,k and j,[ are occupied and unoccupied KS or-
bitals respectively, whereas K is the so-called
coupling matrix. The huge advantage of the
LR-TD-DFTB formalism implementation3” is
the monopole approximation, i.e. the trunca-
tion at the first order of the multipole expan-
sion of the transition density, in which cou-

pling matrix elements Kjjs 4; assume simple
expressions, thus reducing the computational
cost. Once the eigenvalue problem from equa-
tion 1 is solved within TD-DFTB, the oscillator
strength f! for the transition / can be calcu-
lated as

2

3
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where 7, stands for the p-th component of the
position operator. In this way, the absorption
spectrum can be obtained from the convolu-
tion of the discrete excitation energies w; with
a Lorentzian function weighted by the corre-
sponding oscillator strength f.

In the RT-TD-DFTB approach,3® we obtain
the excitation energies @ and intensities us-
ing a different protocol, however, obtaining
equivalent results (vide infra). First, a kick
perturbation is applied to the ground state
single-electron density matrix py, i.e. a Dirac-
delta electric field pulse Ey;. (1) = &50(t)€ po-
larized in direction & € {i, j,k}, which excites
all dipole-allowed transitions. 4> After the per-
turbation, the evolution of p can be calculated
by numerical integration of the Liouville-von



Neumann equation of motion, which in a non-
orthogonal basis is

p=—i(S'Hp—pHS™"), 4)

where p is the single-electron density ma-
trix, H is the SCC-DFTB Hamiltonian and S~!
is the inverse of the overlap matrix. Dur-
ing the time evolution of the system its time-
dependent dipole moment contains informa-
tion about the excited frequencies and oscil-
lator strengths. To access this information
we need to Fourier transform the dipole mo-
ment signal along each cartesian direction af-
ter the excitation and then find the frequency-
dependent polarizability tensor following 44

alo) = W7 (5)
0

where p is the net dipole moment of the sys-

tem and &, is the Dirac-delta (scalar) field

strength. Once obtained the polarizability

o), the absorption cross-section o(®) is

proportional to the imaginary part of the lat-

ter®

o(w) = ‘”%"m(a(w)), 6)

where @(w) = {Tr[a(w))]. By changing the
perturbation added to the Hamiltonian to a
continuos laser type E; ., (1) = & sin(w?)r, one
can study the excitation processes under illu-
mination. In this case w is the transition of
interest and the laser is applied in tune with
the transition dipole vector direction r. The
latter can be calculated as the second rank po-
larizability tensor at the energy of interest .
After diagonalization of the tensor, the corre-
sponding eigenvector with the largest eigen-
value represents the maximal polarizability di-
rection and can be associated with the transi-
tion dipole moment vector.

In addition, single point DFT calculations
have been conducted on the DFTB relaxed ge-
ometries, in order to assess the quality of the
electronic structure (density of states, elec-
tronic gaps). These DFT values have been ob-
tained with the PBE functional, associated to
a 6-31G(d,p) basis set for C, N, O, S and H
atoms and a LANL2DZ basis set and pseudopo-

tential for Au atoms, and have been conducted
with the Gaussian 16 software.4® All compu-
tations have been conducted in vacuum. This
DFT level of theory has been chosen in order
to be the closest to the quantum model used
in SCC-DFTB2, i.e., a GGA functional with a
small basis set.

Results and discussion

Systems under study.

In the following we detail the structure and
properties of four GNCs of growing size,
namely Au25 (SR)18_, Au3g(SR) 24, Aujp2 (SR) 44
and Auj44(SR)¢o (Figure 1 (b)). The -R pro-
tecting ligands are chosen to match the ex-
perimental conditions: phenylethyl ligands for
Au,:(SR);32 and Ausg(SR)a4,'° pMBA (=
para-mercaptobenzoic acid) for Aujg, (SR) 444’
and methylphenyl for Au;44(SR) 0. 2° For these
clusters, their molecular-like electronic struc-
ture define their optical response and localized
surface plasmon resonance is not expected
to dominate the experimental absorption fea-
tures.2° In the following we briefly recall the
structure of the GNC under study, and the
reader should refer to the cited works for more
detailed descriptions.

