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Abstract

Here we have investigated the structural and optical properties of five monolayer-protected
gold nanoclusters with a combination of exchange-correlation functionals, namely B-PBE for
the geometry relaxation and CAM-B3LYP for the time-dependent calculations.

We have tested the accuracy of five different basis sets in reproducing the experimental
structures of these nanoclusters, and we have found that even a rather small basis set (sin-
gle zeta) can outperform a significantly larger one (double zeta) if some selected atoms are
treated with polarization functions. Namely, the sulfur and phosphorous atoms of the capping
thiols and phosphines usually are hypervalent when bonded to the gold inner core, therefore
polarization functions allow them significantly more structural flexibility. With the two best
performing basis sets we carried out optical calculations and found that the resulting UV-Vis
profiles are largely similar, in particular for low energy transitions. In particular, the energy
and orbital contributions of the optical gaps are very close.

The results support the use of the small basis set proposed here to investigate larger nan-

oclusters with hybrid and range-corrected functionals.

Introduction

Monolayer-protected Nanoclusters (NCs) with a noble-metal core are particles with single-digit
nanometer diameters cupped by organic ligands. They are of great interest for a great number of
scientific and technological applications due to their peculiar properties in catalysis, 1> their pos-
sible interaction with biological substrates,> and their optical features.* These nanoclusters do not
show metallic properties, exhibiting discrete optical gaps (usually between 1 and 2 eV) instead.>~’
The production of several atomically precise and reproducible nanoclusters with definite structures,
which have been determined by X-ray diffraction techniques, has recently been achieved thanks to
improvements in the synthesis and crystallization techniques.5!!

In turn, the availability of accurate structures allows performing computational studies to elu-

cidate the correlation between size, stoichiometry and optical features of these nano-objects.”-12-18
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Furthermore, the effect of the organic coatings can be selectively investigated too. %!

Most synthesized monolayer-protected gold NCs are stabilized by thiolate ligands forming
complex gold-thiolate interfaces as a consequence of the strong Au-S bond.??>~2* A number of gold
clusters stabilized by phosphine ligands have been also synthesized and characterized, including
the well-studied undecagold Auy clusters, the icosahedral Auy3 cluster coordinated by phosphine
and halide ligands 25.26 and the [Auz9(PPh3)14Cl6]Cl, cluster.?’

Gold-based NCs are often rationalized within the so called “superatom” theoretical frame-
work: 7 with this approach, the gold core is viewed as a giant atom surrounded by almost-free
electrons if the number n* is equal to the “magic numbers” 8, 16, 20, ... The integer number n* is
given by

n=Nv)au—W-—gq , (D

with N and v the total number and the atomic valence of Au atoms, respectively, W the total
number of monovalent electron-withdrawing groups bound to gold atoms, and g the overall charge
of the complex in units of unsigned electrons (|e|). This approach has been recently extended to
silver-based NCs too,?? but it still retains several limitations because it has a low predictive power
and is limited to particles with spherical or almost-spherical noble metal cores. For example, it
cannot be applied to NCs that are prolate® or are composed by more than one interacting metal
core.

Therefore, at present only an approach based on density functional theory?® (DFT) and its time-
dependent extensions 3’ (TD-DFT) can provide quantitative information, in principle regardless of
size and shape of the particle. While the latter point is true in theory, this approach is actually
limited by the number of atoms in the systems, due to the high computational requirements needed
to carry out DFT calculations. Hence, some significant approximations have to be introduced in
order to study large NCs at the DFT level of theory .

In the past, DFT and TD-DFT investigations have been carried out on particles ranging between
11 to 102 gold atoms 712-14.2431-37 'However, most of those studies employed plane waves as basis

sets: while plane waves form an orthonormal basis, thus immune to basis set superposition errors,
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in their actual implementations they only allow adopting simple functionals within the generalized
gradient approximation (GGA). Only recently more advanced hybrid and range-corrected hybrid

20.21,38 i combination with Gaussian basis

functionals have been adopted to study gold-based NCs
sets.

