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ABSTRACT

Kaappa, Sami

Analysis and Applications of Electronic Structure in Gold and Silver Nanoclus-
ters

University of Jyvaskyld, 2019, 84 p.(+included articles)

(JYU Dissertations

ISSN 2489-9003; 120)

ISBN 978-951-39-7833-4 (PDF)

Gold and silver nanoclusters are understood as atomically precise particles that
consist of a metal core of more than 2 atoms that are usually protected and sta-
bilized by a monolayer of organic molecules; these molecules are called ligands.
In this thesis, gold and silver nanoclusters are examined through their electronic
structure at the level of density functional theory. New analytical methods are
developed and applied by considering the symmetry of the clusters more thor-
oughly than before. Gold clusters incorporating a new type type of ligand, N-
heterocyclic carbenes, are studied with computational methods to explain the ex-
perimental findings. The scanning tunnelling microscope image of a large ligand-
protected, atomically precise silver cluster is analyzed with the help of density
functional theory and a pattern recognition algorithm that has been developed
for this study. The results and the new methods both produce a wider under-
standing of metal nanoclusters and pave the way for research of new types of
ligand-protected metal nanoclusters and their applications.

Keywords: gold, silver, nanoclusters, symmetry, density functional theory,
scanning tunnelling microscopy, N-heterocyclic carbenes
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PREFACE

This thesis was written during the spring of 2019. It compiles and explains my
main scientific research from the past three and half years, which I have spent
working as a member of academy professor Hannu Hékkinen’s research group
at University of Jyvaskyld. Two of the peer-reviewed publications in this thesis
are works of only the people of Nanoscience Center in Jyvaskyld, while the three
others are accomplished in projects involving strong international collaboration.

My work is theoretical and computational research on nanometer-scale chemical
particles that comprise cores of multiple Au or Ag atoms and protecting ligands
on the exterior. These objects are called metal nanoclusters. During the work, I
have enjoyed both the revelations of chemical and physical phenomena and their
origins, and the development of the computational and analytical methods for
the sake of better understanding of the fundamental essence and properties of
metal nanoclusters.

In Jyvaskyld, August 12, 2019
Sami Kaappa
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1 INTRODUCTION

By speaking of metal nanoclusters in general, we speak about a large and
diverse set of molecules with 2 or more metal atoms where the valence elec-
trons of the metal atoms form shell structures similar to that of an atom.
Gold and silver nanoclusters are often found in well-defined geometries,
surrounded by stabilizing ligands of organic, inorganic or halide nature
[1, 2, 3,4, 5]. In contrast, metal nanoparticles are understood as individual
metal structures with ill-defined or varying atomic structures which never-
theless are usually formed in a beautiful crystal lattice geometry [6, 7, 8, 9].
Nanoparticles are often characterized only by their size distribution and the
properties are usually scalable with the size of the particle, whereas in nan-
oclusters this is not the case but at least the atomically-precise composition
is known, often also the atomic structure. Another distinctive feature be-
tween metal nanoparticles and clusters is the electronic structure, which is
metal-like in particles (no gap between occupied and unoccupied electronic
states) and molecule-like in clusters. In nanoclusters, a change of 1 in the
metal atom count may therefore alter the stability and optical properties of
the system extremely in a similar way as in organic molecules. An example
of a widely studied cluster [Aups(PET);3]~ (PET = phenyl ethyl thiol) is il-
lustrated in fig. 1.

The intriguing chemical and optical properties of metal nanoclusters have
awaken an ever-growing field of applications, including catalytic activity
[10, 11, 12, 13, 14, 15, 16], chemical sensing [17, 18, 19, 20], biolabelling
[21, 22, 23], solar cell technology [24, 25, 26, 27] and imaging [28, 29] among
others.

The history of nanocluster research is not too old, although the soluble, “col-
loidal” gold is known to have been used in medical purposes in the Middle
Ages [6]. The atomic precision of phosphine-protected nanoclusters was
achieved in late 1960s [30, 31], whereas the first thiol-protected Au cluster
was crystallized only in 2007, as the crystal structure of Auygy(p-MBA)44
(p-MBA = para-mercapto benzoic acid) was resolved by Kornberg et al. by



FIGURE 1 Structure of [Aups(PET)13]~ (PET=phenyl ethyl thiol). The icosahedral gold
core is formed around the central Au atom. The S-Au-S units are bound to

the gold core. The alkyl chains are bonded to sulphur atoms. Colors: Golden
Au, Yellow S, Cyan C, White H.

x-ray crystallography [32].

As noted in the famous study of Knight et al. [33], small metal clusters have
systematically specific atom counts in which they appear more abundant
than in the other atom counts. These numbers are called magic numbers
and they are understood in the same way as the most stable electron num-
bers for individual atoms: once a special number of electrons is achieved,
both the ionization energy and the electron affinity are highly increased and
the system lies in a relaxed state. If a single electron is added to the atom,
the system becomes unstable and the extra electron can be lost with only
a little effort. It is found that the aufbau principle that sets the occupation
order of electron states in atoms is also obeyed in sodium clusters as noted
already by Knight et al. Also structural magic numbers have been used to
explain the abundance of certain atom counts [34]. This thinking is based
on completing shells of atoms in certain geometries, such as icosahedra or
cuboctahedra.

This thesis regards ligand-protected gold and silver clusters. The relation
to sodium, which was the target of studies for Knight et al., is that also
gold and silver have a single s-electron at the highest occupied electron en-
ergy level. In addition to the electrostatic potential of the nuclei, the most
substantial difference between gold and silver is the underlying atomic elec-
tron states such as the next highest d-electrons that also have their effect to
the interactions of the atoms to their chemical environment. The effect of
d-electrons becomes emergent for example in Au-Ag mixed-metal clusters
[35, 36, 37] where the metal atoms do not behave equally since the d-levels
lie deeper in energy in Ag than in Au. The electron configuration of silver
and gold are thus [Kr]4d195s! and [Xe]4f45d1%s!, respectively. In the solid
state, the single valence electron is shared among the other metal atoms
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which results in metallic properties of the solids, such as conductivity and
shininess. A similar phenomenon is understood in metal clusters where the
s-electrons are delocalized inside the metal core, and in that case the wave
functions of electrons inherit the symmetry of the atomic structure. In math-
ematical terms, this is because the eigenfunctions of the Hamiltonian belong
to the same symmetry group as the Hamiltonian itself, as is explained in sec-
tion 2.2.2.

Whereas the metallic valence electrons delocalize over the metal core, the
binding of protecting ligands to the surface of the core can decrease the
number of delocalized electrons by their covalent bonding. In 2008, it was
realized [38] that also the ligand-protected nanoclusters obey the magic num-
ber series with a simple formula of

ne=Nyu—N;—gq (1)

where the number of delocalized core electrons 7. is obtained by subtract-
ing the number of electrons N; withdrawn by ligands and the total charge
of the cluster g from the number of valence electrons of the metal N,. In ad-
dition to s-electrons, the superatom model has been applied to d-electrons
of transitions metal clusters [39].

As said, the original idea of superatoms [33] leans heavily on the approxi-
mation of bare metal clusters as spherically symmetric objects. In perfectly
spherical potential such as a jellium! sphere, the electrons follow the occu-
pation order relative to that of atoms [42]: As the number of electrons is
increased in the system, 1S is filled first with 2 electrons and then 1P with
6 electrons due to degeneracy of the P-states. The beginning of the series
shows as 1S, 1P, 1D, 2S, 1F, 2P, 1G, and so forth, and the corresponding
magic numbers are 2, 8, 18, (20,) 34, (40,) 58. .. with weaker magic numbers
in brackets as they are relatively close in energy to the next shell filling. That
is, the whole idea of magic numbers is based on the degeneracy of some
states due to symmetry. As of the notation, it is a common practice that the
superatom states are written in capital letters (1S, 1P etc.) that correspond to
their atomic counterparts in lowercase letters. The number of the notation
gives the number of radial maxima and minima of the function, while the
letter refers to the number of angular nodes, I = 0,1,2,..., in the series of
spherical harmonics that are denoted as Yj,,,.

A long-used method to resolve the symmetries of the electron wave func-
tions in nanoclusters is to project the functions to spherical harmonics [38,
43, 44, 45]. If we can assume that the delocalized electrons in metal cores
form trajectories close to shapes of spherical harmonics, the advantage of
the projection is thus in determining which shells are occupied in the spher-
ical notation (1S, 1P, ...). This information is shown to be a powerful tool

Jellium means simple modelling of metals as homogeneous positive background charge
that has predicted properties of simple metals quite accurately despite its simplicity [40, 41].
The only parameter in jellium model is the density of the background charge.



in explaining the electronic stability of ligand-protected metal clusters. For
example, in [Au;3(PH3)10CL 2T [38] and [Aups(SR)1s]™ [46], the highest oc-
cupied states show clear P-type shape whereas the lowest unoccupied states
are of D-type (I = 1 and I = 2 in Y}, notation, respectively). That is, due to
symmetry these states are near to degenerate and a stabilizing gap between
the occupied and unoccupied states is formed.

Many of the nanoclusters appear with highly symmetrical metal cores, for
example [Aui3(PR3)10CLIPT [47], Aups(SR)qs [48] and its silver analogue
Agr5(SR)18 [49], Auzg(SR)24 [50], Auj44(SR)go [51], and the cubic clusters in
ref. [52], just to mention few. However, the electronic structures of all these
clusters have been systematically analyzed in terms of spherical symmetry.
Once the crystal structure of the silver cluster [Ag67(SPhMez)32(PPh3)8]3+
was resolved [53] and identified to possess the cuboidal shape, we took a
different approach and considered the box-like shape in the analysis; this is
presented in article [PI]. The methodology introduced there is valid only for
box-shaped systems, and therefore we continued the work on non-spherical
systems in article [PIII] where we utilized group theory in order to charac-
terize the wave functions by their shapes. A direct application of the sym-
metry representations of the single-electron wave functions that we sug-
gest in the article makes the simulations of optical spectra more efficient for
highly symmetric molecules.

In history, the most studied Au and Ag clusters with ligand protection are
protected with thiols [54, 48, 49, 50, 32, 51, 49, 35] and / or phosphines [55, 56,
47,57,53, 58, 59]. Also alkynyl ligands [60, 61, 62] have been shown to act as
stabilizing monolayers on metal particles. In terms of delocalized valence
electrons, thiols that stabilize the surface of nanoclusters are considered as
electrophiles that reduce the number of superelectrons according to equa-
tion 1. The bond between phosphine and gold is considered as electron-
neutral, whereas the halides as well as alkynyls are electrophiles, localizing
some of the valence electrons of the metal to the bond. In articles [PIII] and
[PIV], we report the atomically precise structures of N-heterocyclic carbene
stabilized Au nanoclusters which is the first time for clusters including more
than three Au atoms [63]. Considering this thesis, I will present our com-
putational results on the respective clusters that were obtained using the
density functional theory and that strongly support the experimental find-
ings.

Nanoclusters can be realized with various methods experimentally. Mass
spectrometry is used to evaluate the chemical composition of molecules.
The x-ray diffraction (XRD) methods are used to resolve the atomic struc-
ture of the cluster in the crystallized form directly; success of XRD is a high-
priority wish also for a computational scientist since the atomic structure
contains much of the information that is required for reliable theoretical
work on the system. Nuclear magnetic resonance spectroscopy can be used
to probe chemical bonds or existence of certain atoms in the molecule. For
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example, in article [PIII], NMR was used to verify the existence of the Au-C
bond before the crystal structure was attained, and in reference [64] NMR
could be utilized in predicting the existence of hydride in the copper core
of [CuysH;10(SR)15]°~ that could not be seen in the crystal structure. In con-
trast, imaging of nanoclusters with real-space methods, such as scanning
probe microscopy (SPM) has shown to be an extremely difficult task. This
is due to the high curvature of small particles and the physical size of the
scanning tip, leading to convolution effects that reduce the resolution of
imaging. In this thesis, I will present our work on the successful scanning
tunnelling microscopy (STM) of Ags74(TBBT)113BroCly, (TBBT = tert-butyl
benzene thiol) nanocluster at sub-molecular resolution and our theoretical
work therein that is originally reported in article [PV].

My work on nanoclusters has thus been theoretical via computational mod-
elling. Considering the sizes and numbers of electrons, the mostly used
computational modelling method in nanocluster research is the density func-
tional theory (DFT). The theory leans on the formulation of Kohn and Sham
[65] where the electrons are modelled in a non-interacting potential that pro-
duces the same electron density as the real, interacting potential. The theory
can also be cast in the time-dependent (TDDFT) form, which can be used to
follow the response of the system to external perturbations such as elec-
tromagnetic radiation. The use of TDDFT is beneficial in that it provides
straightforward data to be compared to experimental data that is easy and
efficient to obtain for solvated clusters.

There are a couple of direct approximations that are assumed while mod-
elling nanoclusters with DFT. Most commonly the solvation is excluded
although this might have some effects on stability [66] or even optical re-
sponse of molecules [67, 68]. In some studies, the large thiols are reduced
to smaller ligands in simulations to achieve smaller computational cost [69,
70, 71] although this approach is becoming less relevant for small systems as
computational methods and machinery become more efficient. In the works
concerning this thesis, the solvents are not taken into consideration, and
calculations on the atomistic model of [Ag67(SR)32(PRg,)g]BJr in article [PI]
and on Auj0gS24(PR3)q6 in article [PII] were performed with smaller ligands
than with which the cluster was actually synthesized and characterized to
achieve less computational requirements for the calculation. The approxi-
mation that is built in DFT machinery is the analytically unsolved form of
the functional that describes the non-Coulombic interactions between elec-
trons, but this is discussed more in section 2.1.2.

This thesis is constructed as follows: In chapter 2, the theoretical method-
ology of my work is represented and discussed. In chapter 3, I will go
through the results of the articles of this thesis with slightly deeper touch
than what is reported in the published articles. Finally, chapter 4 summa-
rizes and presents conclusions regarding my work, and future perspectives
of the field of nanocluster research are offered. At the end of this book, the



published articles are reprinted.



2 THEORETICAL BACKGROUND

Chemical elements can be examined at different levels of theory of which
the density functional theory (DFT) is a widely used compromise between
accuracy and computational efficiency [72, 73, 74, 75, 76]. We use DFT to
model metal nanoclusters comprising of up to 374 metal atoms and the 117
protecting ligands [PV]. In this chapter, I will go through the computational
methods including fundamentals of DFT simulations and the analytical ma-
chinery that I used in the research of this thesis and the underlying theoret-
ical considerations.

2.1 Density functional theory

There are numerous well-written derivations for the density functional the-
ory, and therefore I will only provide the minimal formulation of the theory
and exclude the fine details. The reader is guided to refs. [73, 76] for further
information.

2.1.1 Formulation

According to the postulates of quantum mechanics, the total energy of any
system is obtained as an eigenvalue of the Hamiltonian operator H. For
electrons interacting in an external potential, the eigenvalue problem of the
total energy can be written as

HY = (T+ Ve + W) ¥ = EY )

where T is the kinetic energy operator, Vey; is the external potential and W
describes the interaction between electrons. The eigenvectors (¥) of this
equation are termed as wave functions. Generally, the only varying term in
Eq. 2 is the external potential Vey; the kinetic energy term and the electron-
electron interaction term always have the same form. The problem in solv-
ing eq. 2 is that the equation is a second order differential equation with



solutions ¥ of dimension 3N due to three coordinates for each of the N elec-
trons. DFT tackles this problem so that the wave function ¥ can eventually
be separated to N functions with 3 dimensions which are vastly easier to
solve.

The density functional theory is based on the Hohenberg-Kohn (HK) theo-
rem which states that there is a unique mapping between the external po-
tential of the system and the ground state density [77]. The ground state
is understood as the state that corresponds to the smallest eigenvalue E. A
straightforward conclusion can be drawn that all the properties of an elec-
tron system can be derived from the ground state electron density.

The Kohn-Sham (KS) approach acknowledges the importance of the correct
ground state electron density and aims to produce it by introducing a new
Hamiltonian

I:Is = T + Vs (3)

with no electron-electron interaction term [65]. The potential V, is consid-
ered in such a way that the reference Hamiltonian H; produces the same
ground state density as the Hamiltonian with the real potential in Eq. 2. This
way, Eq. 3 can actually be separated for each individual state since there are
no interactions between the electrons but they only exist in a new external
potential. The separation leads us to the so-called Kohn-Sham equations for
single-particle states [65]

(_%VZ + vs(f)> ¢i(r) = &ip;(x), (4)
N/2

n(r) =23 |¢i(r) )
i=1

where v5(r) is the potential for a single electron, and ¢; and ¢;(r) are the
eigenenergies and eigenstates of the single-electron Hamiltonian, that is the
operator on the left-hand side of the equation 4. The most essential variable
in DFT, that is the ground state density n(r), is given by Eq. 5. In equations
4 and 5, the spin-degeneracy was already taken into account by assuming
that two electrons occupy a state with exactly the same energy but with an-
tiparallel spins; this is why the factor 2 appears and the summation is taken
to only half of the number of electrons N. The advantage of introduction
of V; is evident here, as equation 4 is a second order differential equation of
only 3 dimensions with contrast to the 3N-dimensional Schrodinger equa-
tion 2. Here, as well as in the following formulations, the atomic units are
used in the equations, taken that m = h = %/ (47ey) = 1 where m is the
electron mass.

The problem is still to determine the potential Vs which was introduced by
moving from the interacting picture to the non-interacting one. Let us write
the expectation value of T in the single-particle basis ®; (i.e. eigenfunctions



of the Hamiltonian in Eq. 3) as
Ty = (O|T|Ds) . (6)

Now let us define the exchange-correlation energy E,. as the difference in
kinetic and electron interaction energy between the interacting and non-
interacting systems:

Exc - (T_Ts)+(W_EH) (7)

where Ep is the Hartree energy, corresponding to the classical Coulombic
interaction, that has
1 n(r)n(r')
Eg = = [ drdt ——-~.
H 2/ e lr—r/| ®)
In equation 7, all the terms are functionals of the electron density. Taking
the functional derivative of that equation with respect to n(r) gives [73]

Us = 0 + OH + Oxc (9)

where each potential v targets a single-particle state in equation 4, and vy
acts as the real external potential. Finally, the exchange-correlation potential

is defined as
_ OEx
Uxe(r) = 5(x) (10)

The two latter equations complete the Kohn-Sham equations that can be
used to calculate the properties of any electron system self-consistently once
either the exchange-correlation energy E. or potential vy is specified.

2.1.2 Exchange-correlation functionals

The exchange-correlation (xc) effect can be thought of as a hole in the prob-
ability density that an electron creates in the vicinity of itself. The exchange
part of this contribution can be realized by looking into a non-interacting
system and denoting that the probability of two like-spin particles occu-
pying the same position at the same time is 0; this can be considered as a
consequence of the Pauli exclusion principle. The correlation part of Ey. is
defined as including all the other correlations between the electrons, but the
analytical form for these effects is not known.

The simplest model for exchange and correlation effects of electrons is of-
fered by the local density approximation (LDA). It assumes slowly-varying
density in that the density is locally uniform, i.e. its gradient is taken to
be zero everywhere. The total xc-energy can therefore be written as a func-
tional of the electron density 7 as

ELDA — /drn(r)sxc(n(r)) (11)
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where the density can be considered as a weight for the single-electron xc-
energies ex.(n(r)) that depend on the density only locally. The exchange
part of ey can be determined analytically [73] to be

1/3
DA (n(x)) = (%) n(0)/3, 12)

and an example of a widely used LDA correlation functional is constructed
by Perdew and Wang [78]. In contrast, if the gradient of the density is ac-
counted for to the first order, the energy can be written as [79, 80]

ESCGA = /drf(n(r),Vn(r)) (13)

which is a functional of both the density and the gradient of the density at
each point in space. The acronym GGA stands for generalized gradient ap-
proximation.