* Au,5(SR),g~ exhibits a core-shell struc-
ture, that is, an icosahedral Au;3 core
capped by a Auj; shell consisting of six
”staple-like” motifs of -S(R)-Au-S(R)-Au-
S(R)- (Auy(SR)3), where three sulfur
and two gold atoms are arranged in a
"V-shaped” pattern (Figure 1 (a)).%10:12
The Auy5(SR);g framework adopts a
quasi-D,;, symmetry. %13

* The Auzg(SR)o4 GNC exhibit a face-
fused biicosahedral Au,s; core, which
is covered by three monomeric staples
—SR-Au-SR- (Au(SR),) at the waist
of the Au,; rod and six dimeric sta-
ples —SR-Au-SR-Au-SR- (Au;(SR)3)
with three on the top icosahedron and
other three on the bottom icosahedron.
The six Auy(SR); staples are arranged



in a staggered configuration, and the
Ausg(S),4 framework has a C(3) rotation
axis. The Auys core adopts a quasi-D3,
symmetry (see Figure 1 (b)).?

* The atomic structure of Aujp (p-MBA)44
consists of an approximately Ds),-
symmetric Auy9 metallic core with a
protective gold-thiolate layer Aujs(p-
MBA)44.4 This nanocluster possesses
a core of Auyg and a shell of Auy3(SR)44.
The Auy3(SR)44 shell is composed of 19
monomers (-SR-Au-SR-) and 2 dimers (-
SR-Au-SR-Au-SR-), imposing C, symme-
try on the entire nanocluster.?347(See
Figure 1 (b)).

* The Auj44(SR)gy cluster consists of an
icosahedral Auji4 core with 30 equiva-
lent RS-Au-SR oligomers protecting its
surface?® (see Figure 1 (b)). Sev-
eral groups reported crystals of Aujs
nanoparticles with various ligands, in-
cluding SC,H4Ph and p-MBA.%%°0 The
experimental structure of Auj44(SR)g
has high symmetry with 6 Cs rotation
axes, 10 C; rotation axes, and 15 C, ro-
tation axes.2°

Ground state geometries of Au,(SR),

Table 1 presents a comparison of the aver-
age distances and angles obtained using DFTB
with X-ray crystallographic data. Additionally;,
the coordinates of the DFTB optimized struc-
tures are provided online as supplementary
.xyz files. Table S1 present in addition a com-
parison between our DFTB results and DFT
structures from previous works in the litera-
ture.

In all cases the experimental structure of the
cluster described above is retrieved, though
variations in the accuracy of the Au-Au and
Au-S bond distances are observed depending
on the type of bonds (Table 1). Au-Au (core)
mean bond distances are slightly underesti-
mated by ca. 0.1 A for the smallest clus-
ters, Au,; (SC,H,Ph) ¢~ and Ausg(SCoH4Ph)o4
where the gold core is very molecular-like and

Table 1: Comparison of the experimental and
DFTB average distances (in Angstroms) and
angles (in degrees) within the GNCs. RMSD
values represent the mean deviation of the Au
and S atoms positions (in Angstroms) com-
pared to the crystallographic structure.

Au,g(SC,H,Ph),;;~ DFTB  Exp.?
Au(core)-Au(core) 2.77 2.88
Au(shell)-S(shell) 2.39 2.31
Au(core)-Au(shell) 3.50 3.16
Au(core)-S(shell) 2.61 2.37

S-Au-S 177.1  172.3
Au-S-Au 101.5  100.9
RMSD 0.39

Ausg(SC,H,Ph) o, DFTB  Exp.'”

Au(core)-Au(core) 2.81 2.89
Au(shell)-S(shell) 2.39 2.30
Au(core)-Au(shell) 3.47 3.19
Au(core)-S(shell) 2.59 2.37

S-Au-S 175.0 171.5
Au-S-Au 100.4 101.1
RMSD 0.35

Au;g, (p-MBA) 44 DFTB  Exp.¥
Au(core)-Au(core) 2.85 2.87
Au(shell)-S(shell) 2.44 2.41
Au(core)-Au(shell) 3.09 3.08
Au(core)-S(shell) 2.61 2.38

S-Au-S 160.2  164.4
Au-S-Au 112.5 1226
RMSD 0.39

Au;44(SCH,Ph)g DFTB  Exp.%°

Au(core)-Au(core) 2.88 2.89
Au(shell)-S(shell) 2.43 2.30
Au(core)-Au(shell) 3.05 3.18
Au(core)-S(shell) 2.62 2.41
S-Au-S 165.4 not given
RMSD 0.51

far from a bulk environment. On the oppo-
site, for larger clusters Au;p(p-MBA)44 and
Auy44(SCH;Ph)¢p, the mean computed Au-Au
distance is almost identical to the experimen-
tal one, and reaches the bulk Au-Au distance
of 2.88 A. These conclusions overlap with the
observation made in the original parameter-
ization work on the description of bare Au,
clusters.3? The largest deviation is observed
in all clusters for bond distances between
atoms from the core and from the shell (Au-