In this study, we investigate the use of a small Gaussian basis set for gold atoms and ligands
in five nanoclusters. Adopting it, calculations of structural properties of Au-based NCs larger

than Au,s and their optical response with the range-corrected hybrid CAM-B3LYP functional can

become feasible.

Investigated Nanoclusters

In this paper we have studied five Au-based NCs ranging from Aujj to Ausg. In particular, two
Auj-based NCs with the same metal core!"!° but different types of ligands have been investi-
gated, one Auj4 and a Au%s+ NCs*3? sharing the position of 24 gold atoms (only the central Au
atoms differs), being present in the Auggr structure and lacking in Aua), and one Ausg NC,* thus
spanning both neutral and charged particles. The structure of the NCs simulated here are reported
in Figure 1. Some of these NCs have been previously studied with DFT methods, '3-2021:36.38 and
here we want to compare the results obtained with a suitable small Gaussian basis set with those
obtained with larger Gaussian bases. The two Auj;-based NCs can be viewed as superatoms with
8 (almost) free electrons, thus resembling the outer orbital shell of noble gas elements, whereas the
other three cannot be rationalized as such, since they are far from being spherical.

In order to speed up our computations, in calculations on the Auy, Au2+4 and Au§5+ NCs only
the metal core and the atoms directly bonded to them (saturated by H atoms in order to com-

plete their valence) were retained. Thus, the aromatic thiols (SPh) and phosphines (PPhj3) that

protect these gold cores are largely omitted. This simplification scheme has been widely applied

7,12,24,31,32 20,21,38 For

before and validated at least for the cluster composed by 11-25 gold atoms.

the Ausg NC, since the gold core is capped with SC,H4Ph thiols, the ligands are substituted with
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Figure 1:  Nanoclusters investigated here. (A) Auj;(PH3);Cl3, hereafter referred to as Aui(l). (B)
Aull(PH3)7(SH)3, hereafter referred to as AU11(2). (C) AU24(PH3)10(SH)5C1B1‘+. (D) Aqu(PH3)10(SH)5BI‘22+. (E)
Auzg(SCH3)24.

S-CHj3 groups.

Methods and Computational Details

41

All calculations were performed with the Gaussian 09 (release D) suite of programs,”’ in combina-

tion with the generalized gradient approximated B-PBE*>%3

exchange-correlation (XC) functional
for structural optimization and the range separated hybrid XC functional CAM-B3LYP** for TD-
DFT optical excitations, carried out within the linear response scheme. These functionals have
been previous validated on gold NCs as able to correctly reproduce the structure and the UV-Vis

spectra, respectively.2%-2! Self-consistent-field and optimization convergence criteria have been set

at the “tight” level of accuracy. Optical transitions were convoluted into spectra with the Gaussview
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software.*> Orbital isosurfaces were also plotted with the software Gaussview and structures with
Jmol*® adopting the standard CPK color code. The electronic density of states analysis was per-
formed with the Multiwfn software. 743

We have tested a mixed combined Gaussian basis set and electronic core potential (ECP) to
perform fast simulation on a range of Au-based nano-objects of different complexity, shape and
charge state. Namely, we have used the small LanL2-MB #-3 basis set to simulate gold atoms: this
basis set adopts the LanLL2 ECP for core electrons in combination with a STO-3G minimal basis
set for valence electrons; atoms bonded to the metal core have been described with the 6-21G*
basis set and all other atoms with the STO-3G basis set. For reason of shortness, hereafter we refer
to this mixed LanL.2-MB/6-21G*/STO-3G basis set as LanL.2-MB*.

This choice of basis set has been compared with calculations (geometrical optimizations with

B-PBE functional) performed with different bases on the two Auyy, Augz, and Au%;r NCs:
e full LanL.2-MB on all atoms.
e full LanL.2-DZ*%31:52 on all atoms.

e modified Lan.2-DZ>3 on gold atoms (which adds diffuse |p > orbitals to LanL2-DZ), 6-
21G* on atoms bonded to the gold cores and STO-3G on all other atoms. This basis set shall
be hereafter referred to as mod-LanlL.2-DZ* and has been included thanks to the Basis

Set Exchange database.>*

The use of the modified LanL.2-DZ to describe Au atoms has been suggested in Ref. 20 as one of
the best ones to correctly reproduce the structural features of Au-based NCs.