2.1.2.1 PBE

In this work, a GGA method called PBE [81] after its founders Perdew,
Burke and Ernzerhof was mainly used. The derivation for the form of
EPPE lies on satisfying some known limits and tendencies: the limits of
slowly and rapidly varying densities, the scaling of the correlation energy
to a constant under uniform scaling of the density in the high-density limit
(n(r) — A3n(Ar) withA — o0), the scaling of exchange energy to A under
the same scaling of 1, correct spin-scaling, repeating LDA results for nearly-
uniform density scaling, and the Lieb-Oxford bound which states that

Exe > —1.679 / dr /3. (14)

The functional that obeys all of these requirements is given as
Exc[nq,n_] = Ex[ny,n_]+ Ec[nq, n_] (15)
— [drne m)E(s) + [ drn (&, 8) + Hr 8,1))

where unif refers to uniform electron gas and subscripts + and — denote
the two spin states. The exchange enhancement factor Fy(s) has the form of

Fe(s) = 14+x —«/(1+ us*/x) (16)

with ¥ = 0.804 and s as a dimensionless density gradient s = |Vn|/2kgn
with kp = (371%1)'/3. The gradient-dependent part of the correlation energy,
H, is written as

1+ At?

1+ A2+ A2t4 |7 (17)

H = (&2/a0)79® In |1+ (B/7)F
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where

_ p
A= v (exp (—eunif/ (y¢3e2 /ag)) — 1) (19

and ay = 1*/me?, B = 0.066725 and y = 0.031091 are constants, and ¢ (&) =
[(14¢)%/3 4 (1 —&)?/3] /2 is a spin-scaling factor that is a function of the rel-
ative spin polarization § = (n4 — n_)/n. The function f is another dimen-
sionless gradient factor with t = |Vn|/2¢ksn, where ks = (4kp/7ag)/2.
The argument r; in eq. 15 refers to Seitz radius and is just another form of
the density as rs = (47r1/3)!/3. In the articles of this thesis, mostly spin-
paired calculations are carried out with n, = n_ everywhere, resulting in
& =0and ¢(& = 0) = 1. The correlation energy per particle e2™f is consid-

Cc
ered “well-established” [81] and used as such as derived in ref. [78].

PBE is probably the most cited functional in the history of DFT due to the
compromise for its generality, accuracy and computational simplicity. The
systems considered in this thesis comprise of heavy metal atoms in differ-
ent oxidation states covered with thiols, phosphines, halides and organic
molecules. We use PBE due to its ability to model these kind of diverse
systems where only metal-metal and covalent bonds dominate the systems
with no strong electron correlations. The number of electrons in the sys-
tem is also quite high for ab initio calculations, so a computationally light
functional is mandatory to perform the calculations in reasonable times.

2.1.2.2 Bayesian Error Estimation Functional BEEF

Van der Waals (vdW) interactions are not generally described by the sim-
plest xc-functionals. As many nanoclusters have large pi-conjugated lig-
ands as the protecting layer, it is reasonable to ask whether these long-range
interactions are important on the stability and properties of the clusters.

In the article considering the NHC-protected Auj; clusters [PIV], the xc-
functional called BEEF-vdW [82] (Bayesian Error Estimation Functional with
van der Waals) was used to include the vdW interactions into the xc-func-
tional. The BEEF-vdW is built in inspiration of machine learning techniques
combining multiple functionals and training the parameters in multiple data
sets. The form of the exchange energy relies on the general form of exchange
in GGA approaches as

ESCA[n, Vn] = /dreﬁnif(n)l-"x(s) (19)

similar to PBE. In BEEF-vdW, the exchange enhancement factor Fy is de-
scribed as an expansion in 30 Legendre polynomials in BEEF-vdW; the co-
efficients for the expansion are acquired via machine learning techniques by
teaching various data sets to the functional. The correlation energy is a com-
bination of LDA [78], PBE [81] and a functional called vdW-DF2 [83] that is
invented to describe the van der Waals effects accurately. The form for the
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global correlation energy is thus
Ec = acEEPA + (1 — a)EEPE 4 EYdW-DF2 (20)

which brings an extra parameter a. to the total xc-energy. A total of 31
parameters are then optimized while training the functional with various
training sets.

Also BEEF-vdW is fabricated to describe many different types of interac-
tions between atoms (covalent, metallic, long-range etc.), making it an ap-
pealing functional for our needs. The computational cost therein is mostly
limited by the in-built vd W-DF2 functional.
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2.1.3 Linear response time-dependent density functional theory

In the articles of this thesis, the optical response of nanoclusters was mod-
elled in linear response time-dependent density functional theory (LR-
TDDEFT) using Casida’s formalism [84]. An alternative for the LR-TDDFT
that operates in frequency-space is the real-time propagation TDDFT [85, 86]
where the Kohn-Sham wave functions are straightforwardly propagated in
time in an external electric field. However, we wish to characterize single
peaks of the optical spectra in terms of the Kohn-Sham states which is pos-
sible via the transition contribution map analysis, explained in section 2.1.4.

The linear-response formalism is based on matrix () that is calculated as

Qipjg = 61,0p(eq —€))* + 2\/(fi — fr)(ep —€i)Kip jg \/(fj — fo)(eg —¢j)
(21)
where the subscripts 7,j and p, g refer to occupied and unoccupied Kohn-
Sham states, respectively. The transition coupling matrix K has elements
of

Kip g = /drdr’ CD,-p(r) Fraxe(r, ') CDJ*q (r') (22)

where ® is the pair density, containing the product of Kohn-Sham wave
functions ¢ as

iy (x) = ¢ (1) (1) (23)
and the kernel f,. contains the Hartree and exchange-correlation parts as
no_ / N 1 duxc[n](x, r/)
fHXC(rIr) _fH(r/r)+fXC(r/r) - |r_r/| 57’[ 7’10' (24)
The eigenvalue problem of () is subsequently solved as
QOF = w?F (25)

that produces a set of (squared) eigenfrequencies {w?} and a respective set
of eigenvectors { F;} that are used in composing the optical spectrum as

2 o2
fr =3 Uy = F)leg— &) |F i (26)
14
that offers the oscillator strengths f; at respective energies w;. Here f; and
g; are the occupation number and the energy of the ith Kohn-Sham state,
respectively. The factor yj; contains the dipole moment for a transition j —
q as

flig = — [ deg; (0240 @)
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214 Optical transition analysis

Simulations of optical spectra of molecules is offered by the LR-TDDFT for-
malism, and individual electron-hole transitions could be examined directly
from the data therein. However, we wish to look at distinct spectral features
and the contributions from all transitions to them. To do this, we use the
implementation of time-dependent density functional perturbation theory
(TD-DFPT) [87] and transition contribution map (TCM) technique that was
originally developed to study the origin of plasmons in gold nanoclusters
[70].

The theory is based on the time-dependent Kohn-Sham equations with a
small perturbation that in our case describes the effect of the electromag-
netic field. The transition contribution map (TCM) is written as a function of
the two energy axes of occupied and unoccupied energies, and the numeri-
cal delta peaks of the electron-hole transitions are broadened with Gaussian
kernels for both axes. The function of TCM is written as [70]

i 2
2 X exp | — (gocc — &
Ae

OCC unocc

TCM(&oce, Eunoce) = Z Z

i P

(28)

w,abs

X exp | — <_€u“°“ - SP)ZI
Ae ’

where €. and eynoce are the energy axes of occupied and unoccupied states,
respectively, ¢; and ¢, are the energies of the states between which thei — p
transition occurs, and Ae is the Gaussian broadening parameter. The ex-
ponential functions are introduced only to broaden the squared absorption

intensity coefficients Cl‘.‘;?’abs , that are written as

C;J?,abs _ /Anip (C;,Im N C;}w,lm) . (29)

Here An;), is the occupation difference between occupied state i and unoccu-
pied state p, and C;‘r’]’lm, C i;w’lm are matrix elements of the supervectors that
are solutions to the linear equation of [87]

E+KN+w KN —7 0 CwRe
KN E+KN-w 0 —7 C-wRe
n 0 E+ KN+ w —KN Cew m
0 1 —KN E+KN-w C-wim
(30)
- ‘ulaser
o ylaser
B 0
0
Here, E,i.i = (¢ — €j)6ij0pg is the energy difference of the Kohn-Sham

states, K is the K-matrix from the Casida formalism, already encountered in
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eq. 22, Npij = = (nj — nq)d;j0pq is the occupation difference of the Kohn-Sham
states, 17 is the Lorentzian spectral broadening parameter (that is included
for numerical stability), and

‘u};:]ser —€flaser - / dr (Pq (Pj (1‘) 31)
is the dipole moment of the transition between states g and ;.
2.1.5 GPAW: Real-space grid implementation

When DFT is implemented in chemical applications, that is in systems with
multiple atoms, a problem arises due to the requirement for the orthogonal-
ity of all the Kohn-Sham wavefunctions. This is due to the electron states
in very low energies (core states of atoms) that are confined in very small
volumes compared to the size of the system; To require orthogonality of the
respective wave functions we would have to use either very fine grid or a
huge set of basis functions.

The calculations presented in this thesis were carried out using the code
GPAW [88, 89], which is a real-space grid implementation of DFT that uses
the projector-augmented wave (PAW) method [90] to overcome the core
electron issue.

In the PAW formalism, the all-electron wave functions are obtained from a
linear transformation
1Y) =T|¥n) (32)

that maps the smoothly behaving auxiliary wave function ¥, to the true
one. We require the transformation to be applied only inside a pre-determined
augmentation sphere with radius R” for atom a to obtain the smoothly be-
having core states. Therefore we have the transformation operator defined
through partial waves ]4> ), smooth partial waves ‘4) ) and projector func-

tions |p?) as [90]
=1+ L 19f) — 190 (vil. (33)

These functions are also pre-determined for each atom a, requiring that in-
side the augmentation sphere ¢? is smooth and outside the sphere we have
the condition

i (7) = ¢ (7) (34)
so that the transformation is only unity in that region by eq. 33. Also, the
projector functions are fully localized inside the augmentation sphere.

Once we know how to construct ¥,, we define the core electron densi-
ties inside the augmentation sphere and their smooth counterparts for each
atom and use them to construct the all-electron density. Also, compensation
charges are added to the smooth charge density inside the augmentation
spheres to fix the norm-conservation that is not built-in in ¥,. The final
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atom-specific piece of the PAW total energy is the correction to the Kohn-
Sham potential to make the effective potential smooth inside the augmenta-
tion spheres. With these elements, the difficult behaviour of the core states is
compensated, and the electron density, effective potential and total energy
of a system can be determined as in DFT scheme.

GPAW is a real-space grid implementation of the PAW method, and the
implementation is simple: The wave functions, densities and potentials are
represented as discrete scalar fields at the grid, and their derivatives are
calculated with finite difference methods. The integrals of the 3D functions
become only sums over the grid points.

2.1.6 Jellium

The word jellium refers to a simple way of modelling metals and their elec-
tronic structure and properties. In a jellium system, the lattice of atoms
is modelled as a homogeneous background charge where the electrons are
confined to. Due to the lack of atomic positions, only the valence electrons
that in real systems are strongly delocalized in the metal atomic lattice are
taken into consideration. Note that this type of a model system is used to
construct the LDA approximation for the exchange-correlation functional as
explained in section 2.1.2.

In GPAW framework, we calculate the electronic ground states of finite jel-
lium systems by introducing the size, shape, location and charge density of
the positive background charge via the Poisson solver that is used to solve
the contributions of Coulombic interactions to the total energy within the
unit cell. The electrons that we want to model are then inserted into the sys-
tem simply by the total charge keyword in the GPAW calculator (see manual
for GPAW [89]). That is, if we want to examine an 8-electron jellium system,
we set charge=-8. To obtain an electronically neutral system, the density
of the background charge must then be set in such a way that it integrates
to +8(e).
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2.2 Group theory in chemistry

This section explains the fundamentals of group theory and the basic infor-
mation required to implement group theory in chemistry. More thorough
theory and ideas are offered by references [91, 92].

221 Introduction to group theory

In general, group theory describes groups of abstract elements which obey
the following rules [91]:

1. Closure: if 2 and b are members of a group, then ¢ = ab is also a mem-
ber of the same group

2. Associativity: if a, b and c are members of the same group, then a(bc) =
(ab)c

3. Unit element: A group contains an element a for which ab = ba = b for
each b of the group

4. Inverse: For element a of the group, there is an inverse of that element
in the group so that a'a = 1 where 1 stands for the unit element

In this context, the multiplication operation can be, for example, multipli-
cation, sum, dot product, or anything that can bind any two elements and
produce a new element of that group. Thus, the interelement operation is
a property of the group so that each rule above is satisfied. Especially, a
group can consist of matrices, and, essentially in molecular chemistry, ma-
trices that describe rotations in 3-dimensional space. The multiplication op-
eration between these group members is the ordinary matrix multiplication.

For example, point group Ds consists of 10 rotational transformations: the
trivial transformation that does nothing, 2 antiparallel rotations of 277/5 ra-
dians around the z axis, 2 antiparallel rotations of 477/5 radians around the
z axis, and 5 rotations of 7t radians around axes that are perpendicular to z
and have equivalent angles (271/5) between each other. The symmetry axes
of a shape which belongs to the point group Ds are shown in figure 2 (the
images are generated using VMD software [93]). The notation of C, gives
the symmetry axis with respect to rotations of 27t /n rad.

To determine the crystallographic point group of a molecule, we seek for
all coordinate transformations that keep the atomic configuration of the
molecule invariant. These transformations, or the corresponding 3x3 ma-
trices, form a group. A special matrix that is included in each point group is
the unit matrix which satisfies the third requirement of a group as described
above. For later purposes, we define a class of group elements. By defini-
tion, two elements T; and T of group G belong to the same class if there
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FIGURE 2 [llustration of a particle which transforms in point group Ds. Left, the shape

of the particle is shown. In the middle, the particle is shown from a perspec-
tive along one of the C; axes. The main axis (Cs) axis is shown. On right, the
shape is shown from perspective along the Cs axis, and each of the C; axes
are shown.

exists an element X € G that has
Ty = XX L. (35)

In Ds group, the trivial operator forms its own class (as in every point
group), and the 2 rotations of 27t/5, 2 rotations of 47t/5 and 5 rotations
of 7t form distinct classes.

To make use of a point group, we define the representations of a group as
all possible sets of matrices that have the same multiplication table as the
group members with the condition

M(Tl)M(Tz) = M(Tsz) VT, T, € Gy (36)

where M is the mapping between the two groups: M : G; — G; and Ty
and T, are members of group G;. A multiplication table includes the results
of multiplications between each two group members. Due to the closure
requirement above, the table elements are also members of the group. If a
representation consists of d x d matrices, the representation is then d-fold
degenerate. It can be shown [91] that a point group has infinitely many
representations, but they can be built only of a few which are called irre-
ducible representations. That is, the irreducible representations act as a ba-
sis of a group that can be linearly combined to obtain any representation of
the group.

To continue with our example of point group Ds, let us introduce its irre-
ducible representations. The representation A; consists of 1 X 1 matrices
with elements of 1, so it trivially satisfies the same multiplication table as
the rotational matrices that correspond to the rotations explained above.
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TABLE 1 Explanations of shorthand notations for symmetry representations of point

groups.
A,B Single degeneracy
E Double degeneracy
T Triple degeneracy
G Quadruple degeneracy
H 5-fold degeneracy
Subindices 1,2 Symmetric, Antisymmetric with respect to

(i) 7t rad rotation around secondary axis or
(ii) vertical mirroring

Prime, double-prime | Symmetric, Antisymmetric with respect to
horizontal mirroring

Subindices g, u gerade, ungerade: Symmetric, Antisymmetric
with respect to inversion

The second representation, A, is also 1-dimensional but they consist of el-
ements 1 and -1. It can be verified by building the multiplication table that
the 7t rad rotations along the secondary axes correspond to the elements of
-1 and the others have 1. The notations A; and A; are explained in table 1.
The other two representations of group Ds are 2-dimensional, that is they
consist of 2 X 2 matrices. The first one, Ej, has the following matrices:

10
E= (0 1) (37)

cos(%”) —sm(%”) cos(%” sm(%”)
Cs1 = ,Cs50 = 38
> (sin(‘%”) COS(%) o2 —sin(%") cos(%”) (38)
o CoS (%”) — sm<%"> 2 cos (%’T sm(%") )
> sin(%”) cos(%”) o2 —sin(%”) cos(%”)
o cos (%") sin %”) , _ (cos (%”) sin(%”) (40)
5 s1n<45”> — cos (?) > sin(%) —cos(%) )’

where E refers to the trivial element, Cs to a 271/5 rotation around the main
axis and C}, to 7t rotations around a secondary axis. The second subindices
distinguish between the different elements of the classes. The series of C,
continues with three more matrices with different arguments of the sin and
cos based on the rotation axis. The final representation E, is very similar to
E; but still orthogonal to the other representations. The multiplication tables
for E; and E; can naturally be verified to be similar to the transformations
of the group.

2.2.2 Symmetry representations of wave functions

The first important theorem of group theory concerning quantum mechan-
ics is that the coordinate transformations that leave the stationary Hamilto-
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TABLE 2 Character table for point group Ds.

E 2Cs 2(Cs)*  5C
Al 1 1 1
A, 1 1 1 -1
E; | 2 2cos(27/5) 2cos(4m/5) 0
E, | 2 2cos(4m/5) 2cos(2mt/5) 0

nian invariant form a group that satisfies all the requirements above. The
second important theorem implies that degenerate eigenfunctions of the
Hamiltonian form a basis for a representation of the group of the Hamilto-
nian, that is, a single irreducible representation can be assigned to an eigen-
value of the Hamiltonian. These theorems are proven e.g. in ref. [91].

Then, how to determine the corresponding representations for a wave func-
tion? The basis functions of a d-dimensional representation I' of group G are
defined as ¢ (), Y2(7), . .., P4(7) for which the transformations P(T) give a
linear combination [91]

d

P(T)ypu(7) = Y T(T)mntpm(7) (41)

m=1

with coefficients that are the matrix elements of I'(T). Actually, the matrices
I'(T) have still only of the coefficients of the linear combination, but it can be
shown that the sets of these matrices can be considered as representations
of group G. The equation 41 can be inversed to have

C(T)n = 3 [ 4747 P(T) (P 2)

for basis functions normalized to N. From eq. 42 we see that the diagonal
elements of the representation matrices can be obtained from the overlap
integral of the wave function and its transformation. In fact, this is exactly
how we determine the representations for the wave functions in article [PII].

Moreover, the matrices that form the representations of a group can be re-
duced to their traces (sums of diagonal values) that are called characters,
to construct a character table. In a character table, the rows correspond to
different representations and for each column, the characters of represen-
tations for a single coordinate transformation are given. It is convenient to
present character tables in a class-collected form, such as the one in table 2
for group D5, which means that the elements are grouped to classes. Thus,
each class is shown as a single column which is possible because each class

member has the same set of characters, as can be seen from egs. 38, 39 and
40.

Character tables have some useful properties. Considering the form of the
table where the elements are not collected to classes, the rows are orthonor-
mal to each other and they normalize to the order of the group that is the
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number of group elements. Also, the number of irreducible representations
equals to the number of classes which makes the (class-collected) charac-
ter table a square matrix. Therefore, any vector whose length equals to the
number of rows of the character table can be described as a linear combina-
tion of the rows. Another property of the table is that the sum of the squares
of the degeneracies of representations (first column of the character table)
equals to the number of elements in the group.

Our target is to assign symmetry representations to the Kohn-Sham states
that correspond to eigenvalues and eigenfunctions of the non-interacting
Hamiltonian as introduced in the formalism of the density functional the-
ory. This can be done by considering the wave functions as bases for repre-
sentations of the point group of the atomic structure. For a wave function,
we apply each transformation of the group and calculate the overlap inte-
grals as in eq. 42. The overlap integrals form a vector which we reduce
by combining the overlaps to classes as in constructing the character table;
after that, we have a vector whose length corresponds to the dimension of
the character table. The vector is then written as a linear combination of the
rows of the table and coefficients for different irreducible representations
are obtained. If the molecular system is close enough to symmetry of the
point group, high single coefficients are achieved and a single representa-
tion can be assigned to a wave function.