S and Au-Au). Values computed at the DFTB
level are typically overestimated by ca. 0.3
A. Computed S-Au-S and Au-S-Au angles are
in satisfying agreement with the experimen-
tal ones, showing deviation ranging between
1 and 10 degrees at most. The Au-S-Au angle
for Aujpr(p-MBA)y4, is the farthest from the X-
Ray structure, at 112.5° instead of 122.6°. In
a more general way, when increasing the size
of the cluster, the deviation between the DFTB
structure and the X-Ray data remains simi-
lar. The RMSD (root mean square deviation)
value (on the Au and S positions) only slightly
increase from 0.39 A for Au,c(SC,H,Ph)g"
to 0.51 A for Aujs4(SCH,Ph)ep. Globally, for
all studied GNCs, the structures optimized
at the DFTB level exhibit low RMSD values
compared to the crystal structures, and for
instance performs as well as a recent dedi-
cated algorithm designed for GNC structure
search.”! Nevertheless, one can see that the
DFTB structure of the smaller GNC present
the most important deviations to experiments.
This arises from the intrinsic discrepancy in
their molecular bond environment, while on
the opposite, larger GNCs present more homo-
geneous bond distances, that are easier to re-
produce with our approximate method.

When comparing the DFTB structures
to DFT results (see Table S1), obtained
with the PBE functional for Aups(SH)jg,?
Ausg(SCH3) 24,18 A0 (Sp-MBA)44°? and with
a LDA functional for Auj4s(SCH3)ep,2> ten-
dencies can be identified. Firstly, when DFTB
shortens the Au-Au distance of the core for
the two smaller clusters (as described above)
DFT studies on the opposite reported an over-
estimation of these bondlengths, by 0.05 A to
0.1 A. Interestingly for the two larger clusters,
this DFT overestimation is still present, while
DFTB converges to the expected XR distances,
around 2.88 A. Secondly, the overestimation
of the core-shell (Au-Au/Au-S) bondlengths
observed with DFTB is also present in the
reported DFT structures of all the clusters,
although to a lesser extent. For instance,
Au-Au and Au-S distances are overestimated
by PBE by 0.13 A and 0.11 A, respectively,
in Auys(SH) |3 compared to the experimental

data.? Angles are globally obtained with very
small deviations to DFT through the series. Of
course, the DFT results can be quite straight-
forwardly improved by selecting the appropri-
ate functional/basis set, while increasing the
DFTB accuracy would require a new param-
eterization work, for instance by dividing the
gold parameters into two types of gold atoms
corresponding to the core and the shell re-
gion, that do not possess the same chemical
environment, and render difficult the descrip-
tion of the GNC with a unique DFTB set.

As a final remark, it is observed that the
geometries are only slightly impacted by the
nature of the protecting ligands, as shown in
Table S1 for other types of coating inspired
by experimental or theoretical works, namely
methyl,20-2425:53 hexyl, 29°4>> or by simpli-
fying each ligand with a sole H atom.?%27-28
The electronic structure analysis and proper-
ties calculations presented in this work are
based on the DFTB ground-state optimized ge-
ometries discussed above.

Electronic structure of Au,(SR),

In this section we analyze the DFTB elec-
tronic structures obtained on the correspond-
ing relaxed geometries of the different GNCs.
These structures are also used to performed
DFT single point calculations at the GGA level
(see Computational details), thus serving as
a reference to assess the impact of the TB
approximations on the electronic structures.
The HOMO-LUMO energy gaps calculated for
the GNCs provide a useful descriptor for the
transition from molecular to nanoparticle-like
electronic structure. When comparing to the
known literature, the DFTB values for the
gaps are in excellent agreement with those ob-
tained from previous DFT works and experi-
mental measurements. For instance, our cal-
culated values of 1.16 eV, 0.79 €V and 0.43 eV
for Au25 (SC2H4Ph)18_, Ausg (SCo,H4Ph),4 and
Aujpp (p-MBA) 44, respectively, are comparable
the experimental and computed reported val-
ues in the literature: 1.2-1.8 eV,%1056,57
0.89-0.9 eV10:1858 and 0.5-0.6 €V,20:24:48,59
respectively. In the case of Auj44(SCH;Ph)gg