We have then employed mod-Lanl.2-DZ* and Lan.2-MB* bases to study the optical properties
of the NCs at the TD-CAM-B3LYP level of theory. As an application, the LanL.2-MB* basis set

has then been applied to the Ausg-based NC to analyze its structural and optical features.
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Results and Discussions

Structural Features

The clusters have been structurally optimized with the B-PBE functional, as described in the pre-
vious section. Five different basis sets have been employed for checking their accuracy in main-
taining the experimental geometry. In order to evaluate this accuracy, the atom-averaged unsigned
displacement (< 6 >) of the relaxed structure (opr) with respect to the experimental structure (exp)
has been computed as

exp __opt

ij —Tij >,

<O >=<]|r
where r;; represents the distance between i and j metal atoms, as previously done in Ref. 20. The

results of these optimizations are summarized in Table 1, while in Table 2 the time required to

achieve wavefunction convergence with the various basis sets are reported for the smallest cluster.

Table 1: Mean unsigned error of the optimized structures of the five NCs with 4 different combination of
basis sets. Values are reported in A.

<& >/A LanL2-MB LanL2-DZ mod-LanL2-DZ* LanL2-MB*

Aujp () >025 0.17 0.02 0.04
Au;p ) >025 0.16 0.02 0.03
Auj, >0.25 0.22 0.06 0.07
Ausd >0.25 0.19 0.05 0.07
AU38 — — — 0.12

Table 2: Time to achieve self consistent field convergence (standard Gaussian 09 “tight” criteria) on a machine
made up of two 8-Core Intel Xeon E5-2670 clocked at 2.60 GHz with 24 GB of random access memory and an
hard disk at 7200 RPM. The time is reported in minutes.

time / min LanL2-MB LanL2-DZ mod-LanlL.2-DZ* LanlL2-MB*
Aup (D 8.3 17.6 27.9 94

As can be appreciated, the LanL.2-MB basis set yields the worse structures, which is not un-

expected since it is also the smallest basis set investigated here. We have to pinpoint that values
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of < & > parameter larger than 0.15A are associated to appreciably distorted final geometries, and
values larger than 0.25A usually mean that the network of Au-Au bonds is at least partially de-
stroyed: as a guide for the eye, this can be observed in Figure 2 comparing an optimization with

< & >> 0.25 (left) and one with < § >~ 0.02 (right).

Figure 2: Superimposed experimental and relaxed structures of Auj;(2). (A) Computed with the LanL2-MB basis
set. (B) Computed with the mod-LanL.2-DZ* basis set.

LanL2-DZ gives results of greater accuracy, and even more so the mod-Lanl.2-DZ*, which
was already proved to be one of the most accurate Gaussian basis set for gold NCs in previous
works. 20-21:38:35 However, LanL.2-MB* yields optimized structures of fair accuracy, better than the
larger LanL.2-DZ. For the smallest NC studied here, namely Au;;(1), we observe that LanL.2-MB*
and LanL2-MB require about half the time of Lanl.2-DZ to achieve wavefunction convergence,
which corresponds to about one third of the time required with mod-Lanl.2-DZ*. Thus, over-
all, LanL.2-MB* seems a reasonable trade off between accuracy and the computation resources
required to run the calculations.

This could be somewhat surprising since basically LanL2-MB and LanL.2-MB* differ only in
the treatment of the atoms directly bonded to the gold cores (S, P, Cl, and Br atoms in the five
NCs investigated here). With the pure LanL.2-MB a STO-3G basis set is employed on them (from
third and fourth row elements also the LanL.2 ECP is also adopted), whereas with LanL2-MB* a
polarized 6-21G* basis is used on them. To assess if the the improved accuracy in the passage
STO-3G — 6-21G* is due to the change from single to double zeta basis or to the adding of

polarization functions, we also performed geometry relaxation on the two Auy; clusters with a
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basis set identical to LanL.2-MB* but with 6-21G functions on atoms bonded to the Au cores, thus
dropping the polarization functions. With this choice, we observed values of < § > parameter
of 0.22 and 0.23 for Au;;(1) and Auy(2) NCs, respectively, worse than what is obtained with
Lanl.2-DZ basis set and only slightly better than what obtained with LanL.2-MB.