2.2.3 Selection rules

The representations of Kohn-Sham states can be used to devise selection
rules for optical transitions in molecules. If ¢; and 47];? are functions that
transform as representations I'" and I'”, respectively, and Q7 is an operator
that transforms as representation I'7, the Wigner-Eckart theorem states that

[ dryiQigl =0 @3)

if I does not appear in the reduction of I'’ ® I'7 ([91], p.99). The “appear-
ance” is described later. The product ® between representations is called
direct product that gives another representation I'*®7 of the same group
whose characters x are given directly by the characters of I'” and I'7 [91]:

xX(T) = x"(T)x*(T). (44)
The vector of x’s can be reduced to single irreducible representations as

n .
[P eIM=Tr =Y c/™r (45)
i=1



where C; are coefficients and T" are the irreducible representations of the
group. For example, for D5 group, the following direct products apply:

Ay @ Ay = Ay (46)
Ay ®@Ep = E (47)
E{®EL =A1 DA DE; (48)
E,©E, = E1 & E, (49)
AT =T! (50)

that is, the direct product of any representation with A; gives the same rep-
resentation, since its characters are only multiplied by one. The sum of rep-
resentations is notated by symbol © which indicates that the representation
is not described by only one irreducible representation but many, and we
say that these irreducible representations appear in the reducible represen-
tation.

The perturbation of an electromagnetic wave can be described via a field

vector k that can be considered to transform as some representation in each
point group. In Ds, the representations for functions fy(x,y,z) = x,
fy(x,y,z) = y and f.(x,y,z) = z are Ey, E; and Ay, respectively. There-
fore, a general function that describes k as

gE(x, y,z) =7?(x,y,z2)- k= kyx + kyy +k.z (51)

with constants ky, ky, k; # 0 has a representation of I'(g) = E; & Ay. For
example, let us consider IP]P that transforms as E; in group Ds. The direct

product between 1,0];.7 and g then gives

T(y}) @T(g) = E2 @ (E1 & Ay) (52)
= (E2®Ep) ® (E2® Ap)
=E1 D E,® E;.

That is, the reduction of I"(t/}f ) x I'(g) does not contain representations A;
and Aj, indicating that transitions E; — A; and E; — Aj are dipole for-
bidden in point group Ds (Eq. 43). As the rules can be determined for each
representation F(v,bf ), we can tabulate the dipole selection rules as in table
3 for group Ds. The utilization of the dipole selection rules in LR-TDDFT
calculations is described and discussed later in section 3.1.3.



23

TABLE 3 Dipole selection rules for point group Ds. The ones and zeros denote allowed
and forbidden transitions, respectively.

A1 Ay Ei B
A |0 1 1 O
Ay |1 0 1 0
E, 11 1 1 1
E, | O 0 1 1

2.3 Bader charge analysis

As atoms are put together to form molecules, their electron distribution is
perturbed in that some atoms become more electrically positive and some
become more negative than they are as free atoms. In DFT, the electron dis-
tribution, or density, is the function that describes the whole system and
determines its properties. To examine how the density is changed among
the atoms of the system compared to free atoms, we use the Bader charge
analysis and its grid-based, so-called near-grid implementation [94, 95, 96].

The idea of the analysis is quite simple and intuitive. It relies on assigning
the grid points to each atom where the division is based on the zero-flux
surfaces in the density. The total charge of an atom is then given by inte-
grating (or summing over grid points) the electron density at the assigned
points. In the near-grid method, the lattice-bias error that occurs in more
simple methods is fixed by refining the boundaries of the volumes assigned
to different atoms.

2.4 Tersoff-Hamann method

In article [PV], we performed simulations of scanning tunnelling micro-
scope (STM) images on a nanoparticle. The simulations were run according
to Tersoff-Hamann method, named after its founders [97], as implemented
in the Atomic Simulation Environment (ASE) package [98, 99]. The deriva-
tion of the method begins with the so-called Bardeen’s formalism for the
tunnelling current between the tip and the sample as

=2 (B~ F(E+oV)] [ M5By ~E) (59
UV

where u and v refer to the tip and the sample, respectively, f(E) is the Fermi
function, or occupation at energy E and My, is the tunnelling matrix ele-
ment between tip and sample states y and v, respectively. Acting in low
temperatures, the Fermi functions become step-like.

The problem is then to evaluate My,. According to Bardeen’s tunnelling
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theory, it has

h? . .
My = 5o [ dS- (89, = 4,V ) (54)

where the integrand is merely the current density. Tersoff and Hamann then
showed that after expanding the sample wave functions in k-space and rep-
resenting the tip wave functions as spherical objects, the formulation for the
current is reduced to the form of

E,<eV

T Y [yu(ro)? (55)

E,<Ep—eV

where 1 is the position of the midpoint of the tip and V is the applied volt-
age. That is, the right hand side of equation 55 has the local density of states
(LDOS) which is calculated based on the occupied states whose energies are
above eV (this is true for V < 0; for V' > 0, unoccupied states are used).
This formulation is called the s-wave approximation due to neglecting the
possibility of angular dependence of the tip wave functions.

To evaluate the currents from the LDOS according to eq. 55, we need a
conversion factor between those quantities. The approximations that we do
are the same that are introduced by Hofer et al. [100]: (i) The tunnelling
current passes through a circular cross section with 2 A radius, (i) the wave
functions decay in the same way as the electron states at the Fermi level of
metal surface with work function of 4 A, and (iii) we set ¢, = P, in eq. 54.
Naturally, we also expect that there are no chemical phenomena occuring
between the tip and the sample. In this work, the isovalues of the LDOS
were therefore transformed into current by relation

I(r) = (5000 1(r))? (56)

so that the density n(r) is given in units of A= and thus the current is ob-
tained in nanoamperes. Thus, it is true that these approximations are quite
crude considering that we model STM images of an organic layer of lig-
ands that surround a metallic nanoparticle. However, we assume that the
detailed structure of images is not required, as the comparison of the sim-
ulated and experimental images is reduced to comparison of the extremum
coordinates of the data. The comparison algorithm is discussed in the next
section.

2.5 Pattern recognition in topographic data

The problem that we addressed in article [PV] was that we wanted to sim-
ulate the STM image of the Ags74(SR)113BroCly nanocluster, but we did not
know about the orientation in which the particle resided on the surface. To
resolve that, we developed an algorithm that compares sets of topographic
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data with each other and calculates single-valued distances between the im-
ages. Simply put, the algorithm fits the coordinates of the local maxima and
minima in the contour maps and calculates the mean distance of the result-
ing nearest neighbours.

The algorithm in its full form can be set as follows:

E := Experimental image
C; := Simulated image with index i
We start with i=0.

1. Apply Gaussian smoothing for E and C;.

2. Find Npax local maxima and Npjpn local minima of E
and save the coordinates to containers SE® and S?m.
3. Find Mmax local maxima and Mmpmjn local minima of C;
and save the coordinates to SI"™ and S?m.

4. Set XMN=oco

5. Translate coordinates of SE® and S?m so that the
coordinates of the total maximum coordinates of E are
shifted to origin.

6. Translate coordinates of and S?m'so that the
coordinates of the total maximum coordinates of C; are
shifted to origin.

7. Find nearest neighbours between sets
and make a paired array P; of those.

8. Find nearest neighbours between sets S?m'and S?m
and append the pairs to Pj;.

9. Fit the pairs of coordinates, i.e. minimize the
root mean square (RMS) distance between them by
rotations and translations.

10. Calculate the RMS distance between the fit
coordinates and save it to X;.

11. set XMM=min(x; x/Mn).

12. Rotate C; by 1/50 of the full circle and continue
to step 5 until the full circle is regarded.

13. Save X?m.

14. Go to the next simulated image, i.e. increase I
by 1 and continue from step 1 until all images are
compared to E.

max
S;

S and SMmax

In this way, we reduce the problem of comparing two images to comparison
of two sets of coordinates which is computationally much faster and also
simpler. Mathematically this means that we do not try to fit two functions
f(x,y) and g(x,y) and determine their distance, but we fit coordinates of

sets F = {[x1,y1], [x2, 2], [x3,y3] - .. } and G = {[%1, 7], [%2, 2], [%3, Fa] - - }
and calculate the distance between F and G.
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The first stage is to apply Gaussian convolution to the images. The smooth-
ing is done for the experimental images in order to remove the artefacts of
the imaging such as scratch-like patterns that are due to the movement of
the tip; see figure 3a. For the simulated images, the smoothing is done in
order to remove the discrete cusps in the contour, that result from the nu-
merical method of implementing the Tersoff-Hamann method, and in that
way take into account the imperfection of the experimental image that are
caused by the tip convolution effects. If the smoothing was not done for the
simulated images, the local minima and maxima would exist in positions
where they certainly can not exist in the experimental STM image. The ef-
fect of the Gaussian smoothing is illustrated in figure 3.

The parameters Nmax, Nmin, Mmax and Mpin are chosen is such a way that
the most descriptive extremum points of the experimental data are sought.
“The most descriptive” means that we search the extremum points in the
middle area of the image since the tip convolution effect is more signifi-
cant at the edges of the cluster due to its curvature. From the simulated
images, we thus obtain more local extremum coordinates from which we
finally end up with the nearest neighbours to the experimental set of points.
This means that Npax < Mmax and Npin < Mpin. In article [PV] we used
Nmax = 10, Npin = 3, Mmax = 20, and My, = 20.

The translation of the top point coordinates on top of each other ensures
that we compare reasonable pairs of coordinates. The top coordinates are
fixed because we expect that the topmost point of the nanocluster image is
the most accurately determined site of the system, since the tip convolution
effects are minimal there.

The search for the nearest neighbours was implemented through the KDTree
package of the Scientific Python library scipy [101]. The minimization of
the distance between two sets of coordinates was done using the algorithm
introduced by Arun et al. [102]. Since the fitting algorithm requires fixed
pairs of coordinates, we have to minimize the obtained distances in the case
of a single simulated image with respect to rotations around the topmost
coordinates to go through all the possible pairs of coordinates. The whole
script can be downloaded from the web link http:/ /rjyu.fi/uNF .
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FIGURE 3 Effect of Gaussian smoothing on STM images. (a) Original experimental
STM image. (b) Experimental image with Gaussian smoothing. (c) Origi-
nal simulated STM image. (d) Simulated image with Gaussian smoothing.



3 RESULTS

I'will go through the results of articles [PI], [PII], [PIII], [PIV] and [PV] in this
particular order. The theoretical analysis of the box-shaped cluster Aggy [PI]
gave birth to motivation to study the symmetries of the metal nanoclusters
in more detail in article [PII]. Once the first Au cluster (with more than 3
metal atoms) incorporating N-heterocyclic carbene ligands was synthesized
and analyzed in article [PIII], the study was straightforwardly continued to
article [PIV] where the analysis of tridecagold Au-NHC clusters was con-
tinued also with the aid of the symmetry analysis. The scanning tunnelling
microscope images of silver cluster Agsy, are simulated and analyzed in ar-
ticle [PV].

3.1 Role of symmetry in nanoclusters

3.1.1 Projection to jellium states

In addition to the useful examination in spherical terms, the idea of super-
atoms and series of electronic magic numbers could be generalized to lower
symmetries if only the relative energies of the states could be solved analyt-
ically. An exception to the unsolved systems is the infinitely deep potential
well, for which the electron states are solved already in elementary classes.
In 3-dimensional space, this system is represented by the particle-in-box pic-
ture and the energies of the electron states are given by [103] (p. 304)

? [ n? n? n?
E="5|2+2+2 (57)
2 \12 12 12

with eigenfunctions of

- 8 ) TTNX \ . yy \ . TTN,Z
Y(r) = “LxLyLz sm( » )sm( L, )sm( I ) (58)
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FIGURE 4 Crystal structure of [Ags;(SPhMe;)32(PPhs)s]* and the corresponding struc-
ture with minimal ligands -SH and -PHj3.

where 1y, 1y, n; are integers. That is, the states can be characterized by their
nodal multiplicities along each cartesian axis as (ny, 1y, 11;).

In 2016, crystal structure of the silver cluster [Agg7(SPhMe;)s(PPhs)g]>*+
was resolved [53] and interestingly, it showed a pure box-like symmetry. In
[PI], we analyze the electronic structure of the particular cluster, although
minimal ligands -SH and —-PHj3 were used (see figure 4). Encouraged by the
predictive power of spherical jellium systems on magic numbers of spher-
ical metal clusters, we calculated the electron states for a jellium system
with similar size and shape as the metal core of the minimal-ligand model
[Ag67(SH)3Z(PH3)8]3+. The edge lengths of the jellium box were set to the
average distances between the nuclei of the outermost silver atoms. The
electron count in the jellium calculation was 32, corresponding to the cal-
culated delocalized electron count using the formula of Eq. 1. The total
background charge was +44e, homogeneously distributed to the volume of
the jellium box. This number was obtained by balancing the total charge
of the jellium system to the total Bader charge of the core in the atomistic
model which is +12e (+44e - 32e = +12e).

Analogously to projection to spherical harmonics, we projected the Kohn-
Sham (KS) wavefunctions of the atomistic calculation to the wavefunctions
of the jellium calculation. Since the jellium wave functions {¢/} span a proper
orthonormal basis, the projection coefficients of the atomistic wave func-
tions {¢“} to the jellium wave function basis are given by

b= [dr (o) 90 = [drolmet) 59

kl_ (Pk

where the last equality stands for real-valued functions q‘){c(r) which is true
for our case. Here we already assume normalized wave functions, and thus
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FIGURE 5 The highest overlap weights for projections of atomistic states to jellium

states. The KS wave functions are visualized from 3 different perspectives.
The number of nodes in (X,y,z) directions are shown with the weight in bold
font. The energies of the atomistic states with respect to the Fermi level are
shown. Reprinted with permission from Rosalba Juarez-Mosqueda, Sami
Kaappa, Sami Malola, Hannu Héakkinen. Analysis of the Electronic Struc-
ture of Non-Spherical Ligand-Protected Metal Nanoclusters: The Case of a
Box-like Aggy. The Journal of Physical Chemistry C, 121(20), pp. 10698-10705,
2016. Copyright 2016 American Chemical Society.

the coefficients satisfy

ek o (60)
)

The jellium states were characterized by their nodal multiplicities by visual
inspection. In figure 5, the best correspondences between the sets of wave
functions are illustrated. Firstly, both the jellium and the atomistic wave
functions show the nodal structure along each axis of the cluster edge as
predicted by the mathematical model of infinitely deep potential box (Equa-
tions 57 and 58) although the “well” is definitely not infinitely deep in the
case of the silver cluster. The superatom state that corresponds to the 1S
state in spherical terms is visualized as the upmost occupied state in figure
5 with nodal multiplicity of 0 in all directions. Most of the similarities in fig.
5 are distinct already by visual inspection, which is confirmed by the numer-
ical analysis, i.e. the high weights. Some cases are less clear: for example
the connection of the two states of atomic calculations at energies —0.83 eV
and —0.84 eV to the jellium state with (1,1,1) nodal multiplicity is not trivial
at least along the z axis.
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FIGURE 6 Density-of-states with spherical projection on the states of the jellium particle

that corresponds to the silver core of [Ag67(SH)32(PH3)8]3+.

The energetic order of the states can be compared to the mathematical de-
scription of the 3D potential well in equation 57. In a cubic system, the
directions x, y, z would be equal, but now the edge of the box that is parallel
to the z axis is longer than those of x and y. For example, we note that (1,0,2)
is lower in energy than the fewer-node states (2,0,0) and (0,2,0) which is true
also for the mathematical model, where the (1,0,2) state would have energy

of
2 2 2 2
7T 1 0 2
E(1,0,2) = — =0.204 61
(1,0,2) = (8.22 Tt 12.32) (61)

and the (2,0,0) and (0,2,0) would have larger energies of

22 02 02
8.22 * 8.22 + 12.32

E(2,0,0) = E(0,2,0) = %2 ( ) =0293  (62)

where the dimensions of the box were given in Angstroms. In cubic sys-
tem with Ly = L, = L, the order of these multiplicities would be reversed.
However, this analogue does not hold throughout the states of Agg;. We
observe that (0,0,3) is at even lower energies than (1,0,2), whereas the math-
ematical model predicts that it has the energy of 0.293 which is equal to
(2,0,0) and (0,2,0) with these dimensions. This contradiction can be ascribed
to various complex factors that make the mathematical model too simple to
describe the system: the finite depth of the potential well of Agg7, the ef-
fect of the ligand layer, and the atomistic structure of the corners of the box,
where the silver atom lattice is broken and the sulphur atoms are dwelled
into the lattice.

As previously unpublished information, figure 6 shows the energy levels of
the jellium system. The energy order of the few highest occupied states is
different from the atomistic calculations in that the (0,1,2) and (0,2,1) states
are below (0,0,3) in energy, which is also predicted by the model of infinite
well. The next states up to Fermi level appear in the same order than those
of the atomistic calculation with some minor shift of (1,1,1) state which is
anyway very close to the adjacent (2,0,0) and (0,2,0). Thus, we conclude that
the power of the spherical jellium model in predicting the energetic order of
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the states with certain symmetries can not be quantitatively generalized to
other shapes as such. The fundamental difference therein is that the spheri-
cal potential is always spherical regardless of the distance from the center of
the potential, which is true for both an atom and a spherical jellium particle.
In contrast, the decaying shape of the potential of, say, box-shaped back-
ground charge is not box-shaped anymore in the distance from the origin
but also starts to approach spherical shape further away from the potential
box.

In article [PI], the optical response of the [Ag67(SH)32(PH3)8]3”r cluster was
investigated thoroughly in terms of the projections to the jellium states and
the nodal multiplicities. The most surprising observation therein is that the
dipole selection rules of the mathematical model of the infinite well are not
sufficient in describing the allowed transitions in the atomistic model. In
the particle-in-box model, only the number of nodes of the photon field di-
rection can change, and the change is an odd number. This is due to the
symmetry properties of the sinusoidal wave functions when their dipole
moments are calculated in the form of equation 27.

In more realistic systems such as the silver cluster, we observe that in ad-
dition to the photon field direction also the number of nodes in other di-
rections can change, and the change is an even number. We account this
drastic difference for the finite depth of the potential well and the effect of
ligands to the states, resulting in wave functions that cannot be considered
as perfectly sinusoidal. Also, the mathematical model describes the energy
levels and the respective wave functions for a single electron, whereas in the
case of nanoclusters there are interactions between electrons that affects the
shapes of the wave functions. For fine details of our analysis, see [PI] and
its Supplementary material.

Consequently to the more realistic description of selection rules described
above, the total change in the number of nodes is odd, and the selection
rules can be visualized as in figure 7, where also the transition contributions
for a single peak of the optical spectrum are shown. The TCM in the figure
is calculated for the photon field parallel to the long axis of the cluster (z),
which means that only the selection rules labelled as z in the figure are rele-
vant. Indeed, the most intense contribution A comes from odd-odd-odd —
odd-odd-even transition which is considered as allowed according to the se-
lection rules. The transitions B, C, E, F, G and I are between even-even-odd
and even-even-even states, and H and most of D are of type even-odd-even
— even-odd-odd parities, obeying the selection rules flawlessly.

Using DFT, we also predicted possible atomic structures of
[Agye(SH)24(PH3)s]?>" and [Agss(SH)40(PH3)s]?>~ [PI] which are conjugates
of the Aggy cluster in that there is only a difference of Agy;(SH)g unit be-
tween the structures. The electronic stability of the predicted structures is
depicted by the HOMO-LUMO gaps that are larger than that of Agey (Agae:
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FIGURE 7 DFPT-based transition contributions for a single peak in the optical spectrum

of the atomistic model of [Ag67(SH)32(PH3)g]3+. The lower energy panel
shows the density-of-states of the occupied states and the vertical energy
panel has the unoccupied states. The contour map shows the intensities of
the transition contributions between occupied and unoccupied states. The
labels A-I distinguish between the contour spots. The coloring of the DOS is
chosen as to describe the parity of the nodal multiplicities in X,y,z directions,
and the same coloring is used in visualizing the selections rules in the right-
most lower corner of the figure. There, the labels x,y,z denote allowed transi-
tions between the states that are connected by the respective line. Reprinted
with permission from Rosalba Juarez-Mosqueda, Sami Kaappa, Sami Mal-
ola, Hannu Hékkinen. Analysis of the Electronic Structure of Non-Spherical
Ligand-Protected Metal Nanoclusters: The Case of a Box-like Aggy. The Jour-
nal of Physical Chemistry C, 121(20), pp. 10698-10705, 2016. Copyright 2016
American Chemical Society.
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1.0 eV, Aggs: 0.46 eV, Agg;: 0.36 eV). The structure of Aggg could still be
elongated by adding more Ag,;(SH)s units, but these systems were not ex-
amined in the work. This kind of embryonic growth of cuboidal silver clus-
ters was experienced later, as another family of silver clusters was found
and crystallized [52]. In Ag14(SPhF;)12(PPh3)s, Agsg(SPhF;)26 (P"Bugz)s and
[Ages (SPhF,)s6 (P"Bus)g] ™, the corners of the box-shaped Ag cores are again
covered by phosphine ligands while the sulfur atoms occupy the faces of the
Ag cubes. Analysis similar to Aggy, that is the projection of wavefunctions
to those of a jellium system, could be devised also for those cases.