cluster, previous electrochemical studies have
shown that it possesses almost a zero HOMO-
LUMO gap, making it the smallest “metallic”
Au-nanocluster without a LSPR.%%-62 In addi-
tion, Koivisto et al. reported an optical gap
of 0.19 eV for Au;44(SC,HsPh)go.63 The DFTB
electronic gap value of 0.06 eV for this cluster
is in good agreement with these experiments.
Table S2 present a comparison of the com-
puted DFTB electronic gaps for the different
clusters with various ligands, as well as values
obtained with DFT (PBE functional, see com-
putational details for more information) for
the H terminated systems at the DFTB geom-
etry, for a more direct comparison. The DFTB
values are close to the DFT ones throughout
the series, yet always inferior, by 0.23 eV for
AU25(SH);8, 0.21 eV for Ausg(SH)y4, 0.10 eV
for Auloz(SH)44 and 0.04 eV for AU144(SH)60.
This constitutes a satisfying result, as this
value is highly sensitive to any difference in
the QM model.

On the overall, DFTB clearly recover the
expected decrease in the electronic gap
with the growing GNC size, from 1.16
eV for Au,;(SC,H,Ph);3~ to 0.06 eV for
Auy44(SCH,Ph)g9. The presence of ligands
reduces the electronic HOMO-LUMO gaps for
all the GNCs studied, compared to a model
with only -H termination (see Table S2). It is
worth noting that the values of energy gaps for
aromatic ligands (CH,CH,Ph) are somewhat
larger than those for aliphatic ligands (C¢H;3)
by 0.03 eV and 0.01 eV for Au,:;(SR)g",
Ausg(SR),4 clusters respectively. As a general
observation, these calculations imply that the
ground-state electronic features of the GNC
are only slightly influenced by the nature of
the ligands.

To further detail the electronic structure of
the GNCs, the density of states (DOS) and pro-
jected density of states (PDOS) are detailed in
Figure 2 for the different clusters. The PDOS
are plotted with the contributions of S and
core and shell atoms for Au. General obser-
vations on the contribution to the DOS can be
made within the series of GNCs. Firstly, it is
evident that the gold atoms forming the core
of the clusters always constitute the primary
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Figure 2: DFTB Density of states (DOS)

and partial density of states (PDOS) of
(a) Au25 (SC2H4Ph)18_, (b) Auzg(SC,H4Ph)oy4,
(c) Aujp2(p-MBA)44 and (d) Auy44(SCH2Ph)g
GNCs (with a gaussian broadening ¢ value of
0.1 eV). The zero of energy is set on the Fermi
level.

contributions in the electronic states around
the Fermi level, with a lesser involvement of
the sulfur atoms. Gold atoms from the outer
shell of the clusters exhibit strong involvement
around 1 eV lower (resp. higher) in energy for
the occupied (resp. unoccupied) states.

DOS and PDOS of the simplified H-
terminated GNCs obtained with DFTB and
DFT (at the DFTB geometry, see computa-
tional details) are compared in Figure S1 and
S2. Firstly, The above observations concern-
ing the core/shell contributions around the
electronic gap are nicely consistent with our
DFT calculations (Figure S1). Secondly, when
looking at the orbital resolved PDOS of the
GNCs (Figure S2), one can see that: i) the
predominance of Au d orbitals from 1 eV be-



low the Fermi level and deeper is correctly
reproduced, ii) in this region the sp orbitals of
Au and S show a smaller involvement, and a
roughly similar contribution to the states, in
agreement with DFT, iii) after the Fermi level,
the sp orbitals of gold become more involved
than the d orbitals in both level of theory.
However, clear discrepancies with DFT can be
observed for sulfur contributions in high en-
ergy non-occupied states, around 2 eV above
the Fermi level where the contribution of the
d orbitals is overestimated compared to DFT,
as previously reported. 3>

From Figure 2 the role of the ligands
in the DFTB DOS can be visualized. For
Au25 (SC2H4Ph)18_, Ausg(SC,H4Ph)oy  and
Au;44(SCH,Ph)gy the contribution of the or-
ganic coat of phenylethyl/phenylmethyl units
appears more than 2 €V before/after the fermi
level. The positions of the ligands contribu-
tion in Au,s(SC,H,Ph) 4™ are shifted to lower
energy compared to their positions in the two
latter GNCs, as a result of the negative charge
bore by the system. For Aujg, (p-MBA)44, a dif-
ferent situation is observed, with the occupied
orbitals of the p-MBA ligands found higher in
energy and actually constituting the main con-
tribution in the states of the GNC from 0.5 to
1.5 eV before the fermi level. Computed DOS
with different types of ligands (see Figure S3)
show that the organic units impact the elec-
tronic structure of the clusters (bands from
Au/S atoms) mainly by producing a shift with
respect to the H-terminated clusters.