Hence, structural optimizations can be improved not only adding diffuse functions on the gold
cores, as done with the modified LanLL2-DZ combined ECP and basis set (as observed in Ref.s
20,21,38,55), but also adding polarization functions on the nearby atoms. This is most likely due
to the fact that Au cores are often bonded to thiols and phosphines, and both S and P atoms are
usually hypervalent in these cases and thus polarization functions allow them to relax towards more

realistic geometrical conformations.

Optical and Electronic Properties

The electronic and optical features of the five NCs has been computed at the CAM-B3LYP and
TD-CAM-B3LYP level of theory with the Lan.2-MB* basis set and compared with those obtained
with mod-LanL.2-DZ*.

First, we have investigated the charge redistribution in the NCs with the two basis sets in terms
of Hirshfeld partial charges,® since they are less sensitive to the basis set employed and were
already reported in literature.?%38 It can be observed that both of them predict the same sign of
the charge for homologous atoms even if the two basis sets yield different partial charges. As
a comparison, it has to be kept in mind that similar calculations adopting the same basis set but
different functionals may yield for the same atom a severely positive or negative net charge (see for
example Ref. 20). Furthermore, both basis sets predict the same qualitative trend in the distribution

of charge: in particular, it has been found??-3

that inner gold atoms (i.e. Au atoms bonded only
to other Au atoms) are significantly less negatively charged than metal atoms on the surface, a
behavior reproduced by both LanLL.2-MB* and mod-LanL.2-DZ*. In any case, the average gold
charges computed with LanL.2-MB* are about 60-70% of those computed with mod-LanlL.2-DZ*.

We also analyzed the energy of the first optical transition (S <-Sg), which corresponds to the



Table 3: Hirshfeld partial charges in units of |e|, with ¢ being the electron charge.Calculations were performed
at the CAM-B3LYP level of theory. All data are averaged on the specified type of atoms, unless a the label ““inner
atom” is reported: a Au “inner atom” is a gold atom surrounded only by other Au atoms.
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so called “optical gap” of the cluster,

mod-LanL2-DZ* LanL2-MB*
Au;; (1)
Au -0.116 -0.085
Au (inner atom) -0.043 -0.008
P 0.352 0.320
Cl -0.401 -0.473
Auj; (2)
Au -0.189 -0.109
Au (inner atom) -0.059 -0.011
P 0.294 0.209
S -0.236 -0.259
Auy,
Au -0.076 -0.062
Au (inner atoms) -0.024 -0.010
Br/Cl -0.431 -0.476
P 0.362 0.354
S 0.015 -0.034
A
Au -0.080 -0.045
Au (inner atoms) -0.004 -0.008
Br -0.314 -0.421
P 0.359 0.383
S 0.033 0.013
Ausg
Au — -0.045
Au (inner atoms) — -0.004
S — 0.017

20,57,58

10

as reported in Table 4. As can be noticed, calcula-
tions with mod-Lanl.2-DZ* and LanL.2-MB* basis sets yields very similar optical gaps, with a
maximum difference of ~0.15 eV for the Au%;—based NC,; for the Au;; and Au;4—based NCs the
difference is only <0.10 eV. Moreover, calculations performed with the LanL.2-MB* basis, despite
its limitations, yield values slightly closer to the experimental data (when the latter ones are avail-
able, namely for Auy(1), Au;4, and Au%;L NCs). It has to be noticed that for Au;r4 it is difficult

to extrapolate the true optical gap, because of some contradicting data between optical and elec-
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Table 4: Optical gaps of the nanoclusters.