3.1.2 Point group symmetry analysis

The applicability of the analysis that was done in the case of Aggy is very
limited as it is only valid for cuboidal structures. In article [PII] we report
utilization of a more general tool, group theory, to represent the symmetries
of wavefunctions of symmerical nanoclusters. Group theory has long been
used in chemistry in describing rotational symmetries of molecules and spa-
tial symmetries of atomic lattices, and the fundamentals of the group theory
as it is used in chemistry and in ref. [PII] are given in section 2.2. In the pa-
per, we characterize the Kohn-Sham wavefunctions of metal nanoclusters in
the point group symmetry representations and compare those to the spheri-
cal Y, expansions which is the traditional way of analyzing the symmetries
of the wave functions in metal nanoclusters.

We begin with unprotected clusters Ags: and Auy. The silver cluster was
studied in three different geometries possessing point groups of icosahedral
I}, decahedral Dg;, and cuboctahedral Oy, of which the icosahedral state is
known to be energetically the most stable one [104]. The structure of that
has been shown to exist in weakly distorted form of the perfect icosahedron
[105] but in [PII] we consider an undistorted structure to make our point of
the symmetries and their role. The gold cluster Auy is considered as a tetra-
hedron with T4 group that has been suggested based on the photoelectron
spectrum by Li et al. [106].

For icosahedral and cuboctahedral Ags;, the states that comprise of the s-
shell valence electrons of Ag have relatively distinct spherical symmetry
due to the high symmetry of the atomic structures. In contrast, the states of
decahedral Ags; have greater deviation from the spherical harmonics, and
the tetrahedral Auy is so far from a sphere that the states can not be charac-
terized in spherical terms. However, another story is attained by describing
the states with representations in the respective point groups, where an un-
ambiguous representation can be assigned to each state near the Fermi level.

The valence electron number of Ag:; is 56, and according to the superatom
model this corresponds to filled states up to 1G which is occupied with 16
electrons, that is it lacks 2 electrons from the shell-filling 18 electrons. For
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each of the three Ags: geometries, the 1G state is observed at around the
Fermi level but in split form due to broken symmetries. For icosahedral
Agss, the states with 1G spherical symmetry are split in energy to states
with 4- and 5-fold degenerate Gg and Hg representations, respectively, of
the I}, point group. In the decahedron, the spherical superatom states of 1G
degeneracy are more difficult to be determined unambiguously, but it seems
to be split again to both sides of the Fermi level. According to the analysis
in Ds}, point group the respective states have doubly degenerate forms of
E7, E{ and E} at around 0.9 eV and E] right above the Fermi level.

In the case of the cuboctahedral Agg;, the splitting of the 1G offers a possible
route with which symmetry breaking can be seen as a factor in stabilizing
a system electronically. Namely, in the density-of-states of cuboctahedral
Agss, a gap is formed between the HOMO and LUMO. This cannot hap-
pen in spherical systems with 56 electrons due to the electron-shy 1G which
always appears as a 9-fold degenerate set of states in perfectly spherical
potentials. The gap formation is due to the symmetry breaking and the
splitting of 1G in such a way that a single A, state with 2 electrons is left
unoccupied and not degenerate with the occupied Eg, T1g and Tpg states
that are also split of the 1G spherical state. This observation solidifies the
somewhat trivial idea that there can be different electronic magic numbers
in systems with different geometries.

In the case of tetrahedral Auy, the valence electron number is 20 which is
one of the (spherical) magic numbers introduced earlier. According to the
superatom model, 20 electrons fill 1S, 1P, 1D and 2S states with 2, 6, 10 and
2 electrons, respectively. However, the Yi,, analysis shows that the states do
not appear in shapes of clear spherical symmetries, although the degenerate
highest occupied states can be considered close to D symmetry which splits
to E and T, representations in the Ty group. This suggests that the order
of 1D and 2S states is inversed with respect to the aufbau principle and the
2S is at lower energies and /or mixed with the Au(d) electron states below
-1.5 eV from the Fermi level. All of this is said assuming that the spherical
magic numbers are still relevant in systems where the states do not show
spherically symmetric shapes.

On top of bare clusters, we analyzed the states of 7 large ligand-protected
Ag and Au clusters whose crystal structures have been verified experimen-
tally. Throughout this section, we will refer to these clusters by their metal
atom count.

Let us go through each cluster one at a time. In many cases, the ligand layer
possesses lower symmetry than the metal core, and thus the assignment of
symmetry representations in the point group of the core results in smaller
weights than in the unprotected clusters. An example of this is Agj3s where
the analysis was restricted only to the volume of a pentagonal bipyramid of
Agsy since the surface silver atoms on top of the bipyramid are structured
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in an irregular pattern in the crystal structure. Despite the cluttered exte-
rior, some of the states appear with very unambiguous correspondence to a
single representation inside the core. A conclusion therein is that the ligand
layer and the low-symmetrical Ag surface do not completely spoil the shape
of the potential in the metal core but some of the states there are shaped only
by the potential formed by the Ags4 core with D5y, point group symmetry.

Ag136 has 70 free valence electrons from the silver atoms according to eq.
1. This could be considered as a shell-filling number with filling up to 2D
and 3S states, but according to the DFT calculation, there is no gap between
the occupied and unoccupied states with the charge state —1. According
to the calculation, there is a 0.3 eV gap above the first unoccupied state,
suggesting that the existence of 70 free valence electrons is not enough to
produce a HOMO-LUMO gap in this system which is not close to spheri-
cal. We would like to emphasize here that we are aware of the difficulties in
determining the exact charge state of a large cluster in its crystalline form,
since the number of counter-ions that balance the charge can not be neces-
sarily determined in the lattice unambiguously. Therefore, the real charge
state of Ag3s could be also -3 considering the possibility for an error in de-
termining the charge state based on the crystal structure, which would most
probably result in a considerable gap at the Fermi level. Despite this aspect,
the spherical model can not explain the electronic stability of Ag;3s since 72
does not appear in the magic number series.

A different situation is that of Agy4; where a distinct HOMO-LUMO gap
is formed but at valence electron number of 88 that is not one of the magic
numbers in spherical terms. In point group Ds, the maximum degeneracy of
representations is 2 (for E; and E; representations), which suggests that an
energy gap between degenerate states exists at least every 4 electrons. The
unfortunate fact here is that the energy levels of different symmetry repre-
sentations of D5 cannot be placed in a fixed order since the dimensions of a
particle with Ds symmetry can vary (that can be understood by looking at
figure 2), resulting in shifts of states with certain symmetry representation
along the energy axis. Therefore, no fixed magic numbers can be ascribed

TABLE 4 List of large ligated clusters that were analyzed in article [PII]. The numbers
of valence electrons are given in column 7. as obtained by eq. 1. The point
group is shown in which the symmetry analysis was run.

Chemical composition n, Point group Reference

[Ag136(TBBT)e4Cl3] 70 Dsp, [107]
[Ag141(SAd)40Bryp] " 88 Ds [108]
Auz0S20(PPhs)12 30 Doqg [109]
Auy08S24(P(CH3)3)16 60 Tq [110]
Au144 (SCH3)60 84 Ih [1 1 1]
[Auy46(p-MBA)57 1>~ 92 Cov [112]
AU_246 (SPhCHg)go 166 D5 [1 13]
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to a point group.

The same analysis can be applied to Auyg and Auygg with valence electron
counts of 30 and 60, respectively. In these clusters, the sulfide ligands ap-
pear formally as S?~ that decrease the valence electron number by 2 per ion.
For Auyg, the HOMO state actually shows superatom character of S sym-
metry. However, the facts that 30 is not part of the magic number series
and no other state shows clear spherical symmetry prohibit the assignment
of spherical superatom character to Auyg. The same conclusions apply for
Auygg with its non-magical 60 valence electrons. In contrast, the point group
symmetry analysis shows clean symmetry representations for all states for
both Auyg and Aujgg, and the gap is formed beautifully and expectedly be-
tween states that are non-degenerate in symmetry.

Of the ligand-protected clusters in article [PII], the icosahedral Auj44 shows
the largest Y}, coefficients for single spherical functions, which we account
for the symmetry group of I, that has in total of 120 symmetry operations.
To compare, D5, D5, and Ty groups have 10, 20 and 24 operations, respec-
tively. In the article, we go through the splitting of the spherical terms to the
icosahedral representations according to the tables in ref. [114] and observe
that the splitting occurs exactly as expected. However, the closed (metal-
like) density of states around the Fermi level can be explained no better
by the icosahedral analysis in comparison to Y},, expansion. In both cases,
states with 11-fold H symmetry in Y},, analysis and 5-fold degeneracy in
Hg representation in Iy, analysis are split to both sides of the Fermi level,
explaining the absence of the HOMO-LUMO gap with the 84 valence elec-
trons in the system.

The point group of Auyys is Cpy, which only has singly-degenerate repre-
sentations. Therefore, this point group has potential magic numbers after
every two electrons, and thus it is in general impossible to explain the elec-
tronic stability of a cluster obeying that point group in terms of symmetry,
since a gap might occur between any two spin-paired states. Therefore, all
the states with spherical symmetry are also split to singly-degenerate rep-
resentations as the Cp, symmetry is introduced. Most probably, this is the
reason to the small amount of information offered by Yj,, analysis in the
case of electron states of Auy46. Naturally, a possible HOMO-LUMO gap in
a (large) cluster of Cy, group might occur due to other factors than symme-
try, such as size, dimensions, and effects of ligands.

Finally, Aup4e shows already more degeneracy in the states than Aujgg,
which is expected by the Ds point group where there are two-degenerate
representations. According to the calculation, there is no accountable HO-
MO-LUMO gap for Auyye, but the Fermi level lies between an occupied A
and unoccupied E; states which are less than 0.05 eV apart from each other.
After the two E; states, there is a larger gap of 0.18 eV. The number of free
valence electrons of Au in the cluster is 166 that corresponds to a spherical
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shell-filling up to 1G(58), 2D(68), 35(70), 1H(92), 2F(106), 3P(112), 11(138),
2G(156) and 3D(166) where the cumulative electron number is shown in
parentheses. However, the Y}, analysis shows that the states near the Fermi
level appear in non-spherical shapes, again indicating that the spherical
model is not valid in the case of Auys obeying the D5 point group. Also,
the absence of the HOMO-LUMO gap refers to this.

Of the large ligand-protected clusters studied in article [PII], only Aujs4 has
electron states that can be characterized in spherical terms. For each parti-
cle, the analysis in the respective point group shows that the states trans-
form very similarly to the representations of the group, regardless of the
lower-symmetry ligand layer. Interestingly, the poor sphericity of the states
is true also for Aujpg, Aujss and Auyge although they can be considered
rather spherical by visual inspection. Thus, we conclude that the spheric-
ity of a large cluster and, essentially, its electronic states is determined by
the symmetry class rather than the deviation in the radius of the metal core,
which is the intuitive way of determining sphericity. As a technical conse-
quence, this appoints to a major problem in modelling (large) clusters with
the spherical jellium model, which totally neglects the true symmetry of the
potential in the system that apparently has a large effect to the electronic
structure of the system.

The main conclusion of the comparison of Y}, and assignments to symme-
try representations for ligand-protected clusters is the same as in the case of
the bare clusters: The Y}, analysis is still a superior tool in explaining the
stability of systems that have high symmetry, but the group representations
offer more accurately the character of each state in the symmetry group of
the cluster, regardless of its sphericity. The information of the group rep-
resentations can also be used in explaining the electronic stability of the
clusters, although to a lesser extent than spherical analysis. It can also man-
ifest the fine details of the electronic structure, such as the degeneracy of the
states and their distribution on the energy axis.

3.1.3 Applying selection rules to LR-TDDFT

In article [PII], we utilized the symmetry representations of the cubocta-
hedral Agg; to enhance the performance of the LR-TDDFT calculation by
applying the dipole selection rules in to the calculation of the optical spec-
trum. The selection rules were determined as explained in section 2.2.3. The
observed result was as expected in that nothing happened to the spectrum
when the forbidden transitions were neglected. However, the run time was
only 21% of the full LR-TDDFT calculation. That is, the same result was
obtained with only approximately a fifth of effort once the symmetry repre-
sentations of the states were known.

Our implementation of applying the selection rules was carried out simply
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by removing all dipole forbidden transitions from the Kohn-Sham transi-
tion list that is given to the GPAW program before the calculation of the ()
matrix (see section 2.1.3). However, we acknowledge that this is not theoret-
ically an exact way of simulating the optical spectrum due to the form of the
spectral oscillator strengths (eq. 26) and the eigenvectors F; that have large
contributions from the K matrix introduced in equation 22. In that equation,
single transitions couple to each other and the mere dipole selection rules
do not apply there; i.e. a non-zero matrix element of K might well include
an integral over ®;, and ®;, of which, say ®;,, refers to a dipole-forbidden
transition i — p. In that case, the matrix element has an effect on the eigen-
vectors Fr and a contribution to the optical spectrum follows.

The possibility of neglecting weak transitions in calculation of the optical
spectrum is examined e.g. in ref. [115] where the authors represent their re-
sults on suppressing single transitions based on the dipole moments while
using time-dependent density functional tight binding model for various
molecules. Their conclusion is that truncating weak enough single tran-
sitions leads to minor or insignificant changes in the spectrum, which is
similar to our observation. Especially in the case of fullerene, they address
the fine performance of the truncation of transitions with low oscillator
strengths to the symmetry of the system and the consequent zero oscilla-
tor strengths of the dipole forbidden transitions. The threshold for oscil-
lator strength being 0.001 leads to truncation of 75% of the transitions in
their work. Considering the icosahedral symmetry of fullerene, 74/100 in-
tersymmetry transitions are forbidden in the respective I}, group. This gives
a reason to speculate that using the threshold of 0.001 they have mostly re-
moved the symmetry-forbidden transitions from the calculation.

Nevertheless, our result indicates that the dipole forbidden transitions play
a very unimportant role in the optical response of cuboctahedral Ags;. This
result cannot be generalized to all molecules since the transitions can couple
to each other in theory, but it might provide a reasonable approximation
while dealing with large systems where a calculation of optical spectrum is
computationally too tedious to be performed. For example, the symmetry
analysis for Agj4; showed very distinct representations for states [PII], and
the requirements to calculate the optical spectrum could be considerably
reduced by neglecting the dipole forbidden transitions in the LR-TDDFT
calculation which scales as O(N?) where N is the number of single Kohn-
Sham transitions.
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FIGURE 8 Structure of [Auj;(PPhs)s Clo]™ with phosphine site labels. Reprinted with

permission from Mina R. Narouz, Kimberly M. Osten, Phillip J. Unsworth,
Renee W.Y. Man, Kirsi Salorinne, Shinjiro Takano, Ryohei Tomihara, Sami
Kaappa, Sami Malola, Cao-Thang Dinh, J. Daniel Padmos, Kennedy Ayoo,
Patrick J. Garrett, Masakazu Nambo, J. Hugh Horton, Edward H. Sargent,
Hannu Héakkinen, Tatsuya Tsukuda, Cathleen M. Crudden. N-Heterocyclic
carbene-functionalized magic number gold nanoclusters. Nature Chemistry,
11(5), pp. 419-425, 2019. Copyright 2019 Nature Research.

3.2 Au nanoclusters protected by N-heterocyclic carbenes

3.2.1 Ligand exchange of PPh3 to NHC in Auy

In article [PIII], we report synthesis and characterization of clusters derived
from [Auy1(PPh3)sCly] T [55] where one or more of the phosphine ligands
are exchanged to N-heterocyclic carbenes (NHCs); see figure 8 for the struc-
ture and the labels of the phosphine sites P1-P8. NHCs are a family of or-
ganic molecules with a divalent carbon atom which are long known to stabi-
lize metal complexes, metal nanoparticles and metal surfaces [116, 117, 118,
119] and to be active in organic and organometallic catalysis [120, 121, 122].
Therefore, the coordination of NHC on Au is well known and it is found to
bind to Au surfaces with a simple top-site bond, similar to the bond between
Au and phosphine. Yet, only one magic number gold cluster incorporating
NHC ligands is known, that is the trigold-NHC cluster reported by Sadighi
and Bertrand [63, 123]. Our study presents the first crystal structure of an
NHC-stabilized magic number gold cluster larger than that of three atoms
along with synthesis and experimental evidence of the activity in the elec-
trocatalytic reduction of CO; to CO. If we assume that the bond between Au
and NHC is similar to Au-phosphine bond in terms of counting of super-
electrons, the cluster is considered as an 8-electron superatom with 11 Au(s)
electrons, 2 electron-withdrawing chlorine atoms and the total charge of +1.

To support the experimental findings, we performed DFT calculations on
the studied systems. Starting from the well-known structure of
[Auy1(PPh3)sCl,] 7, we replaced each phoshine ligand with NHC molecules
with side groups of methyl (Met), ethyl (Et) and isopropyl (iPr). For these
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TABLE5 Ligand exchange energies in electron volts according to eq. 63. Different
columns have energies for different types of NHC side groups: isopropyl (iPr),
ethyl (Et) and methyl (Met).

iPr Et Met

P1|-064 -037 -047
P2 | -0.93 -0.82 -0.80
P3| -073 -0.75 -0.74
P4 | 055 -059 -0.60
P5|-041 -0.16 -0.54
P6 | -040 -0.32 -047
P7 | -0.75 -0.44 -0.67
P8 | +0.05 -0.25 -0.46

systems, we calculated the change in total energy in the reaction of

[Auy; (PPh3)gCl]" + NHC  —  [Auyy (PPhs), NHCCly] " + PPhs.

(63)
See table 5 for results. The first observation is that most of the energies are
negative, relating to thermodynamically favourable reaction. The exchange
of NHC-iPr to site P8 shows unfavourable binding that is probably due to
steric effects caused by interactions of the NHC with the adjacent phos-
phines. Unlike for other sites, there is no neighbouring CI ligand next to
P8 which would allow more space for the ligand reaching out from the gold
surface. It has to be pointed out that we only used PBE functional to model
the exchange-correlation effects in Auy; clusters, and therefore the long-
range interactions were neglected that could affect the obtained energies
and optimal structures. However, the calculations on [Aui3(NHC)oCl3]%,
discussed in the next section, imply that inclusion of the van der Waals in-
teractions do not have a critical effect on the system which is very similar to
Aun.

Another major point that can be read from the energetics is that P2 is the
most optimal exchange site for each type of NHC with different side groups.
For P2 exchanged systems, also the gap between the highest occupied and
lowest unoccupied molecular orbitals (HOMO and LUMO) appears to be
largest of all sites with values of 2.01 eV, 2.00 eV and 1.96 eV for Met-NHC,
Et-NHC and iPr-NHC substituted species. See Supplementary information
of [PIII] for more data.

As a historical anecdote, the DFT calculations were performed before the
crystal structure of the monosubstituted [Auj1(PPh3);NHC-iPrCl,]" was
obtained. In the crystal structure, the NHC is substituted to the P2 phos-
phine site, exactly as our DFT calculations predicted beforehand. The most
accountable difference between the PBE-predicted structure and the crys-
tal structure is that the phenyl rings of the phosphine ligands are oriented
slightly differently, as illustrated in figure 9. In the crystal structure, the
phosphine at P1 is oriented so that the phenyl rings are further away from



FIGURE 9 (a) The PBE prediction of structure for [Auy;(PPh3);NHC-iPrCl,]* and (b)

the crystal structure. Reprinted with permission from Mina R. Narouz, Kim-
berly M. Osten, Phillip J. Unsworth, Renee W.Y. Man, Kirsi Salorinne, Shin-
jiro Takano, Ryohei Tomihara, Sami Kaappa, Sami Malola, Cao-Thang Dinh,
J. Daniel Padmos, Kennedy Ayoo, Patrick J. Garrett, Masakazu Nambo,
J. Hugh Horton, Edward H. Sargent, Hannu Hékkinen, Tatsuya Tsukuda,
Cathleen M. Crudden. N-Heterocyclic carbene-functionalized magic num-
ber gold nanoclusters. Nature Chemistry, 11(5), pp. 419-425, 2019. Copyright
2019 Nature Research.

the neighbouring chlorines than in the predicted structure.