Optical properties of Au,(SR),

RT-TD-DFTB as a method of choice for
nanoscaled systems

As discussed in the Computational Details sec-
tion, two different DFTB frameworks are avail-
able to access the vertical absorption profiles.
The real-time method requires running three
dynamics (one per each Cartesian axis), ne-
cessitating the convergence of the dynamics
parameters, such as simulation time and time
step. Additionally the Fourier transform of the
obtained dipole moment adds another step in

the protocol to obtained the absorption spec-
trum. As a result, the linear-response method
offers a more practical and efficient approach
for analyzing systems from small to medium
sizes. However, within the linear-response
Casida method, as a matter of fact, the number
of excitations to compute in order to cover the
UV-Visible range is the limiting parameter for
larger systems. Specifically, in the case of large
systems with a high density of states, such as
in this study, the individual excited states typ-
ically carry only a small fraction of the total
oscillator strength. As a consequence, solving
the eigenvalue problem becomes inefficient
for those cases®* and may lead to convergence
issues. For instance, even for the smallest GNC
in the series, Au,5(SC,H,Ph);g~, one would
need to compute the 3000 first excitations to
obtain the spectrum up to 4 €V (ca. 300 nm).
On the other hand, RT-TD-DFTB stands as a
promising alternative to the linear-response
Casida method, especially for modeling larger
systems. Using the kick-perturbation method,
the real-time approach allows for instanta-
neous access to all excitations at once, which is
particularly advantageous for studying hybrid
systems with disparate absorption properties,
such as ligand-protected GNCs. These systems
exhibit transitions of the metal core in the vis-
ible range and the molecules in the UV range,
which are separated by a wide energy gap. Ap-
plying the linear-response Casida method in
such systems could be cumbersome since one
may not confine the number of excitations to
just one energy region. These two formalisms
lead to the same absorption spectrum when
they can both be applied. As one can see in
Figure S4 in the case of Au,;(SC,H,Ph) g~
and Auszg(SC,H4Ph),4, the LR-TD-DFTB and
the RT-TD-DFTB formalism result exactly in
the same spectra, while the computations are
a lot more efficient in the case of the RT
model. As a rule of thumb, for this series of
GNCs, we found that the computation time
necessary to model the UV-Visible absorption
spectra with LR-TD-DFTB is at least one or-
der of magnitude larger than when using the
RT-TD-DFTB framework. Based on these con-
siderations, the absorption profiles are in all



cases computed at the RT-TD-DFTB level in the
following.

Optical spectra analysis

On Figure 3 can be seen the computed absorp-
tion spectra of the four GNCs studied. The
clusters size, i.e. the total number of atoms,
has a direct impact on the density of states
in the electronic structure, as shown in Fig-
ure 2), resulting in a difference in the num-
ber of possible electronic transitions. This al-
ters the shape of the UV-Visible absorption pro-
file within the series, from a molecular-like
spectrum shape for the Au,;(SC,H,Ph)g~
and Ausg(SC,H4Ph),4 (Figure 3 (a) and (b),
respectively), to a semiconductor-like spec-
trum shape in the case of Aug, (p-MBA)44 and
Au44(SCH,Ph)¢y (Figure 3 (c) and (d), re-
spectively). The first two GNCs in the se-
ries show clear sharp transitions in the spec-
trum, while the two bigger clusters exhibit
wide bands with increasing absorption from
approximately 0.5 eV.

The experimental absorption spectrum of
Au,;(SC,H,Ph) ™ in toluene shows at least
three well-defined bands at 1.8 eV, 2.75 eV,
and 3.1 eV.2 The calculated spectrum of
Au,s(SC,H4Ph) g™ in Figure 3 (a) agrees
qualitatively, especially in the spectral shape
and number of bands with the mentioned
measurements (see Figure S5 (a) and (c) for
a direct comparison with the experiment). An
homogeneous red shift can be observed lead-
ing to transitions at lower energies in compar-
ison with the experiments, which can be at-
tributed to an intrinsic limitation of the pa-
rameterization, based on DFT integrals com-
puted at the PBE level.32 Previous DFT works
have indeed shown that most GGA function-
als lead to predictions for the first peaks that
are shifted to the red compared to experi-
ments.2”-28 Actually, most of the theoretical
works in the literature use a simpler model,
namely Au,:(SH),g~ to speed-up the TD-DFT
calculations. Manzhou Zhu, et al. have per-
formed calculations using the SAOP potential
and TZP basis set on this model system. They
predicted 3 main bands at 1.52, 2.63 and 2.91
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eV,2 showing an acceptable agreement with
our (red shifted) DFTB results at 1.29, 2.05
and 2.25 eV. As expected, the numbers are
closer when we compare with the RT-TD-DFTB
results for the Au,; (SH) g~ model at 2.39 and
2.61 eV (see Figure S5 (a) and (b) for a direct
comparison with the mentioned Au,;(SH) g~
model).