Energy /eV mod-LanlL2-DZ* LanL2-MB* Exp

Auyy (D) 2.86 2.77 ~2.1  Ref. 19
Auyy (2) 2.62 2.64 —

Auj, 2.05 2.04 1.3-1.9 Refs 9,20
Auyd 2.21 2.07 1.79  Ref. 39
AU38 — 1.33 —

trochemical measurements.”?° We have also to pinpoint that with the LanL2-MB* basis set the
energy of the optical gap appears shrinking with the increase of the particle size, something that
could qualitatively be expected since larger particles should have optoelectronic properties closer
to those of bulk gold rather than sub-nanometer NCs.

The S| <—Sp excitations can also be investigated on the basis of the most relevant orbital
contributions to them, and computations with both mod-Lanl.2-DZ* and LanL.2-MB* show that
the LUMO<«-HOMO transition is the main component; Figure 3 reports the frontier orbitals for
Auj(1) with the two basis sets. In the case of Au;4 and Au%;L also the LUMO<+HOMO-1 transi-
tions give an appreciable contribution (about 40% of the LUMO<-HOMO contribution), while for
the Ausg-based NC the LUMO+1<-HOMO-1 one gives a very important contribution (about 80%
of the LUMO<+-HOMO).

Another important feature of these gold NCs is the energy of the first charge-transfer exci-
tation, namely the first ligand<—core band. For NCs Auy;(1) and Auy(2) it was already estab-
lished?! that the first of such excitations occur at ~4.83 eV (LUMO+10<~HOMO) and ~4.27
eV (LUMO+6<-HOMO-2), respectively, at the TD-CAM-B3LYP level of theory with a basis set
very similar to mod-LanLL.2-DZ*. Even if the ligands here are mostly omitted, this comparison
can still be carried out at least in a qualitatively fashion, as we report here for Auy{(1). The first
charge-transfer excitation with mod-LanL.2-DZ* occurs at ~5.06 eV, and is mainly of the type
LUMO+10<~HOMO-1, while with LanL.2-MB* it occurs at ~4.95 eV and is mainly of the type
LUMO+11<-HOMO. The orbitals involved in this transition are reported in Figure 4. While the

orbitals are somewhat different, and the transition energies differs of ~0.11 eV, they are still qual-

11



O©CO~NOOOTA~AWNPE

HOMO LUMO

LanL2-MB*

Mod-Lanl2-DZ*

v O

Figure 3: Isosurfaces of the frontier orbitals of Auj;(1), computed with both the mod-LanL.2-DZ* and LanL.2-MB*
basis sets.
itatively close.

This latter point could also be assessed by comparing the optical spectra calculated with the
two basis sets, as reported in Figure 5. A redshift with the size increase is particularly evident, as
discussed before about the optical gaps. For all the NCs for which a comparison is possible, the
overall shapes of the spectra computed with the two basis sets seems very similar, in particular for
the fist low energy bands. For Auy(1) this is very noticeable. The shape yielded with LanL.2-MB*
seems slightly more structured (in particular for Auy(2) and Au%sﬂ, suggesting that the Lanl.2-
MB* excitations are less uniformly distributed at high energy. In fact, the spike transitions are
less similar, suggesting that the nest of excitations are somewhat different even if they yield very

similar smoothed spectra. However, some transitions are clearly recognizable as just being red or

12
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LUMO+11

LanL2-MB*

Mod-LanL2-Dz*

Figure 4: Isosurfaces of the orbitals involved in the first charge transfer transition (ligand<—core) with the mod-
LanL2-DZ* and LanL.2-MB* basis sets of the Au;;(1) NC.

blue shifted with respect to one basis set. Unfortunately, it seems not possible to predict if Lanl.2-
MB* excitations are red or blue-shifted with respect to those computed with the mod-Lanl.2-DZ*:
for example, they are blue-shifted for Au;(2) but they are red-shifted for Au%;r; this impairs the
possibility to systematically translate the excitations computed with Lan[.2-MB* of a known factor
to match the others.