To account for the effect of substitution of phosphine to NHC even further,
we investigated the Bader charges of the different atoms and ligands in
both the non-subsituted Auj; and the crystal structure that was optimized
with the PBE functional. The previously unpublished results are summa-
rized in table 6. By examining the average charges of different Au atoms of
the systems, we observe that the middle atom has withdrawn an account-
able amount of electron density, compared to a free atom. Of the surface
atoms, Au that binds to Cl is slightly positively charged. The essential dif-
ference between the substituted and non-substituted species is that the Au
that binds to NHC is now positively charged, in contrast to the phosphine-
coordinated Au atoms which preserve their negative Bader charge when
NHC is introduced at P2. The average charge of the Cl ligands remains
the same in the exchange, and that of PPhj is decreased from +0.38 |e| to
+0.37 |e| in average. The Bader charge of the NHC ligand attached to Auy;
is +0.34 |e|, that is slightly lower than that of PPhz. The exchange of a lig-
and thus changes the charge distribution of the system so that the Au core
becomes less negative as (i) NHC tends to donate less electron density to
Au compared to PPhj and (ii) PPhs donates slightly less charge to Au in the
substituted system. In some sense, the introduction of NHC to the cluster
seems to decrease the strength of the interaction between Au and PPhj;.
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TABLE 6 Bader charges of various atoms and ligands in PBE-optimized
[Auy1(PPh3)s Clp]T and crystal structure of [Aup;(PPhs);NHC-iPrCly]*.
The numbers are in units of elementary charge.

No NHC | NHC at P2

Au(-Cl) +0.06 +0.05
Au(-PPhj) -0.10 -0.10
Au(-NHQ) - +0.06
Au (middle) -0.27 —0.28
Au (total) —0.95 —0.81
Cl (total) -1.12 -1.12
PPh; (total) +3.04 +2.60
NHC (total) - +0.34

The optical properties of [Auj;(PPhs);NHC-iPrCl,]" were studied using
LR-TDDFT and TCM analysis. In figure 10a, different calculated spectra are
compared to the experiment. Good correspondence with the calculated and
the experimental curves was obtained by shifting the computed spectra by
0.4 eV up in energy. The redshift of computed spectral features can be at-
tributed to various factors, such as the rather simple model for exchange
and correlation effects or solvation effects [124, 68]. After the shift, peaks at
around 310 nm and 420 nm match well in addition to the decaying tail of the
spectral curve after 550 nm. The peaks at 310 nm and 420 nm are analyzed
using TCM (fig. 10b and 10c). The analysis indicates that large contributions
to the transitions occur from both Au(s) and Au(d) states to the unoccupied
states of the phenyl rings of the phosphine ligands, and that the states local-
ized to vicinity of NHC do not play major role in the optical response at this
energy range.

The colors in the density-of-states of the TCM images describe the localiza-
tion of the electronic states to different parts of the molecule. To analyze the
localization, we first transform each Kohn-Sham wave function to density
by taking the square of the function. Then, Bader analysis is performed to
the resulting density. The resulting charges are then grouped into the four
classes of Au, Cl, PPhz and NHC by summing up the respective charges.
The sums are the weights that determine the height of the colored parts of
the states in the figures 10b,c. As a sidenote, the weights trivially add up to
the normalization factor of the Kohn-Sham state.

3.2.2 All-NHC stabilized Aus

After the first NHC-stabilized gold cluster was crystallized, more were to
come. In article [PIV], we report the crystal structure and characterization of
another gold cluster where the icosahedral Auy; is fully protected by NHCs
and chlorine: The formula of the studied system is [Au;3(NHC)oCl3]*+ with
straightforward analogy to the long-known phosphine protected
[Aui3(PMe,Ph);oCL 1+ [47] with a difference of 1 ligand and respective
charge state. The superelectron number in both systems is 8 due to for-
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FIGURE 10 Optical response of NHC-iPr substituted Auy;. (a) Optical spectra. 3a refers
to [Auyq(PPhs)yNHC-iPr Cl]*, CS refers to crystal structure and opt and
pred refer to optimized and predicted structures. The computed spectra
are manipulated by blueshifting them by 0.4 eV. (b) and (c) Transition con-
tribution maps of the peaks shown in the lower right corners of the respec-
tive maps. In (c), some of the states are assigned by their spatial localiza-
tion. Reprinted with permission from Mina R. Narouz, Kimberly M. Os-
ten, Phillip J. Unsworth, Renee W.Y. Man, Kirsi Salorinne, Shinjiro Takano,
Ryohei Tomihara, Sami Kaappa, Sami Malola, Cao-Thang Dinh, J. Daniel
Padmos, Kennedy Ayoo, Patrick J. Garrett, Masakazu Nambo, J. Hugh Hor-
ton, Edward H. Sargent, Hannu Hékkinen, Tatsuya Tsukuda, Cathleen M.
Crudden. N-Heterocyclic carbene-functionalized magic number gold nan-
oclusters. Nature Chemistry, 11(5), pp. 419-425, 2019. Copyright 2019 Nature
Research.

mation of a formal Au?gL core.

The crystal structure was acquired for the cluster incorporating NHC-Bn
(benzyl) ligands. In addition to that, DFT calculations were performed for
NHC-CH;(2-Np) (2-naphtyl) ligand by replacing the side groups of the lig-
ands by hand starting from the crystal structure. The NHC-2-naphtyl pro-
tected cluster was also characterized from experiments although the crystal
structure could not be obtained. According to DFT calculations, the binding
energies of NHC-Bn were 1.99 eV for Au(1) (the notation for Au atoms is
given in figure 11), 2.26 eV for Au(2) and 2.29 eV for Au(4). The difference
of Au(1) to the other sites can be accounted for the number of neighbouring
Cl sites which is 1 for Au(1) and 2 for the other NHC sites.

Another observation that indicates a different nature of Au(1) to the other
NHC sites are the Au-NHC bond lengths within the crystal structure which
arein average 2.10 A for Au(1)and 2.03 A for the rest. For reference, the Au-
NHC bond length was 2.05 A in the crystal structure of [Auy; (PPhs)NHC-
iPrCly] ™. We speculate that this might again be an effect of either stericity
of the surface or the distribution of charge between different ligands. In-
deed, when van der Waals effects were taken into account by the exchange-
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FIGURE 11  Gold core and chlorine ligands of [Au;3(NHC)oCl3]%+.

correlation functional BEEF (see section 2.1.2.2), the binding energy was 2.62
eV at Au(l) site. This is 0.63 eV higher than with PBE, manifesting the role
of long-range interactions between the 7 electrons of the phenyl rings.

In addition to binding energies, the HOMO-LUMO gaps of 1.96 eV and 1.95
eV for NHC-Bn and NHC-CH;(2-Np) clusters, respectively, were obtained
with PBE functional and they further indicate high stability of the systems.
The BEEF functional gives a gap of 1.98 eV for NHC-Bn cluster which is
very close to the one calculated with PBE. This indicates that the functional
does not affect too much on the states of Au(s) electrons, but more likely
validates that the difference in the binding energy is due to the interactions
between the organic ligands.

The Bader charge analysis, summarized in table 7, repeats the difference
between gold atoms that are neighbours to one and two chlorine sites. The
central Au atom exhibits reduction of —0.27 |e| (according to PBE functional)
which is very close to the Au atom in the middle site of [Au;1(PPh3);NHC-
iPrCly]" that had -0.28 |e|. In accordance to the case of Auy, each sur-
face atom binding to NHC or Cl appears with positive Bader charge. How-
ever, the average Bader charge of Au(1) atoms is slightly but substantially
lower than that of the rest of the surface Au atoms. Also the NHC ligands
at Au(l) sites have smaller Bader charge than the other carbenes, which
again demonstrates the weaker interaction between Au and NHC further
away from Cl. While comparing BEEF calculations to PBE in terms of Bader
charges, we notice that BEEF suggests larger charge for the surface Au atoms
and lesser electron density donation from NHCs than PBE.

The major difference between the phosphine-protected Auj; and the all-
NHC Auy; in terms of Bader charge is the total charge of the Au core, which
is highly negative in Auy; and highly positive in Aujz. This difference was
already encountered in the previous section where we noted that the Au
atoms that bind to PPh;s are negative in Bader charge and the one binding
to NHC was positive. This suggests a fundamental difference in binding of
phosphine and NHC to Au clusters although they coordinate to the surface
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TABLE 7 Bader charges of various atoms in Auj3 calculated with both PBE and BEEF

functionals. The numbers are in units of elementary charge.

PBE | BEEF
Au(0) -0.27 | -0.26
Au(1) +0.03 | +0.05
Au(2) +0.05 | +0.08
Au(3) +0.06 | +0.09
Au(4) +0.05 | +0.07

NHC(1) +0.36 | +0.34
NHC(2) +0.37 | +0.34
NHC(4) +0.38 | +0.36
Au (total) | +0.33 | +0.62
Cl (total) | -1.65 | -1.73
NHC (total) | +3.33 | +3.10
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FIGURE 12 Density of states with I;, symmetry analysis of [Au;3(NHC-Bn)oCl3]>". The

figure is reproduced from article [PIV].

in a similar way and can be exchanged, as observed in article [PIII].

Whereas the Auj; cluster shows no symmetry above C; of the gold core, the
icosahedral geometry of the core of Aujz makes it tempting to analyze the
electron states in point group representations similarly to what was done in
article [PII]. The analysis along with the density-of-states is shown in fig.
12. The highest occupied states that transform as representation Ty, in Iy
group appear as slightly split in degeneracies of 2 and 1. In spherical terms,
the three HOMO:s are the 1P states which can be seen already by visual in-
spection of the states. Also, the representation of the spherical harmonics of
P-symmetry is Ty, in I}, group [114].

The small splitting of the three HOMOs can be understood by broken sym-
metry. Firstly, we observe that the chlorine atoms lie approximately at the
equator of the cluster, considering the rotational axis C3 in fig. 11. If we
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imagine that this plane is the xy-plane, then the 2 degenerate states that are
at lower energies are 1P, and 1Py, and the single HOMO is 1P, which is
not degenerate to the two in-plane states due to the asymmetry of the lig-
and layer. The orientation of the HOMO having the node at this xy-plane
validates this picture. Similarly, the first few LUMOs are 1D states which
transform as five-fold Hg representations in I;, group.

The comparison of the experimental and calculated optical spectra are
shown in figure 13a. The peaks at 310-320 nm match well between the
curves, as well as the peaks at around 410 nm. The lowest peak of the sim-
ulations is at 550 nm which is 60 nm lower than the lowest peaks of the
measured spectra at 490 nm. This accounts for 0.28 eV in energy, which is of
the same order of magnitude as the global shift that we assumed in the case
of Auj;. The lowest peak was analyzed with TCM (figure 13b) which shows
that the peak arises mostly of the HOMO-LUMO transition. According to
the symmetry analysis, the transition is correctly dipole allowed.

The measured emission spectrum of [A1113(NHC—CHZ-Z-Np)gClg,]2+ shows
a peak at around 730 nm with high quantum yield. We investigated the
origin of the emission and performed calculations on the excited states of
both NHC-CH3(2-Np) and NHC-Bn protected clusters. The spin-polarized
calculations were run by forcing a single electron to be excited onto the first
unoccupied Kohn-Sham state in both cases and relaxing the systems. The re-
sulting energies of the excited systems were 1.68 eV and 1.61 eV higher than
those of the ground states of NHC-Bn and NHC-CH;(2-Np) protected clus-
ters, respectively. The energies correspond to wavelengths of 738-770 nm,
thus agreeing well with the experimental energy of the peak for the cluster
with 2-napthyl-NHCs. This result thus agrees with the simple description
of fluorescence that after excitation, the vibrational state of the system is
relaxed and de-excitation occurs from the vibrational ground state of the
electronically excited system to the electronic ground state.

Let us summarize the two last sections relating to NHC-stabilized clus-
ters. The DFT calculations were able to predict the correct binding site
of the NHC in [Auy1(PPh3);NHC Cl,]* and reproduced the shape of the
optical spectrum of the NHC-iPr substituted cluster with good correspon-
dence. The exchange of phosphine ligands to NHC showed energetically
favourable reaction towards binding of NHC. The calculations on trideca-
gold cluster [Au;3NHCy Cl3]*>+ also showed high binding energy of NHC
on the cluster and agreement of the optical response to the experimental
data. The calculations also suggest that the binding energy of NHC on Au
clusters is dependent on the site due to steric effects and charge distribution.
The inclusion of van der Waals effects in describing the electron interactions
in [Au;3NHCy Cl3]?>" indicated higher binding energy of NHC comparing
to PBE functional, but the size, shape and electron density of the cluster did
not change substantially between the two functionals.
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FIGURE 13 (a) Experimental and simulated optical spectra of [Au;3(NHC)oCl3]>+. 3a
refers to NHC-Bn and 3b refers to NHC-CH,-2-Np ligated clusters. (b) TCM
of a single transition in NHC-Bn cluster.

3.3 Numerical analysis of STM images of nanoclusters

The electronic structure of nanoparticles can be applied to simulations of
the scanning probe microsopes as explained in section 2.4 for scanning tun-
nelling microscopy (STM). In article [PV], we show, for the first time, STM
images of an atomically precise nanoparticle with sub-molecular resolu-
tion. We wanted to model the STM images with DFT and Tersoff-Hamann
model, but we lacked the knowledge of the orientation of the cluster on
the substrate, and we therefore had no direct way of analyzing the exper-
imental results in theoretical means. Therefore, the images of the ligand-
protected silver particle with molecular formula of Ags74(TBBT);13BrCly
(TBBT = tert-butyl benzene thiol) were simulated in 1665 orientations using
Tersoff-Hamann method as implemented in the ASE package [98], and the
orientation of the particle on the substrate was sought using a self-built pat-
tern recognition algorithm that is explained in section 2.5.

First of all, we confirm that sub-molecular resolution is achieved by exam-
ining the peak-to-peak distances of the line-scans at the central part of the
cluster, where the tip-convolution effects are minimal. The line-scans in
several STM image show peak-to-peak distances of the topographic data
ranging from 0.3 to 0.6 nm. The DFT simulations of the STM images of the
particle imply that the peak-to-peak distance between two methyl groups
is approximately 0.3 nm and the peak-to-peak distance between two TBBT
ligands is approximately 0.6 nm. Therefore, we conclude that the peaks that
are present in STM images correspond to peaks caused by single methyl
groups at the surface of the particle, and that the sub-molecular resolution
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is evident.

The main result of my work is shown in figure 14d. The figure shows the
distance between each simulated STM image and the experimental image
which is shown in figure 14a. The white dots on top of the STM images
denote the positions of the extremum points that are compared between the
experimental and simulated images. The data points with the same color
in figure 14d represent similar perspective and set of maxima and minima,
which are, in some cases, not close to each other in the orientation num-
bers; this is only due to the order in which the orientations were walked
through. In addition, it is notable that similar set of colored data points ex-
ist quite symmetrically on both sides of the midmost orientation number
of 883. This is simply caused by the close-to C; symmetry of the ligand
layer, and the walk-through of the orientations is such that the symmetrical
orientations are regarded in the opposite order than those of the first 883
orientations. We would like to emphasize that the limit of 1.1 A beneath
which the data points are coloured is not well defined but it is just roughly
the lower boundary of the main band of the data points.

The imaging procedure offers two different images: the first image is rec-
orded while the tip moves from left to right, and another image is recorded
as the tip comes back from right to left by the same trace. After a trace is
finished to both directions, the tip is moved a bit forward and another trace
is recorded for both images. Here, the first image is shown in figure 14a,
and the re-trace image is shown in figure 14b. Naturally, we ran the com-
parison analysis for this image also. The results are given in figure 15. The
colors of the data points there refer to the same colors in figure 14d, indicat-
ing that mostly the same calculated images are found to fit to both the first
and the re-trace image. From this result, we draw two conclusions. Firstly,
the measurement does not affect too much on the sample. This is an impor-
tant observation because of the validation on our assumption that we are
imaging something that really exists on the surface of the sample, and the
scanning tip or the tunnelling electrons do not affect the surface too much.
Secondly, the result implies that the comparison method is not too sensitive
on the fine details of the local density of states (LDOS) that are different be-
tween the two traces.

The critical question on our analysis is whether the accuracy and applicabil-
ity of the method for comparison is substantial in distinguishing between
different sets of coordinates. To test this, we took a single simulated image
with orientation index 600 and compared each calculated figure to that one.
However, before the analysis, the local extremum points were perturbed
(i.e. shifted randomly) by up to 1 and 2 A in both x and y directions. The
results are shown in figure 16. For the smaller perturbation, the analysis is
with no doubt able to find the correspondent set of coordinates for the ex-
tremum points and the respective images. Even in the case of the random
shifts up to 2 A, the correct images (red data points in figure 16) are unam-
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FIGURE 14 Comparison of STM images. (a) Experimental STM image for which the
comparison is carried out. (b) Re-trace image of the same particle. (c)
[lustration of the distribution of perspectives where the STM simula-
tions were calculated. (d) Distances between each simulated image and
the experimental image. (e-h) Simulated images of the selected perspec-
tives, connected with lines to figure d. Reprinted with permission from
Qin Zhou, Sami Kaappa, Sami Malola, Hui Lu, Dawei Guan, Yajuan Li,
Haochen Wang, Zhaoxiong Xie, Zhibo Ma, Hannu Hé&kkinen, Nanfeng
Zheng, Xueming Yang, Lansun Zheng. Real-space imaging with pattern
recognition of a ligand-protected Agsz4 nanocluster at sub-molecular reso-

lution. Nature Communications, 9(1) p. 2948, 2018. Copyright 2018 Nature
Research.
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FIGURE 15 Comparison of simulated STM images and the re-trace image in figure 14b.
The colors of the data points match with the ones in figure 14d. Reprinted
with permission from Qin Zhou, Sami Kaappa, Sami Malola, Hui Lu, Dawei
Guan, Yajuan Li, Haochen Wang, Zhaoxiong Xie, Zhibo Ma, Hannu Héakki-
nen, Nanfeng Zheng, Xueming Yang, Lansun Zheng. Real-space imaging
with pattern recognition of a ligand-protected Agsz, nanocluster at sub-
molecular resolution. Nature Communications, 9(1) p. 2948, 2018. Copyright
2018 Nature Research.

biguously found among the best candidates.

To examine the effect of possible thermal movement of the tert-butyl ends
of the TBBT ligands, we simulated the STM images of TBBT on Au(111) sur-
face. The thiol was relaxed on top of the Au(111) surface using PBE func-
tional, and three different rotational barriers were determined. The rotation
of the mere tert-butyl group with respect to the benzene ring (figure 17a)
resulted in a barrier of 0.08 eV. The corresponding barrier for rotation of the
whole ligand (figure 17b) was smaller, 0.04 eV. The tilting of the ligand with
respect to the Au surface, shown in figure 17c, was remarkably more expen-
sive with 0.27 eV barrier. The experiments were carried out in ultra-high
vacuum chamber with liquid-helium temperature, and the corresponding
Arrhenius probability factor for the smallest barrier is 10~°! in that temper-
ature. As the typical rotational frequency of the rotations of such organic
molecules is of the order of 10° 1/s, the 120° rotation of a single thiol is ex-
pected to happen of the order of every 10*? seconds. Whereas this result
was obtained for a single thiol on a clean surface, the barriers are assum-
ably even larger for the thiols on top of a cluster because of the interactions
and steric hindrance of the neighbouring ligands. This result strongly sug-
gests that the cluster is in very frozen state in the environment where the
experiment is carried out, which means that the thermal effects do not al-
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FIGURE 16 Comparison of each simulated image to image no. 600. The extremum
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numbers from uniform distribution between (a) -1 and 1 A and (b) -2 and 2
A. Reprinted with permission from Qin Zhou, Sami Kaappa, Sami Malola,
Hui Lu, Dawei Guan, Yajuan Li, Haochen Wang, Zhaoxiong Xie, Zhibo Ma,
Hannu Hékkinen, Nanfeng Zheng, Xueming Yang, Lansun Zheng. Real-
space imaging with pattern recognition of a ligand-protected Ags74 nan-
ocluster at sub-molecular resolution. Nature Communications, 9(1) p. 2948,
2018. Copyright 2018 Nature Research.

ter the surface of the cluster during the measurement. To set the reaction
rate to a scale, the time for a single thiol rotation to take place in liquid
nitrogen would be of the order of 107® seconds and in room temperature
10~ seconds. This strongly suggests that low temperatures are required in
STM imaging of ligand-protected systems in sub-molecular resolution. Ac-
cording to both simulations on TBBT and STM images in liquid nitrogen
temperature, we conclude that the respective temperature (~ 77 K) sets a
rough upper limit for the temperature where sub-molecular resolution can
be achieved in such systems.