Tsunoyama et al. showed for the first time
that Ausg(SCiyHys)24 exhibits experimentally
a ~ 0.9 eV optical absorption edge and a ma-
jor absorption peak near 2.0 eV.% The UV-vis
absorption spectrum of Ausg(SC,H4Ph),4 ob-
tained by Qian et al. shows a series of peaks at
1.18 eV, 1.66 €V, 2.00 eV, 2.21 €V, 2.39 eV and
2.53 eV.>® The simulated absorption spectrum
of Ausg(SCyH4Ph),4 shown in Figure 3(b) is
in good agreement with these experimental
results taking into account a red-shift of the
whole spectrum of ca. 0.2 €V. For instance, the
lower energy band absorption appears at 0.96
eV (see inset in Figure 3 (b)). This can be seen
in a direct comparison with the experiment in
Figure S7. The figure also shows a comparison
with the theoretical spectrum obtained by Pei,
et al., using a TD-DFT approach at PBE/TZVP
level of theory for a Ausg(SCH3),4 model.1®
They predicted 4 main peaks at 1.0, 1.34,
1.69 and 1.98 ev, which are in quantitatively
good agreement with our results at 0.96, 1.30,
1.61, 1.80 eV.

The UV-Vis spectrum of Au;p; (p-MBA) 44 nan-
ocluster calculated with RT-TD-DFTB (see Fig.
3 (c)) appears, in principle, as a featureless
curve within the plotted energy range with a
wide an increasing absorption starting at ~0.5
eV, consistent with the experimental reported
spectra by Levi-Kalisman, et al.®® and Chen et
al.> It is worth to mention that the peak at-
tributed experimentally to the p-MBA ligand %©
can also be seen when plotting the absorbance
further in the UV region (vide infra). In a
closer view of the spectrum it can be seen that
the first absorption peak appears at 0.46 eV
(see inset in Fig. 3(c)) similarly to the re-
ported experimental absorption band edge of
0.6 eV for Au;gr(SPh)44,%® and quite close to
the calculated value of 0.5 eV by Hulkko et al.
using a linear-response TD-DFT method with
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=3.107%) and Au;44(SCH,Ph)¢o (d) and (h) (isovalue = 2.10~%), respectively. For the simulation
of the absorption spectra a time step of 0.0048 fs and a field strength of 0.001 a.u. (equivalent
to 1.33x107 W/cm?) were used. The simulations were carried out up to 20000 steps in the
case of Au,;(SC,H,Ph) 5™ and Ausg(SC,H4Ph),4, and up to 40000 steps for Aujpr (p-MBA)44 and
Auy44(SCH;Ph)¢o. The hole/electron densities correspond to a snapshot at 90 fs of the electron

dynamics.

the PBE functional.®” A deeper view at higher
energies between 1.5 eV and 3 eV (see Figure
S7) shows that our results are also in good
agreement with the four bands predicted by
Hulkko, et al..

In the case of the largest GNC Au ;44 (SCH,Ph)g,

we found a wide broad absorption (see Figure
3 (d)) that goes far in the IR region as can
be expected for an almost no-gap cluster (vide
supra), in accordance with the experimental
measurements that show a featureless decay-
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like absorption.®:%° Furthermore, following
the discussion proposed by Weissker et al., it is
possible to see a fine structure of the spectrum
in the visible region that is consistent with the
low-temperature absorption spectra and real-
time TD-DFT calculations at the PBE level of
theory.®3 In Figure S8 (a), we show a direct
comparison of the spectrum with the one ob-
tained by Sinha-Roy, et al.?’ using real-time
TD-DFT at the PBE level of theory. In prin-
ciple, our spectrum shows a similar structure



between 1 and 4.5 eV with a higher density of
peaks. The differences can be due mainly to
the geometry optimization process, which was
not the same in both cases and could lead to
differences in the electronic structure, hence
the excited state properties. Nevertheless, in
a more global view in Figure S8 (b), it can be
seen that the general behaviour of the spec-
trum is reproduced and the absorption peak of
the ligands around 6.5 €V is retrieved. These
results motivate further analysis of the spec-
trum of Auy44(SCH;Ph)g in the visible region
in the future, which are beyond the scope of
the present work. For all GNCs, computed
spectra with a different type of ligands (hexyl
or simplified -H terminations) show similar
absorption profile in the visible region, only
with a shift/intensity change of the bands (see
Figure S9). In particular, replacing -H with
the complete model of the ligands produces a
systematic red-shift of 0.1-0.2 eV.