The spectrum of Ausg appears largely similar to that of the Au%;L NC, which is reasonable
since both of them are basically made up of two subunits (two Auy; for Auggr, and two Aujj for
Ausg). Figure 5. The electronic density of states (eDoS), pictured in Figure 6, displays a very small
band-gap, which is qualitatively consistent with the shrinking of the optical gap with the increase

in particle size. Eigenstates localized on S atoms (in yellow in Figure 6) give little contributions

13
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Absorbance / arb. units

mod-LanL2-DZ* (transitions)
— mod-LanL2-DZ*
—— LanL2-MB* (transitions)
— LanlL2-MB*

200

ol |“| Lie ddelaed 040 ‘
400 500 600 700 800
wavelength / nm

Figure 5: Computed TD-CAM-B3LYP spectra (200 excitations) of the Auy(1) (A), Auji(2) (B), Au2+4 (C), Auggr
(D), and Ausg (E) NCs. In blue and red are reported the spectra smoothed with Gaussian functions with half-width at
half-maximum of 0.25 eV, while in cyan and magenta the actual transitions.

14
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— total eDoS
— AueDoS
— Au eDoS (inner atoms)

S eDoS

eDoS

/’_\

N~

06 05 -04 03 -02 01 0 01 02 03
energy / eV

Figure 6: Electronic density of states of the Ausg-based NC. The eDoS has been translated to have the band-gap at
0 eV. The eDoS has been smoothed with Gaussian functions with half-width at half-maximum of 0.05 Hartree.

to virtual orbitals close to the band-gap, while they are important to the occupied orbitals. Orbitals
on the inner gold atoms (in magenta in Figure 6) give almost no contribution to virtual orbitals and
are significant just for occupied orbitals distant 0.2 eV from the band-gap. Thus, the first optical

excitations mainly involve surface gold atoms and not Au atoms deep into the core of the particle.

Concluding Remarks

In this work we have carried out structural optimizations and optical spectra calculations on five
monolayer protected gold-based nanoclusters.

We have employed four different basis sets during the structural optimizations with the B-
PBE exchange-correlation functional, to asses which one yielded relaxed structures closer to those
resolved by means of X-Ray diffraction. While it has been recovered that solutions based on the
modified Lanl.2-DZ basis give the best accord with the experimental data, we have noted that the

much smaller LanL.2-MB basis set (readily available in Gaussian 09) can yield structures of similar

15
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accuracy if coupled with a polarized basis set on the atoms bonded to the gold cores (in the case
of our tested nanoclusters, namely S, P, Cl). In fact, basis sets larger than Lan.2-MB such as the
standard LanLL.2-DZ fail to achieve a similar accuracy because they do not provide polarization
functions on those atoms, which are often hypervalent when they are bound to Au atoms. This
suggest that a good way to increase the accuracy of structural calculations on monolayer-protected
gold nanoclusters is also to improve the description of the “surface” atoms. We thus propose to
use the LanL.2-MB basis set on Au atoms and a basis like 6-21G* at least on S and P atoms of the
cupping ligands.

We have also carried out optical calculations at the TD-CAM-B3LYP level of theory with the
basis set based on Lanl.2-MB and modified LanL.2-DZ. Optical gaps are largely similar, both as
excitation energy and orbital components. The resulting UV-Vis profiles are largely similar, in
particular for the low energy transitions close to the optical gap. In this regard, orbitals close in
energy to the HOMO-LUMO gap computed with one basis are basically indistinguishable from
those computed with the other one. Also, charge transfer excitations of the type Ligand<Metal
are recovered at very similar energies. The higher excitations, however, present some noticeable
difference even if when smoothed they still yield more or less the same optical profiles.

Therefore, we suggest the use of small basis set LanL.2-MB in combination with a polarized
basis set on boundary atoms in order to relax experimental structures and compute optical gaps of
gold-based nanoclusters, in lieu of the much larger modified Lanl.2-DZ basis set. This choice can
also be adopted to predict the general shape of the visible absorption bands.

This basis set makes feasible investigating with hybrid and range-separated hybrid exchange-
correlation functionals (like the CAM-B3LYP employed here) even larger nanoclusters, whose
properties currently have been studied only with simpler generalized gradient approximated func-

tionals and plane wave basis sets.

16
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