In an ideal case, where the cluster would possess its exact crystal struc-
ture even when lying on the substrate, where the scanning tip would pro-
duce a flawless image of the LDOS of the cluster, and where the Tersoff-
Hamann method would give the coordinates of the LDOS extrema correctly,
we would obtain zero distance between the STM image and the correspond-
ing simulated image. However, there are unknown uncertainties in each of
these assumptions that result in non-zero distances. To test how the ther-
mally induced rotations of the thiols would relate to our pattern recognition
algorithm, we performed the distance measurements of the images for the
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FIGURE 17 Thermal movement of tert-butyl benzene thiols. Rotations of (a) tert-butyl
group, (b) the whole thiol, and (c) tilting of the thiol are illustrated. (d) The
corresponding barriers (E;) and Arrhenius probability factors in liquid he-
lium (L-He) and liquid nitrogen (L-N) temperatures for different rotations.
(e) Distances between image 0 and the images shown in (f). In (f), the white
dots appoint to the positions of the local maxima of the LDOS. Reprinted
with permission from Qin Zhou, Sami Kaappa, Sami Malola, Hui Lu, Dawei
Guan, Yajuan Li, Haochen Wang, Zhaoxiong Xie, Zhibo Ma, Hannu Héakki-
nen, Nanfeng Zheng, Xueming Yang, Lansun Zheng. Real-space imaging
with pattern recognition of a ligand-protected Agszs nanocluster at sub-
molecular resolution. Nature Communications, 9(1) p. 2948, 2018. Copyright
2018 Nature Research.
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simulated TBBT-on-Au(111) systems by comparing each rotated system to
the structural ground state which is the image 0 in figure 17f. The distances
are shown in figure 17e, and the evolution of the distance with respect to
the rotation angle is quite trivial: The curve begins from 0 and increases
linearly to 1.5 A, which is roughly half of the methyl-methyl distance in a
TBBT molecule, and then decreases back to 0 when the total rotation of 120°
is achieved.

The average value of the distances in figure 17e is thus approximately 0.8
A. That is, if the orientation of the tert-butyl groups in the ligands of the
Agsyy cluster is random, the expectation value of the distance from the crys-
tal structure would be 0.8 A. Now, the distribution of the data points in
figures 14d, 15 and 16 are somewhat similar to each other in that the small-
est distances are between 0.9 A and 1.0 A and the lower limit of the main
band of the data points can be placed at approximately 1.1 A. Thus, we con-
clude that the best distances of 0.9 A are quite good, since the value of 0.8
A can be considered as an order of error that results from the rotations of the
thiols or their tert-butyl ends, meaning that already those rotations cause an
(average) error of 0.8 A.

Let us summarize what we did here. We simulated STM images of the TBBT
protected Agsy4 nanoparticle and developed a numerical analysis method
to resolve the orientation of the cluster on the surface. Using one of the
simulated images as a dummy test image, we showed that the analysis is
accurate enough to find the correct image out of the 1665 images, but the
unambiguous orientation of the real cluster could not be achieved due to
factors that cause uncertainty in the structure of the cluster and the accu-
racy of the imaging. We believe that these uncertainties dominate over the
error in Tersoff-Hamann method that we used to simulate the STM images,
since we are finally interested only of the extremum coordinates of the STM
data. We also showed that low temperatures are definitely required in STM
imaging with sub-molecular resolution.



4 CONCLUSIONS

In this thesis, I showed how the electronic structure of Au and Ag nan-
oclusters can be analyzed in different ways, how the calculations are able
to predict and explain experimental data, and how it can be used in imag-
ing applications. Using theoretical tools, we also showed the difference in
bonding nature of phosphine and NHC ligands to gold although they be-
have similarly at atomic structural level. All of the electronic structure mod-
elling was done on the density functional theory (DFT) level, and the opti-
cal properties of the clusters were studied using the time-dependent DFT
(TDDEFT). On top of that, the electronic structure was further analyzed in
terms of symmetry and charge distribution, and it was applied to simulate
scanning tunnelling images together with a homemade analytical technique
for topographic pattern recognition.

In article [PI], the cuboidal symmetry of the silver -cluster
[Ag67(SH)37_(PH3)8]3”r was used in order to characterize its electronic states
by relating them to the jellium particle with the same geometry and connect-
ing the system to the mathematical description of a single quantum particle
trapped in a box-shaped potential. Also, a new set of selection rules was de-
signed for cuboidal systems in terms of the nodal structure of the electronic
states. This study shows how calculations on non-spherical jellium particles
can be utilized in research of real, atomistic particles at the DFT level of elec-
tronic structure. This study also illustrates the connection of particle-in-box
model to real systems and describes the challenges in doing so. Also, the
possible embryonic growth of the particular Aggy cluster was predicted.

The article [PII] concerns the symmetry of nanoclusters in point groups, and
the electronic structures of the large clusters studied there were shown to
inherit the real symmetry of the particles rather than spherical symmetry.
It was observed that the electronic states of large Au and Ag nanoclusters
can not be described in spherical terms in most cases, but the states show
clean characters in terms of point group representations. Despite the power
of projection to spherical harmonics in explaining the stability of magic-
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number clusters, the non-spherical symmetry could be, in some cases, re-
garded as an electronically-stabilizing factor of systems where the spherical
symmetry is strongly split, resulting in decrease of degeneracy. The long-
known dipole selection rules were applied in calculation of the optical re-
sponse of the particles, resulting in great reduction in the computational
effort required to obtain the optical spectrum of highly symmetrical parti-
cles. The approximation in the method is that the dark modes (coupling of
dipole-forbidden transitions) are neglected which are generally taken into
account by the LR-TDDFT machinery. However, we claim that this ap-
proach makes it possible to produce optical spectra of larger systems than
with the full calculation.

Thus, the results of article [PII] set the current understanding of large noble
metal nanoclusters questionable. Their electronic stability is widely under-
stood as a consequence of the number of metallic valence electrons that are
fit to the series of electronic magic numbers. That is, they are fit to spher-
ical model. But in fact, no cluster is found to have both a notable HOMO-
LUMO gap and spherical symmetry of the states, and the latter is not even
observed for clusters that have weaker than icosahedral symmetry. The se-
ries of magic numbers results from the model of spherical jellium particles,
but regarding the results in [PII], this model seems highly insufficient in
describing the electronic states of ligand-protected clusters with 70 or more
noble metal atoms. An interesting exception is Aujp2(SR)44 that is shown to
be a 58-electron superatom with correct shell closing and spherical symme-
try of the states [125], but the cluster was not studied here. Unfortunately,
assignment of the point group representations is no better in explaining the
stability only based on the number of valence electrons, since the energetic
order of the states with certain representations can not be predicted unlike
with spherical terms. However, we acknowledge that on top of symme-
try there are various factors that affect the electronic structure and stability
of clusters such as size, dimensions, atomic packing and effects of ligands.
Together these factors form the energies of the electronic states and deter-
mine the behaviour of the system under external perturbations such as sol-
vents, ions, force fields and light. As long known, the other factors, espe-
cially atomic packing and protecting ligands play an increasing role while
the number of metal atoms in a cluster increases.

In small systems however, the magic numbers are superior in explaining
the stability of close-to spherical clusters. After decades of thiols and phos-
phines dominating the Au nanocluster protection, the synthesis and crys-
tallographic characterization of magic-size Au clusters with N-heterocyclic
carbene ligands as stabilizing units were finally successful in articles [PIII]
and [PIV]. We analyze the 8-electron superatoms Auj; and Auj; and their
electronic structure with density functional theory and analytical methods
built on top of DFT: LR-TDDFT, transition contribution maps, symmetry
analysis, and Bader charge analysis. Along with the studies, the density
functional theory demonstrated its power by predicting the correct bind-
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ing site of NHC on the monosubstituted [Auj1(PPh3);NHC Cl,]* before
the actual crystal structure was obtained. Also, the high electronic stabil-
ity of NHC-substituted Auj; and all-NHC stabilized Au;; was manifested
by DFT, and the simulated optical spectra were found to agree well with
the experimental data. The calculations on binding energies and electronic

charge distributions also revealed interesting differences between different
binding sites for NHC.

The computational studies on the NHC-protected Au clusters showed the
remarkably stronger binding of NHC on Au in comparison to the triphenyl
phosphine ligands. The long-known analogues of the studied clusters incor-
porating phosphines as stabilizing ligands gives a reason to assume that the
synthesis of more NHC-protected clusters will take place. This is already
predicted by the DFT calculations for Aug and Auys [126] of which the latter
is already reported to be synthesized [127].

In article [PV], the electronic structure of the large silver cluster Agsy4 was
used in order to simulate the scanning tunnelling microscopy (STM) im-
ages via the local density of states (LDOS) calculated with DFT. Since we
did not know about the orientation of the cluster on the substrate, we de-
veloped a numerical method to resolve it. The method is based on fitting
the local extremum points of the height profiles of the STM images. The
study presents, for the first time, successful and indisputable STM imaging
of an atomically precise metal nanoparticle with sub-molecular resolution.
With the help of STM simulations, we show that low temperatures are re-
quired in order to suppress the thermally induced transformations of the
ligands and to achieve such a resolution. We belive that after this work,
there is not a long way to go in resolving the atomistic structures of ligand-
protected nanoparticles with real-space imaging. The real-space imaging of
nanoparticles could provide a totally new tool in investigating the proper-
ties of nanoparticles and their correlations with sizes, shapes and structures.

To put it all together, the DFT-level electronic structure was analyzed and
applied to explain properties of gold and silver nanoclusters. The results
and the new methods introduced in this thesis have both produced a wider
understanding of metal nanoclusters and paved the way for research of
new types of metal nanoclusters and their applications. From my perspec-
tive, the future of computational nanoscience is increasingly moving to-
wards the world of machine learning, that is able to predict for example
new types of nanostructures and exchange-correlation functionals and pro-
duce novel multi-dimensional optimization algorithms [128, 129, 130, 131].
About metal nanoclusters, I would say that the field is heading towards
commercial applications little by little since already dozens of structures are
known well and can be characterized with systematic and standard meth-
ods. More fundamental research is still to be done on the mechanisms of
catalytic processes and luminescent effects, not to mention the synthetic re-
action pathways of clusters.
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YHTEENVETO (FINNISH SUMMARY)

Kulta-ja hopeananoklusterit ovat atomirakenteeltaan tdsmallisid molekyylejd,
jotka koostuvat yli kahdesta metalliatomin ytimestd ja sitd usein suojaavasta
ja vakauttavasta orgaanisesta molekyylikerroksesta. Tadssd vaitoskirjassa
kulta- ja hopeananoklustereiden tutkimus kohdistuu niiden elektroniraken-
teeseen, jota mallinnetaan tiheysfunktionaaliteorian tasolla. Tutkimuksessa
kehitetyilld menetelmilld voidaan analysoida symmetristen klustereiden elek-
tronirakennetta tarkemmin ja syvemmin kuin aikaisemmin. Tyon soveltavam-
massa osassa elektronirakennelaskuja hyddynnettiin tutkittaessa kultaklus-
tereita, joihin kiinnittyy uudentyyppinen suojaava molekyyli. Lisdksi tyossa
mallinnettiin suuren, suojatun hopeaklusterin pyyhkaisytunnelointimikro-
skooppikuvaa ja analysoitiin sitd varta vasten kehitetyllda hahmontunnistus-
menetelmadlld. Vaitdskirjan tyon tulokset ja uudet menetelmét sekd auttavat
ymmaértdimaan metallinanoklustereiden ominaisuuksia yhd paremmin etta
edistdvit niiden tutkimusta ja soveltamista kdytannon ratkaisuihin.
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ABSTRACT: In this work we introduce a new strategy to
investigate the electronic shell structure of ligand-protected
metal nanoclusters of polyhedral core shape. The central idea
is to identify the symmetry of the Kohn—Sham molecular
orbitals of an atomistic structure based on their projection
onto the electronic states of a jellium system with a similar
shape of the background charge density. Herein, we study the
connection between a reduced atomistic model of the recently
reported box-like [Agg;(SR);,(PR;)s]** nanocluster and a jellium
box consisting of 32 free electrons. With this approach, we
determine the symmetry of electronic states of the metal
core and identify those that are involved in the lowest metal-
to-metal electronic transitions. Furthermore, we define a new

transition selection rule for ligand-protected metal nanoclusters with rectangular cuboid-like core. This rule differs from the one
of a particle in an infinitely deep 3D potential well. The approach presented here is complementary to the angular momentum
analysis of “superatom orbitals” of spherical or near spherical metal nanoclusters and opens the door to understand and predict
the electronic properties and stability of several existent and new ligand-protected metal nanoclusters with nonspherical cores.

Bl INTRODUCTION

Valence electrons of small 1—2 nm sized metal nanoclusters
consisting of less than a few hundred atoms are often delo-
calized over the full cluster volume, leading to quantized valence
electron states.' ™ The size and the shape of the confinement
strongly affect the energies and symmetries of these states.
Occupying the states by the Pauli principle gives a sequence of
electron-shell-closing numbers, which for spherical or near-
spherical systems resemble closely to shell-filling numbers
of ordinary atoms. Hence the terms of “artificial atom” or
“superatom” have been used in the context of cluster physics
already for a long time.'~® Despite the stability factors, the low
coordinated atoms at the surface of small nanoclusters tend to
react with foreign atoms and molecules especially in nonclosed
shell nanoclusters.”™® Less reactive surfaces can be achieved
with ligated metal nanoparticles that all have a common
structure of a metallic core overlaid by organic molecules such
as thiols, phosphines, and alkynyls. Synthesis of the ligated
metal nanoclusters can be made with molecular precision and
the choice of ligands affects their overall structure, size and
physical, chemical, and biological properties.”™"® As a con-
sequence of the stabilizing factors from the metal—ligand
interface, ligand-protected metal nanoclusters can also be very
stable in nonspherical shapes.'” >° Developments in synthesis
of stable nonspherical shaped nanoclusters extend the already
vast variety of intriguing properties of these systems to be used
in different applications.

-4 ACS Publications  © 2016 American Chemical Society 10698

Hikkinen and collaborators®”** laid out two principles
concerning both the geometric and electronic structure of
ligand-protected metal nanoclusters in 2006—2008. First, the
atomic structure of theses clusters can generally be understood
by the “Divide and Protect” concept, whereby the metal atoms
(M) could be found in the cluster in two chemical (formal
oxidation) states, in the neutral state in the central metal core
and in the +1 state if bound to electron-withdrawing ligands
(X) inside the ligand layer.”' Second, as the chemical formula of
these clusters can be written in a simplest form as (M, X,L,)%,
where additionally L denotes a weakly (coordinating) bound
ligand and g a possible overall charge of the cluster, the number
of the “metallic” (“free”) electrons 7 in the system can be calcu-
lated simply from the equation

n=m-—x-—q

when M is assumed to be a monovalent metal and X a
one-electron withdrawing ligand.** Generalisation of the equa-
tion to multivalent metals and ligands is straightforward.

The number of electron withdrawing ligands and the number
of valence electrons of metal atoms in the nanocluster thus
determine the electronic structure, which includes, among all,
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the superatomic orbitals delocalized over the metallic core.
For the spherical nanoclusters, electronic shells close when the
free valence electrons of the superatom system equals magic
numbers 2, 8, 18, 34, 58, 92, 138,... indicating increased elec-
tronic stability. For a spherical ligand-protected nanocluster,
the projection of the electron states onto spherical harmonics
directly reveals their superatomic nature.”> To date, the
applicability of this approach has been restricted to spherical
symmetry, and hence to spherical and close-to-spherical nano-
clusters.

Recently, several ligand-protected metal nanoclusters have
been reported that are far from spherical shape.'” *° As an
example, Alhilaly et al.'” synthesized an unprecedented box-like
shaped silver nanocluster formed by 67 Ag atoms (Ags)
protected by thiol and phosphine ligands. This new nano-
cluster, formulated as [Agg,(SPhMe,)s,(PPhy)s]**, has been
fully characterized by X-ray diffraction and electrospray
ionization mass spectrometry (ESI-MS). The authors attribute
the shape and stability of the cluster partly to the thiols,
but most importantly to the phosphine ligands at each corner
of the box. They also reported the optical spectrum of this
[Ags;(SPhMe,)5,(PPh;)]** compound, which shows highly
structured absorption peaks in the visible region. Their results
underline the importance of the protecting ligands in deter-
mining the shape and size of the cluster core.

In this work, we extend the analysis of electronic shells of
spherical superatoms to nonspherical shapes. The idea is based
on the projection of the molecular orbitals of the atomistic
cluster onto quantum states of a jellium system with similar
background charge density as in the metal core of the real
system. Using this approach we analyze the symmetries of the
electronic states for the box-like [Agg;(SPhMe,);,(PPh;)s]®*
nanocluster'” using a simplified [Agg,(SH)3,(PH,)s]*>" model.
Moreover, we analyze the electronic transitions related to the
absorption peaks of the highly structured optical spectrum and
obtain a new transition selection rule for ligand protected metal
nanoclusters with rectangular cuboid-like core. In contrast
to the transition selection rule for a particle in a 3D infinite
potential well, this new rule considers the effect of the
electron—electron interactions and the finite potential well of
the real nanoclusters.

B COMPUTATIONAL METHODS

The electronic structure calculations of both the atomistic
[Ags;(SH);,(PH,)s]** and the jellium models were perfor-
med using the projector augmented-wave (PAW) method as

implemented in the GPAW code-package (grid-based projec-
tor-augmented wave method).**** The wave functions were
represented by using a real-space with grid spacing of 0.2 A.
The coordinates of the atomistic model were built from the
experimental [Agg,(SPhMe,);,(PPh;)]** crystal structure'” by
replacing the true ligands with —SH and —PH; groups. All the
atomic positions in the [Agg,(SH)3,(PH;),]*" model were opti-
mized using the convergence criterion of 0.05 eV/A as a
maximum value for the forces acting on individual atoms.

Based on the electron count formula for ligand protected
nanoclusters,” the [Ags;(SR)5,(PR;)s]* system consists of
32 superatom electrons (n = 67—32 — (+3) = 32), since the
phosphine ligands do not withdraw or donate electrons to the
system. The jellium model was therefore designed as 32 elec-
trons confined in an ion density box of the same shape and
dimensions as the metal core of the atomistic model (see
Figure 1). To take the effect of the ligand layer into account in
the jellium model, an ion charge of +44¢ was used to yield an
effective charge of +12¢ (+44e — 32e = +12¢, ¢ stands for the
positive unit charge). The value +12e was obtained from the
Bader charge analysis> by taking the sum of the atomic charges
of the sixty-seven silver atoms in the [Agg,(SH);,(PH,)s]*
cluster.

The ground state calculations for the [Agg,(SH),(PH;)s]*"
and jellium models were performed using the Kohn—Sham
formulation of the density functional theory (DFT) as imple-
mented in GPAW. The exchange and correlation energy for the
atomistic calculations was approximated by using the gener-
alized gradient-corrected PBE*® functional. The jellium calcu-
lations were performed using local-density approximation
(LDA)?” that, in contrast to the PBE functional, neglects the
gradient of the electron density. Nevertheless, this effect is very
small in jellium calculations since the gradients are relatively
small.