For a deeper analysis of the spectra pre-
sented, we show hole and electron densities
corresponding to the lower excitation energy
for Au25 (SC2H4Ph)18_, Ausg (SCoH4Ph) o4,
Aul()z(p-MBA)44 and AU144(SCH2Ph)60, in Fig—
ures 3 (e), (f), (g) and (h), respectively. These
densities are obtained by tracking the popu-
lation of each atomic orbital throughout the
real-time dynamics, where a continuous laser
perturbation is applied in tune with the ex-
citation of interest (as explained in the com-
putational methods). By doing so, we obtain
an orbital-resolved picture of the electronic
transitions, which allows us to better under-
stand the nature of the excitations observed
in the absorption spectra. The hole and elec-
tron densities for the lower excitation energy
at 1.29 eV of Au,;(SC,H,Ph),s~ (Fig. 3 (e))
show a main localization in the Au;3; core and
sulphur atoms of the cluster with a negligi-
ble participation of the organic ligands. Fur-
thermore, gold sp orbitals are the more rel-
evant contributions to the hole and electron
densities, which is in good agreement with
previous TD-DFT calculations that propose
this excitation as a major sp to sp intraband
transition.? We also show that sulphur p or-
bitals has a significant contribution to the hole
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and electron densities. All these three ob-
servations are in good agreement with the
calculations shown by Zhu, et al., and sug-
gest that the lower energy excitation is a core
gold transition.? Similarly, the hole and elec-
tron densities for the lower excitation energy
of Ausg(SC,H4Ph),4 are composed for gold
atoms on the bi-icosahedral core with almost
not participation of the ligands (see Fig. 3).
Furthermore, gold sp orbitals and sulphur p
orbitals are the more relevant contributions to
the hole and electron densities, which is also
in good agreement with the calculations by
Pei, et al., that proposed this excitation as a
major sp to sp intraband transition within the
biicosahedral core. As can be expected tak-
ing into account the previous observations on
the series, hole and electron densities at the
lower energy transition for Aujp (p-MBA)44
and Auj44(SCH,Ph)¢y demonstrate that these
peaks arise fundamentally from transitions be-
tween states that are mainly composed of sp
orbitals from the gold core atoms and p from
the sulphur atoms. Furthermore, for all the
clusters, the contribution of d orbitals from
gold atoms to the densities are the second
main contribution after sp orbitals, as previ-
ously reported in previous DFT studies.?!8
The absorption signature of ligands can
sometimes still be distinguished experimen-
tally despite the wide absorption profile of
large GNCs. As an example of such behav-
ior, we detailed the UV-visible-nearIR spec-
trum of Aujpn(p-MBA)44 along with its hy-
drogen coated structure in Figure 4. The
spectrum for Aug(p-MBA)y44 in red shows a
decay-like curve, which is almost identical to
the Auj0p(SH)44 in black, except for a minor
peak at 252 nm. This peak could be attributed
to the aromatic carboxilated ligand, in agree-
ment with previous experiments that have re-
ported a peak at 269 nm for this system.1%-66
The hole and electron densities obtained af-
ter excitation at 252 nm are shown in Figure
4 (b). The percentages indicate a clear con-
tribution of the organic ligands to the hole
and electron densities (45.2% and 66%, re-
spectively). These values are detailed per type
of atomic orbital in Table S3. These results
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confirm the previous experimental hypothesis
that the small peak at 252 nm in the spectrum
of Aujp (p-MBA)44 is due to the presence of p-
MBA molecules. 1-%¢ The cluster core also con-
tributes significantly to the density, which is
expected as this energy region involves many
transitions involving the metallic part, as ob-
served in the spectrum of Au;p, (SH)44 in Fig-
ure 4(a).