To identify symmetry of the electronic states, the Kohn—
Sham molecular orbitals of the atomistic model were projected
onto the jellium states and the overlaps were calculated through
the integrals O; = / (/71(7)1//](?) d7, where y; (7) and ¢(7) are

the sets of wave functions from the atomistic and jellium
calculations, respectively (see more details in the Supporting
Information (SI)). The square of the overlap between y/](7) and
@{7) was used as a quantitative measure in characterizing the
symmetry of the atomic state. The nodal multiplicities in the
jellium model were defined by visual inspection as (n,, ny, n,),
where n,, 1, and n, indicate the number of nodes along the x, y,
and z dimensions of the models shown in Figure 1.

Top

y
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ez

Figure 1. (Left) top and side views of the atomistic [Age,(SH)s,(PH;)s]*" model. (Right) shape of the background density of the jellium model

consisting of 32 electrons and a net charge of +12e. The dimensions of the jellium system correspond to the dimensions of the silver core in the

atomistic model.
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The linear response time-dependent density functional
theory (LR-TDDFT) was used to calculate the optical spec-
trum and the oscillator strengths of the individual tran-
sitions.”®*” The electronic transitions were analyzed using
the transition contribution maps (TCMs) based on the
time-dependent density functional perturbation theory
(TD-DEPT)***! by using the photon with the same energy
as the absorption peak of interest and a dipole moment
directed either along the longest dimension (z) of the metal
core or along one of the shorter ones (y) (see Figure 1). All
the excited state calculations were performed using the PBE
functional.

B RESULTS AND DISCUSSION

In the optimized [Age,(SH);,(PH;)s]>" nanocluster, the
Ag—Ag bond distances are ~1% larger than the ones from
the experimental structure. The S—Ag and P—Ag bonds,
however, retained the same lengths (2.5 and 2.4 A, respec-
tively) as in the crystal structure. The comparison between the
experimental and the calculated optical spectra shown in Figure 2,

Absorbance [arb. unit]

500 600 700 800 900 1000 1100
Wavelength [nm]

Figure 2. (Black) Experimental absorption spectrum of the
[Ags,(SPhMe,)5,(PPhy)s]** nanocluster, and (blue) the calculated
spectrum of the [Agg,(SH)5,(PH;)]*" model. (Gray) The oscillator
strength of individual transitions is plotted as delta-function-like peaks.
The calculated spectrum is the sum of Gaussian smoothed individual
transitions (width of 0.05 eV). The oscillator strengths and calculated
spectrum are red-shifted by 87 nm to compare the main spectral
features with the experimental data.

reveals that removing the phenyl ligands does not modify the
main spectral features within the range of 650—1100 nm, but it
significantly changes the spectrum at higher energy region.
Moreover, the lack of the true ligands produces a blue-shifting
of the spectrum by 87 nm as a consequence of the confinement
of the electron density within the boundaries of the metal core.
This was already reported in the paper of Alhilaly et al."”

To understand the nature of the molecular orbitals
delocalized inside the metal core and to identify those that
are involved in the electronic transitions with high oscillator
strengths, we analyzed the symmetry of the electronic states
formed in a jellium system of same charge density, shape, and
size as in the metal core of the [Ag,(SH);,(PH;)s]** nano-
cluster. The symmetry of the jellium states was determined by
the number of nodes along the ¥, y, and z dimensions of the
jellium model. The total number of nodes is given then by the
sum of the nodal multiplicities as n, + 1, + n.. The projection of
the Kohn—Sham molecular orbitals of the [Ags,(SH);,(PH;)s]*
nanocluster onto the “clean” jellium states allowed us to identify
the symmetry of the metal core states. This new method is

comparable to the known approach of projecting the wave
functions to spherical harmonics, but also allows studying
nonspherical nanoclusters. The assignment of the state sym-
metries is based on the weights given by the overlap integrals as
described in the SI text. In Figure 3 we depict the shape and
indicate the symmetry of nine occupied molecular orbitals
(HOMO to HOMO-8, and HOMO—446), and 15 uno-
ccupied ones (LUMO to LUMO+13, and LUMO+17). The
values (between 0 and 1) above the arrows correspond to the
highest weights found from the square of the overlap integrals.
Remembering that the overlap integrals were calculated for
whole nanocluster including the ligand layer, the values
between 0.19 and 0.67 in Figure 3 indicate a good corre-
spondence between the symmetries of the jellium state and the
corresponding molecular orbital of the [Agg,(SH);,(PH;)s]*
nanocluster. In comparison, the states located between —1.0 eV
and —2.25 eV show very low overlap values (below 0.08) to any
of the jellium states. Therefore, these states are assigned as
ligand states (LS). An exceptional case is observed for the
molecular orbitals at —0.84 eV and —0.83 eV whose symmetry
is uncertain. These two states together resemble the jellium
state with nodal multiplicities (1,1,1), which seems to get split
in the atomistic system.

The weights from overlap integrals were broadened (with a
Gaussian function of width = 0.01 eV) and plotted as projected
local density of states (PLDOS) for sets of electronic states
with the same number of total nodes. The PLDOS and TCMs
are plotted together in Figure 4 to gain insight into the metal-
to-metal electronic transitions analyzed for the spectral peaks
at 587 nm (2.11 eV) and 648 nm (1.91 eV). The excitation
profiles were analyzed along the y- and z- dimensions of the
atomistic model by using a laser field with dipole moment y
and y, in each respective case. The transitions are labeled with
the letters A—N in the TCMs.

The relative intensities of the electronic transitions
(calculated with respect to the total intensity) are shown in
percentages in Table 1. The results indicate that at 587 nm
(2.11 eV), the most intense metal-to-metal electronic tran-
sitions (with relative intensity >7%) occurring along the y
dimension involve the states with nodal multiplicities (2,0,1) —
(0,3,1), and (0,2,1) — (0,3,1). Using the same photon energy
but a dipole moment oriented along the z dimension of the
metal core, the strongest transitions are between the states with
symmetries (1,1,1) — (1,1,2), (2,0,0) = (2,0,3), and (0,0,3) —
(0,0,4). Similarly, for the absorption peak at 648 nm (1.91 eV)
the transitions in the metal core along the y dimension involve
the states with nodal multiplicities (1,1,1) — (3,0,0), (0,2,0) —
(0,3,0), and (1,1,1) — (1,2,1), and along the z dimension the
transitions are between the states with symmetries (2,0,0) —
(2,0,3) (see Table 1). The electronic transitions for the spectral
peaks at 751 nm (1.65 eV) and 928 nm (1.33 eV) are also
analyzed and the results are provided in the SI (see Figure S1
and Table S1).

With the exception of the cases that involve the states labeled
with the (1,1,1) symmetry, in the metal-to-metal electronic
transitions displayed in Table 1, the total number of nodes
change from the ground state to the excited state by an odd
number. Moreover, the number of nodes in the direction of the
applied field changes by either +1 or 3 and also, in many cases,
by an even number in any of the other two directions. These
results are partially in agreement with the transitions selection
rule of a particle in an infinite 3D well model (see derivation in
SI). The difference is that while the infinite well model predicts

DOI: 10.1021/acs.jpcc.6b10618
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allowed transitions when only one node multiplicity changes
(the one in the direction of the field) by an odd number, here
we obtained that a simultaneous change by an even number in
any of the other two nodal multiplicities is also allowed.
The reasons for this are the electron—electron interactions and
the finite potential well of the real nanocluster that cause a
distortion of the wave functions leading to nonzero transition
dipole moment integrals. This is illustrated in Figure 5 in
an example that shows the wave functions of the states with
symmetries (0,0,0) and (0,2,1) calculated from the atomistic
and jellium models, and compares them with the analytical
solutions of infinite 3D potential well. The product of the
(0,0,0) and (0,2,1) states is plotted at the right side of the
figure, and the value of the integral relevant to the transition
dipole moment (see SI) is also given for each case. Based on
the infinite potential well model, transitions akin to (0,0,0)—
(0,2,1) are forbidden since the integral over the product of the
two curves is 0. However, in the jellium and atomistic
calculations, the integral does not vanish as a consequence of
the distortion of the wave functions beyond the box borders,
indicating that this type of transitions is allowed. The derivation
of the transition selection rule for a particle in a 3D infinite well
is contrasted with the selection rule of more realistic models in
the SI text. Briefly, the results of that analysis can be sum-
marized as follows. The selection rules for an atomistic cluster
with a box-like core shape become the following: (i) such
transitions are forbidden where, in the direction of the electric
field, the number of nodes is changed by an even number, (ii)
in addition, such transitions are forbidden, where one other
number of nodes changes by an odd number. In combination,
this means that for an allowed transition, exactly in one direction
(of the three possibilities) the number of nodes changes by an

odd number. Thus, the sum of the nodal multiplicities changes
by an odd number (since odd + even + even = odd).

Since each delocalized state in the atomic cluster has either
an even or an odd number of nodes in each direction %, y, z,
there are in total eight combinations. Nonzero transitions
between the states can be organized in an octant-shape
“topography map”; see Figure S2, which also demonstrates
again the TCM analysis of the 2.11 eV absorption peak when
the occupied and empty states are classified by (odd/even ;
odd/even ; odd/even) combinations.

Although in this work we focus on the particular case of the
box-like [Ags,(SR);,(PR;)s]*" nanocluster, the strategy pre-
sented here to analyze the electronic states of an atomistic
structure based on their projection onto the states of a jellium
system is a general approach that can be applied to metal
nanoclusters of any core shape or aspect ratio. As an example, a
few recently reported ligand-stabilized noble metal nanoclusters
have polyhedral core shapes such as bipyramidal or Ino’s deca-
hedral shapes.’® Nodal symmetries of the states in the metal
core in such cases can be expected to match better with jellium
states in a volume of a similar background shape rather than
spherical superatom angular momentum states.'

Finally, we performed electronic calculations on two fictive
box-like structures with equally good geometric stability and
coordination as in the synthesized [Ag,(SPhMe,)s,(PPh,)s]®*
nanocluster. In these two systems, a block of Ag,,(SH)s atoms
have been added or removed to/from the [Age,(SH)s,(PH;),]**
model to form the compounds with chemical formulas
[Ag46(SH)z4(PH3)3]2+ and [Agss(SH)w(PHs)s]z_; whose
structures are shown in Figure 6. Based on the electron
counting formula, the number of valence electrons in the
former is 20, and 50 in the latter. For these two clusters, we get
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Figure 4. Transition contribution maps (TCMs) for the spectral features of the [Age;(SH)s,(PH;)s]*" cluster. The electronic transitions are
analyzed by using photon energy of 2.11 eV (top) and 1.91 eV (bottom) and dipole moment 4 directed either along the y- (u,) or z- (1,) dimension
of metal core. The bright spots labeled with the letters A-N highlight the strongest contributions. The PLDOS based on the overlap between the
jellium states and the molecular orbitals of the [Ags,(SH)3,(PH;)]* cluster are plotted below (occupied) and next to (unoccupied) the TCM.
The colors indicate the total number of nodes. Gray shows the total density of states of the cluster. The arrow in the optical spectrum (bottom-right)
points to the analyzed absorption peak. Note that the optical spectra shown in the bottom right part of each panel does not include the red-shift used

in Figure 2.

HOMO-LUMO band gaps of 1.0 and 0.46 eV. This result may
indicate even higher electronic stability compared to the known
[Age,(SPhMe,);,(PPh;)s]**nanocluster whose HOMO-—
LUMO band gap is 0.36 eV. These results could motivate
the experimentalist to search for similar structures where the
Agg; extends periodically to form clusters with different aspect
ratios and even longer nanorod-like structures.

Bl CONCLUSIONS

In this work we introduced a new approach to analyze the
electronic shell structure of metal nanoclusters of nonspherical
shape. In this approach, the symmetry of the Kohn—Sham
molecular orbitals of the atomistic structure is determined based
on their projection onto the “clean” states of a jellium system of
similar background charge density and dimensions as in the real
system. We used this strategy to determine the symmetry of the

10702

electronic states of the boxlike [Agy,(SH)s;,(PH;)]*" nano-
cluster and to identify the states that are involved in the most
intense metal-to-metal electronic transitions. As an outcome of
this work we found that in real systems consisting of multiple
electrons confined in a finite potential well, the electronic
transitions are governed by a slightly different transition selection
rule from the one of a particle in an infinitely deep 3D well
model. Particularly, we found that in nanoclusters with
rectangular cuboid-like core, such as in the [Agg,(SH);,(PH;)s )%
system, the electronic transitions are allowed when the nodal
multiplicities in the direction of the applied field changes by an
odd number, as predicted by the infinite well model, but also
when the other nodal multiplicities change simultaneously by
an even number, leading thus to an odd number for the overall
change in the total number of nodes. The deviation of this
new selection rule from the one of a particle in an infinite well
model demonstrates the importance of the electron—electron

DOI: 10.1021/acs.jpcc.6b10618
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Figure 5. Wave functions for the mathematical, jellium, and atomistic models are plotted on the left for the states with symmetries (0,0,0) (in red)
and (0,2,1) (in blue), and their product (in black) with the corresponding integral values are shown at the right. The curves are plotted along the
y axis. The dashed line and dashed-dotted lines indicate the center and the borders of the box-like models.

Figure 6. Side views of the (left) [Agys(SH),4(PH;)s]**, (middle) [Agy,(SH)3,(PH;)s]*, and (right) [Ages(SH)40(PHs)s]* structures. The atoms
within the dashed-frame indicate the Ag,;(SH); block that is added or removed to/from the [Agg;(SH)3,(PH,;)s]** model to build the fictive

nanoclusters.

interactions and the finite potential of the real nanoclusters in
determining allowed transitions. Furthermore, all these results
demonstrate the great potential of the new approach intro-
duced here to investigate and understand electronic shell struc-
ture, optical properties, and stability of any nonspherical nano-
cluster, and even to do predictions for new electronically stable
nanoparticles of nonspherical structures.
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Figure S1. Transition contribution maps (TCMs) for the spectral features of the [Ages(SH)s(PHz)s]**
cluster. The electronic transitions are analyzed by using photon energy of 1.65 eV (top) and 1.33 eV
(bottom) and dipole moment p directed either along the y- (p,) or z- (i,) dimension of metal core. The
bright spots labeled with the letters A-I highlight the the strongest contributions. The PLDOS based on the
overlap between the jellium states and the molecular orbitals of the [Age(SH)s(PHs)s]* cluster are
plotted below (occupied) and next to (unoccupied) the TCM. The colors indicate the total number of
nodes. Gray shows the total density of states of the cluster. The arrow in the optical spectrum (bottom-

right) points to the analyzed absorption peak.
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Figure S2. Transition contribution map (TCM) for 2.11eV transition with field direction along the longest
edge of the Ag core, shown with different coloring of the PLDOS than the other TCM plots. The TCM
corresponds to the same transitions as the upper right TCM in figure 4 (main text) with the similar labels
A-I. The colors now indicate the nodal parities for each state as shown in the upper right corner. The
selection rules for the nodal parities are illustrated in the lower right corner, where the lines indicate the
possible transitions, for example between green and red, which denote the even-even-odd and even-even-
even nodal structures, respectively. Also, the field direction in each type of allowed transition is shown,
that is the direction where the parity of the nodal structure is changed. Therefore, for this TCM only the
transitions with the label z are relevant. The gray area in the PLDOS, labelled as “all”, refers to the nodal

multiplicities with the total number of nodes more than 6.
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Table S1. Nodal multiplicities (ny, ny, n,) of the Kohn-Sham molecular orbitals of the [Age,(SH)3,(PH3)s]** nanocluster involved in the most intense
electronic transitions. The transitions are analyzed for the absorption spectral peaks at 751 nm (1.65 eV) and 928 nm (1.33 eV) by using a laser
field with the same photon energy and a dipole moment () directed towards either the y () or the z (p,) dimension. The letters from A-I refer to
the bright spots shown in the TCMs. The values in the square brackets show the relative intensity (in percentage) of the transitions with respect to

the total intensity. LS is used to indicate “ligand states”.

Energy of the transition | Direction of the A B C D E F G H |
(0,2,0) =(0,3,0)
[11.4%] (0,2,0)-(2,1,0)
(2,0,0-(0,3,0) [3.3%] (1,1,2)(1,2,1)
(0,1,2(0,2,2) 17.7%] 021211 | 003-013) | (200-(210) ‘2'0'[12)?‘;'3’” 12.6%] (0'1’[21’_2’0(2]'0'2) 15-(1,0,3)
Y [31.8%] (1,,)-(1,2,1) [8.8%] [3.5%] [3.2%] e (1,0,2)-(1,1,2) e [1.2%]
[5.3%] (1,1,2)-(1,2,0) [1.2%]
Lesev (1,1,1)-(3,0,0) [3.1%]
[2.2%]
0,1,2>(2,1,1) (0,1,2(0,1,3) 15-(2,1,0) 15-(1,0,3)
(2,0,1)-(2,2,0) [6.6%] (0,0,3)-(0,04) | (2,0,0-(2,0,3) | (2,0,1)-(2,0,2) [0.9%] [14.8%] [11.0%]
z [24.7%] (1,0,2)(1,2,1) [4.2%] [1.5%] [1.0%) (1,0,2)(1,0,3) 15-(1,2,0) 15-(0,1,3)
[1.7%] [0.8%) [5.0%] [6.4%]
(0,1,2)>(0,0,4)
[64.6%]
(1,1,1)-(1,20) | (0,0,3-(0,1,3)
[2.3%] [19%] (0,1,2-(0,2.2) | (0,2,1)-(2,1,1) .
Y (2,0,0-(2,1,0) | (1,0,2-(0,1,3) [4.1%] [1.6%]
[1.0%] [0.2%]
(1,1,1)(0,0,4)
1.33eV 10.4%)
(0,1,2-(0,1,3)
[13.8%] (0,0,3)(0,0,4)
, (002 | 0212022 | 1025109 113.8%)
: - [13.3%] (1,0,2)(0,0,4)
(0,0,3)-(1,0,3) [5.1%]
[3.8%]
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OVERLAP INTEGRALS

The overlap integral of ¢;(7) and ;(7) that are the wave functions for state ¢ from the
jellium calculation and state j from the atomistic calculations, respectively, is evaluated

as
R EGRIGE, s
Because the jellium wave functions form a proper orthonormal basis, we can write the

atomistic wave functions as their linear combination

wj (’F) = Z Ca(ba(m (82)

with ¢, as the coefficients. Since this must be an orthonormal set (as the set of functions

1;(7) is), we have the relation
L GRIGE,
~ [ (X caont)) - (3 catul))ar
= clol’
_y e
Substituting the linear combination (eq. S2) to equation S1, we notice that the overlap

integrals give the coeflicients for the linear combination of state j:
0y = [ i) Y cutn(r) a7
=Y a( [0 0ur) o)
= Z Ca5i,a

:Ci

(S4)
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For the coefficients ¢; we know the property that the infinite sum of their squares equals
to one (equation S3). The square of an overlap integral, |O;;|?, thus gives the weight of a

jellium state ¢ for an atomistic state j.

SELECTION RULES FOR SYSTEMS WITH BOX-LIKE SYMMETRY

The transition dipole moment (TDM) for a transition between states ¢ and f in the

direction of the electric field E is defined as

oy = / Wiz, y, 2)(—eE - 7z, y, )il y, 2) dadydz (35)

with e as the elementary charge and 7(z,y, z) = zé, + yé, + zé, as the position vector
with the origin at the center of the box. For box-shaped systems, setting the coordinate
axes to lie parallel to the edges of the system lets the integral of equation S5 be evaluated
in terms of symmetry of the wave functions 7 in order to manifest the selection rules for

these systems.

While the wave functions for a box-shaped system must obey the same symmetry, they
are either symmetric or antisymmetric with respect to the planes that cross the center of
the system and whose normal vectors are parallel to the edges of the box. It also holds

that the factor E - 7(x,y, z) is antisymmetric with respect to the center of the box.

The trivial multiplication rules for symmetric and antisymmetric functions are the follow-

ing:
e symmetric X symmetric = symmetric
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e symmetric X antisymmetric = antisymmetric

e antisymmetric X antisymmetric = symmetric

The principle of the selection rules is that an integral of an antisymmetric function van-
ishes. Knowing the symmetries of the functions in eq. S5 as described in the last para-
graph, we can determine if the total integrand becomes antisymmetric and if the integral
therefore becomes 0. If the integrand is symmetric with respect to the origin, the integral
can still vanish, but this only happens when the integral goes to zero both at the positive

side and negative side, independently.