A further analysis of the excitations at lower
energies (450 nm and 750 nm in Figures 4(c)
and (d), respectively), shows that there is a
low decay but there is still a significant contri-
bution from the molecules to the hole densi-
ties (42.0% at 750 nm). In contrast, p-MBA
contribution shows a more pronounced de-
crease in the case of the electron densities to-
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wards lower energies (23.2% at 750 nm). This
asymmetric behaviour of the ligands contri-
butions to the hole and electron densities at
different wavelengths is due to the the pres-
ence of many states of the molecules in the
valence band near the fermi level (see pDOS
in Figure 2 (c)). Indeed, transitions involv-
ing occupied and non-occupied ligands states
are only possible at high energies (short wave-
lengths). At lower energies (longer wave-
lengths), transitions are more likely to occur
involving non-occupied states of the gold core
Figure (2 (c)). These results suggest that the
p-MBA molecules not only participate in the
excitation at 252 nm but also far from the UV,
i.e. in the visible and near-IR regions. The
fact that the phenyl ring is directly linked to



the sulphur atom in the ligand may play a role
in the coupling of the molecule states and the
valence band edge since there is no insulat-
ing sp> carbon bridging them. Noteworthy,
this analysis is based on the auorg parameter-
ization of DFTB, relying on a GGA functional,
and complementary works would be necessary
to explore the potential improvements when
working in a Long-range Corrected DFTB (LC-
DFTB) framework, that is now only parame-
terized for organic atoms and is in principle
better suited to treat charge-transfer excita-
tions.”? The wavelength dependence on the
spatial charge separation under illumination
opens the door for tuning the charge trans-
fer (even catalytic) properties of this cluster
by choosing the light source. Additionally, the
effect may also depends on the ligand nature,
so one may be able to chemically engineer
the organic coat by, e.g., changing or adding
functional groups, to modify not only the op-
tical absorption properties but also the space
charge separation under photoexcitation. In
principle, one could design a new "p-MBA lig-
and” that interact mostly with the conduction
band giving rise to the opposite effect as the
one described above. This principle could also
be extended to the p-MBA coated versions of
the other clusters of the series.

Conclusions

This work presents the first comprehensive
evaluation of the DFTB and (LR/RT)TD-DFTB
methods for describing the ground and ex-
cited states of gold nanoclusters (GNCs) fully
coated with organic ligands, with sizes up to
a thousand atoms. The GNCs studied were
Au,s(SR)g7, Ausg(SR)24, Aujp2(SR)44, and
Auy44(SR)g9. We show that DFTB allows to
reproduce the experimental observations and
reference calculations. Specifically, the geo-
metrical arrangement of the cluster along the
series is correctly retrieved compared to crys-
tallographic data. A low RMSD of the atoms
positions is globally obtained, though the ac-
curacy of the Au-Au bond lengths description
clearly depends on the environment (core of
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the cluster or outer shell). The change in the
electronic structure (decrease of the electronic
gap) with the increase of the size of GNCs
is retrieved along with a significant modifi-
cation of the shape of the UV-Visible absorp-
tion spectra, from a well resolved molecular
like bands for Au,s(SR);g~ and Ausg(SR)24 to
a semi-conductor like continuously increasing
absorption for Au02(SR)44 and Auj44(SR)ep.
The results obtained are in good agreement
with previous experimental and theoretical
studies. The nature of the low energy absorp-
tion band is tracked within the different GNCs,
showing a similar character (mainly sp to sp of
Au/S bands). In particular, RT-TD-DFTB cal-
culations are able to accurately reproduce the
position of the absorption band corresponding
to the organic ligand shell when it is clearly
visible experimentally, as demonstrated in the
case of Aujo, (p-MBA)44. The results show that
the ligands contribute significantly to the hole
and electron densities, even at longer wave-
lengths. The wavelength dependence on the
spatial charge separation under illumination
suggests that one could tune the charge trans-
fer properties of the cluster by choosing the
energy source. The ability of the DFTB mod-
els to describe the structure and optical re-
sponse of ligands protected GNCs constitutes
an important step towards future computer-
assisted design of GNC-based hybrid nanoma-
terial using a non expensive quantum chem-
istry method.

Nevertheless, from our results, further po-
tential developments are identified to finely
tune the Auorg DFTB parameterization. To
better reproduce the heterogeneous Au-Au
and Au-S bond distances, one possible strat-
egy would be to have two sub-types of gold
atoms (core and shell), with their respectively
tuned parameters. Electronic parameters of
the sulfur are to be corrected for a better de-
scription of the high energy unoccupied lev-
els, if needed. Finally, the impact of the inclu-
sion of Long-range corrections (LC-DFTB) in
the treatment of the electronic excitations is to
be unraveled and constitutes another promis-
ing way of improvement of the description of
the photoinduced processes.
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