Let’s look at a system that has analytical solutions and that best describes the real system.
The wave functions for a fermion in an infinitely deep, 3-dimensional potential well are

described as

U(z,y,2) = LxLSyLZ sin (nzzx) sin (nfyry) sin (ng:Z) (S6)

where (n,, n,, n.) is the number of maxima along (z, y, z)-axis and (L,, L,, L,) is the
length of the potential well along (z, y, 2z)-axis. Inside the box, the sinusoidal functions
are symmetric wrt. the center L/2 if the corresponding number of maxima is odd, and
antisymmetric with an even number of maxima. For simplicity, let’s consider the field

direction é,. Then the TDM for these analytical states becomes

—8e /L’” , (nz,fmc> , (nzyiwx>d
= —— sin T sin T
M= T.L,L. J, L, L,
L
v ny,fﬂ-y) . (nyﬁry)d q7
X /o sm( 7 sin { =7 Y (S7)

Y Yy

L,
n, fmz N, ;T2
></ sin( =S )sin( = )dz
0 Lz Lz

which indicates that if the number of maxima in direction é, changes by an even number,

the integral for = goes to zero and the transition is forbidden (antisymmetric integrand).
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Also, due to orthogonality of the sinusoidal functions, the integrals for y and z vanish if
the maximum number in é, or €, changes at all. Generalizing the result for any field di-
rection, we can conclude that for functions of the form of equation S6, only such electronic
transitions are allowed where one of the maximum numbers n,, n, and n, is changed by

an odd number.

For real systems, the rule becomes different due to the electron-electron interactions and
the finite depth of the potential well. There, the wave functions are not anymore restricted
to the volume of the metal core but spilled outside while losing their strict sinusoidal form.
The nodal structure is preserved, however: we can label each wave function (that is de-
localized in metal) with the numbers of nodes along each coordinate axis as (14,m,,n.).
Note that we proceed by talking about nodes instead of maxima; the discussion ahead is
valid for both cases since we are not dealing with the quantity itself but the change of
the quantity in a transition, which is the same for nodes and maxima. Similar rules as
for analytical solutions are valid considering antisymmetric integrands for real systems: If
the node number in the direction of the field changes by an even number, the integrand
becomes antisymmetric and the transition is forbidden. In addition, if the node number
changes by an odd number in a direction that does not overlap with the field direction,

the integrand becomes antisymmetric and the transition is forbidden.

The difference between real systems and the analytical solutions lies in transitions where
one (or two) of the node numbers in a direction that is not the field direction changes
by an even number. Both in real systems and in the analytical functions this results in

a symmetric integrand, but in the case of the analytical solutions the integral vanishes
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because of the properties of sinusoidal functions. While modelling real systems, those

integrals are not necessarily zero and the corresponding transitions are not forbidden.

Therefore, the selection rules for real systems with box-like symmetry become the follow-
ing:
e Such transitions are forbidden where, in the direction of the field, the number of

nodes is changed by an even number

e In addition, such transitions are forbidden, where another number of nodes changes

by an odd number.

To generalize, in an allowed transition exactly one node number (of the three numbers
along the edges of the box-like system) changes by an odd number. It follows that in an
allowed transition the total number of nodes changes by an odd number (odd + even +

even = odd).
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ABSTRACT: The electronic structures of a variety of exper-
imentally identified gold and silver nanoclusters from 20 to 246
atoms, either unprotected or protected by several types of ligands,
are characterized by using point group specific symmetry analysis.
The delocalized electron states around the HOMO-LUMO
energy gap, originating from the metal s-electrons in the cluster
core, show symmetry characteristics according to the point group K

that describes best the atomic arrangement of the core. This  [A9uiBriz(S-Adm)l" LUMO+1 ,

indicates strong effects of the lattice structure and overall shape of §2 ; %“
the metal core to the electronic structure, which cannot be captured 2, < — i‘,
by the conventional analysis based on identification of spherical g 5 ‘ ‘ u - A
angular momentum shells in the “superatom” model. The symmetry 0 —05 00 05

e ) : . - Energy (eV)
analysis discussed in this paper is free from any restrictions

regarding shape or structure of the metal core, and is shown to be

superior to the conventional spherical harmonics analysis for any symmetry that is lower than I,. As an immediate application,
we also demonstrate that it is possible to reach considerable savings in computational time by using the symmetry information
inside a conventional linear-response calculation for the optical absorption spectrum of the Agss cluster anion, without any loss
in accuracy of the computed spectrum. Our work demonstrates an efficient way to analyze the electronic structure of
nonspherical, but atomically ordered nanocrystals and ligand-protected clusters with nanocrystal metal cores, and it can be
viewed as the generalization of the superatom model demonstrated for spherical shapes 10 years ago (Walter, M.; et al. Proc.
Natl. Acad. Sci. U. S. A. 2008, 105, 9157—9162).

Bl INTRODUCTION properties and interrelations of the electronic states are closely
related to the symmetries of the wave functions, it is beneficial
to extract these symmetry representations.

For a long time, the convention in analyzing the symmetries
of the wave functions in the Kohn—Sham (KS) DFT scheme
of bare and ligand-protected metal clusters has been the pro-
jection of the wave functions to metal-core-centered spherical
harmonics. The calculated weights of the various Y, com-
ponents in a given KS wave function are then used to char-
acterize the “superatom character” of this particular KS wave
function. The motivation lies in the superatom model, based
on the spherically (or two-dimensional (2D) circularly) sym-
metric confining potential in which the electronic quantum

Symmetry lays the foundation to understanding the electronic
structure and spectroscopic transitions of small molecules,
giving point group assignments of single-electron orbitals and
dictating rules for allowed and forbidden dipole transitions
between the quantum states.' Likewise, it can be used as an
asset to predict properties of larger assemblies in the nanoscale
even without explicit numerical computations, such as the high
electronegativity of fullerene Cq, or metal/semiconducting
characteristics of carbon nanotubes.

During the past decade, the synthesis, structural determi-
nation, and characterization of atom—precise ligand-protected
metal nanoclusters have taken great leaps forward, and cur-

. . 18—24
rently over 100 structures of up to almost 400 metal atoms states adapt similarly as the electron shells in a free atom.
have been resolved (for recent reviews on experiments and In the ideal case of a perfect spherical symmetry, the allowed
theory, see refs 2—5). The current database of resolved struc- optical transitions can be evaluated directly from the angular
tures reveals a multitude of shapes and atomic ordering in the momenta by using the dipole selection rule Al = +1. In prac-
metal cores, such as highly symmetric icosahedral or decahedral tice, however, as the wave functions and consequently the
structures,®'? fec-like pacl<ings,13’_15 and strongly nonspherical electron density inherit the point group symmetry (if any) of
shapes such as elongated cuboids.'®"” the discrete atomic structure, this approach fails for shapes of
Theoretical and computational research on chemical and

optical properties of nanoclusters relies on examination of the Received: August 14, 2018
electronic states and the corresponding wave functions com- Revised: ~ October 12, 2018
puted from the density functional theory (DFT). As the Published: October 16, 2018

ACS Publications  © 2018 American Chemical Society 8576 DOL: 10.1021/acs jpca.8b07923
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the atomic structure that are far from spherical, or in the case
where the atomic lattice interacts strongly with the delocalized
electron gas of the metal, splitting and intermixing the angular
momentum shells.

Generally, small bare metal clusters and also many ligand-
protected metal clusters are expected to be electronically
stabilized with an electron count (electronic “magic number”)
that closes the highest occupied angular momentum shell. This
creates a distinct energy gap between the highest occupied and
lowest unoccupied single-electron levels (HOMO and LUMO,
respectively). Larger clusters are expected to be stabilized by a
favorable atomic packing of the metal, creating a series of
atomic “magic numbers”. Very recently, both stabilization
mechanisms were demonstrated to be present simultaneously
in cluster synthesis.”> However, several known compositions
and structures of ligand-protected gold and silver nanoclusters
have strongly nonspherical core shapes and free-electron
counts that do not match with expected electronic “magic
numbers”. Thus, deciphering the origin of the stabilization
mechanisms of many known ligand-protected clusters creates
continuing challenges to theory.

Attempts to generalize the “superatom” model'” to take into
account nonspherical shape and/or lattice effects are scarce.
In 2017, we presented a scheme where the KS wave functions of
the cuboidal-shape silver cluster [Agg,(SPhMe,);,(PPhs)s]®*
were projected onto the jellium wave functions of a three-
dimensional (3D) quantum box, which aided the assignment of
symmetries based on box quantization,26 This method,
however, was constrained to the cuboidal shape of the cluster
core and required a reference calculation of the corresponding
jellium box.

Here, we demonstrate the power of point group based sym-
metry analysis of the electronic structure of both unprotected
and ligand-protected metal nanoclusters. We assign point
group symmetry representations for KS wave functions of two
bare and seven ligand-protected Ag and Au nanoclusters: (1)
Agss, (2) Agy, (3) [Agis(TBBT)gCL]™ (TBBT = tert-
butylbenzenethiol), (4) [Ag4;(SAd)4Br,]* (SAd = adaman-
tanethiol), (5) AuyS,o(PPh;);, (PPh; = triphenylphosphine),
(6) Au108sz4(P(CH3)3)161 (7) Au144(SCH3)601 (8) [Au146(P'
MBA)s,]*~ (p-MBA = p-mercaptobenzoic acid), and (9)
Au,,(SPhCHy;)g,. We refer to these systems later either by the
metal atom count or by the compound number. We show that
the point group symmetry analysis brings out the symmetry
characteristics of the frontier orbitals of these clusters in a
superior way compared to the conventional spherical har-
monics based analysis for all symmetries that are lower than I,
Furthermore, we demonstrate significant savings in CPU time
when the symmetry information is used inside the linear-
response calculation of the optical absorption spectrum of 1.

B METHODS
DFT and LR-TDDFT Calculations. The wave functions

and eigenenergies for the KS states were solved using the real-
space DFT code package GPAW.”” The PBE (Perdew—
Burke—Ernzerhof) functional®® was used in all the calculations.
The PAW setups for Ag and Au included relativistic effects.
The wave functions were treated on a real-space grid with
spacing of 0.20 A. The systems were set in a computational cell
with 5 A of vacuum around the cluster. The structural optimi-
zation was deemed converged when the residual forces on
atoms were below 0.05 eV/A. The optical absorption spectrum
of Agss~ was calculated by using the LR-TDDFT module
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Figure 1. Bare metal clusters studied in this work. From left to right:
icosahedral, decahedral, cuboctahedral Ags;~, and tetrahedral Au,y,
with shown point group symmetries.

implemented in GPAW.>® The PBE functional was used for the
exchange—correlation kernel. The spacing of the real-space
grid was 0.20 A.

Experimental crystal structures were used directly for clusters
3,2 4, 5°° 8" and 9."* For 6, the PPh; ligand used in the
experiment’ was replaced by a simpler P(CHj), after which
the ligand layer was optimized but the Au and S positions were
kept fixed in the crystal structure. Cluster 7 is the theoretical
model structure Au,4,(S(CHj;)3)40 proposed by Lopez-Acevedo
et al. in 2009 (ref 9). The correctness of this predictive structural
model was very recently confirmed by the X-ray total structure
discovery of Au,,,(SCH,Ph)¢, by Wu, Jin, and co-workers.*>

Symmetry Analysis. The symmetry of a wave function is
characterized via a set of overlap integrals

_ T
L= f‘/’ Ty dz 1)

where ’f"p is the specific symmetry operator for operation p,
such as rotation around the main axis. We calculate the overlap
integrals by considering the wave functions as projected on a
3D grid, where each symmetry operation of the point group is
carried out including cubic interpolation of the resulting
function on the same grid. Finally, the overlap of the complex
conjugate of the original wave function and the transformed
function is calculated. After going through each operation, the
resulting vector containing the overlap integrals is mapped
into the basis of the character table rows, i.e., the symmetry
representations.

The character tables for each point group are based on these
integrals for perfectly symmetric objects, and they are given in
the Supporting Information, Table S1. As metal nanoclusters
very rarely possess perfectly symmetrical atomic structure, the
integrals practically never give the exact symmetries as denoted
by character tables. However, because the rows of a character
table constitute a set of linearly independent basis vectors, we
write the symmetry vector of the wave function (the vector
consisting of the overlap integrals appointed with different
operations) as a linear combination of the rows. Solving the
linear equations gives the symmetry of the wave function in
terms of numerical weights for each symmetry representation.
While solving these linear equations, the rows for degenerate
symmetries are normalized so that operating with the unit
operator E on a normalized wave function gives 1; ie, in
practice the row elements are divided by the degeneracy of the
row. Due to the properties of the irreducible character table
matrix, the sum of the linear coeflicients equals the first element
of the overlap vector corresponding to the unit operation E and
thus always giving 1. Weights that are determined this way for
the point group symmetries are then compared to the conven-
tional way of projecting the KS wave functions to spherical
harmonics (Y),, functions) as discussed in ref 19.

DOI: 10.1021/acs.jpca.8b07923
J. Phys. Chem. A 2018, 122, 8576—8584
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Figure 2. Analysis of KS states for clusters 1 and 2. In each doublet of (a)—(d), the top panel shows the spherical harmonics (Y},) projected
density of states (PDOS) and the bottom panel shows the PGS-analyzed DOS (SPDOS), with the point group symmetries shown in the panel.
(a) Icosahedral, (b) decahedral, and (c) cuboctahedral Agg;~; (d) tetrahedral Au,,. The DOS curves are obtained by broadening each discrete KS
state with a 0.03 eV Gaussian. The Fermi energy is at zero. The band of Ag(4d) states starts around —3 eV in (a)—(c) and the band of Au(5d)
states starts around —1.5 eV in (d). The gray area (denoted by label “Out”) shows electron densities that cannot be described by the projection to
spherical harmonics (up to ] symmetry) in the top panels. In the PGS analyses (bottom panels) the gray area denotes electron density that is

outside the finite volume of the analysis.

B RESULTS AND DISCUSSION

Bare Metal Clusters. We first compared the performance
of the point group symmetry (PGS) analysis to Y, analysis for
two bare metal clusters, Agss~ and Au,, (Figure 1). The projec-
tion to symmetry operators was done in a volume adding up
atomic volumes of a radius of 3.0 A from each atom. The Y,
projections were done in a spherical volume of 12 A radius.
The ground-state atomic structure of both clusters in gas phase
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has been determined previously. Based on comparison of pho-
toelectron spectra and DFT calculations, Agss~ was deter-
mined to have an icosahedral (I,) structure.” In addition to I,
symmetry, we studied Agss~ also in two other closed-shell
atomic configurations, namely in cuboctahedral (O;) and
decahedral (Dg;) symmetries. For Au,y, we studied the tetra-
hedral T, structure that was first suggested for the Au,, anion
based on photoelectron spectroscopy data.”* Later, it was also

DOI: 10.1021/acs.jpca.8b07923
J. Phys. Chem. A 2018, 122, 8576—8584
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Figure 3. Maximum symmetry weights of each KS state of cuboct-
ahedral Agss™. Each dot represents one state. The Fermi energy is at
zero. The Ag(4d) band starts at around —3 eV.

determined for the neutral Au,, based on experimental—
theoretical study of IR vibrations.”

The comparison of the PGS analysis to the Y}, analysis is
shown in Figure 2. The free-electron count of Agss cluster
anion is 56; i.e, it is two electrons shy from filling a magic-
number electron shell at 58 electrons in a spherical system.
In the perfectly spherical electron gas model (jellium), this corre-
sponds to state fillings of 15> 1P® 1D'* 28* 1F"* 2P° 1G'. As can
be seen in the top panel of Figure 2a, there is a set of well-
defined discrete states between the upper edge of the Ag(4d)
band (at about —3 eV) and the Fermi energy, displaying the
spherical symmetries S, F, P, and G in the energetic order.
These states correspond to the above jellium notations 2§, 1F,
2P, and 1G. However, one sees that the I, symmetry splits the
1F and 1G shells very strongly. This was already noted in the
early photoelectron spectroscopy study.>® In the proper PGS I,
analysis (lower panel of Figure 2a), the split shells are
identified as 1F"* — T, (6) + G,(8) and 1G'¢ — Hg(IO) +
G,(6), where the electron numbers are shown in parentheses
in the symmetry notation. The decahedral cluster (Figure 2b)
is seen to split almost all of the free-electron states very
strongly, as revealed by the Y}, analysis. The Dg, PGS analysis
is successful in assigning the proper symmetry-dependent
labels to these states, and the spherical symmetries are seen to
split as follows: 1F'* — A,"(2) + E,”(4) + E,"(4) + E,’(4) and
2P° — A,"(2) + E,"(4). The major highly degenerate peak of
1G' closest to the Fermi energy is seen to consist of Dy
symmetric E,’, E,”, and E," states. The cuboctahedral cluster is
PGS-analyzed in O, symmetry, and the analysis reveals the
following splitting: 1F"* — A, (2) + Tlg(é) +T,,(6) and 1G**
— E4(4) + Tyy(6) + T,,(6).

For the T; symmetric Au,, cluster, there is only one iden-
tifiable free-electron state between the upper edge of the
Au(5d) band (at about —1.5 eV) and the Fermi energy. The
Y}, analysis yields the D symmetry for the HOMO manifold
(10 electrons), indicating that in this cluster the energy order
in the spherical model® between the 1D and 2S states is
reversed. The T; PGS analysis further reveals that the highly
degenerate HOMO manifold is split to E(4) and T,(6).

When examining the d-band region in all systems, one sees a
further interesting result. As expected, the Y, fails in all cases
in capturing the “global” symmetries of any d-band states, as
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Figure 4. Clusters 3—9 (left to right, top row) and their metal cores
with point group assignments (bottom row). The main symmetry axis
of each cluster lies in the vertical direction. See text for chemical
compositions. Ag, gray; Au, golden; S, yellow; P, brown; Cl, purple;
Br, cyan. The ligand shells are indicated by the stick models.

they are very complicated linear combinations of atom-like
d-orbitals. This is seen as the large gray areas in the PDOS in
d-band regions in the top panels of Figure 2, which denote the
electron density in the orbitals that cannot be described by the
used spherical harmonics expansion (up to ] symmetry).
However, we found out that the PGS analysis works very well
for O;, symmetric Agss~ and T,; symmetric Au,, clusters, being
able to classify basically every state in the metal d-band to a given
symmetry (see Figure 3 for O, Agss~ and Figure S1 for Au,).
For I; and Dy, Agss~, the PGS analysis catches the symmetry of a
large number of the d-band states (see Figures S2 and S3). This
fact has an important consequence when we later discuss the
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use of generalized dipole selection rules for optical transitions
and demonstrate how our PGS analysis can greatly reduce the
computational cost in identifying the nonzero oscillator matrix
elements in the linear-response calculation of optical
absorption of O, Agss™.

Ligand-Protected Clusters. We now turn the discussion
to ligand-protected clusters. The total structures and the
structures of the metal cores 3—8 are shown in Figure 4. The
presence of ligands surrounding the metal core poses
additional complications to the analysis of the electronic states
in the metal core, since the electron density of a given KS state,
while mostly residing in the core, may also spread out to
ligands. Furthermore, the symmetry of the ligand layer may in
some cases be lower than that of the metal core, as noted here
for clusters 3 and 8. This calls for judicious choices for
selecting the volume(s) in which the overlaps with Y,
functions or with the point group operators are computed.
The Y),, analysis needs a specification of a single sphere that
reasonably contains the electron density in the metal core, and
the chosen radii are given in Table 1 together with the point

Table 1. Point Group Symmetries for the Ligand-Protected
Clusters Studied in This Work®

core symm ligand symm R(Y,,) (A)
3 Agiss Dy, G 10
4 Agi Dy Dy 10
S Auyq D,, Dy 9
6 Auygg Ty Ty 9
7 Auyyy 1(L) 1(1) 11
8 Auy g G (Gy) G 9
9 Aty Ds Dy 12

“For clusters 7 and 8, we did the analysis of wave functions by using
the symmetries shown in parentheses for the metal core.

group symmetries. In the PGS analysis, we kept the same
definition for the volume as in the case of bare clusters; i.e.,
the overlaps to symmetry operators were calculated in a
volume adding up atomic volumes of a radius of 3.0 A from
each core atom.

As Figure Sb shows for cluster 4, the calculated wave func-
tions manifest the symmetry representations with great
accuracy for a cluster with well-defined symmetry of the total
structure, i.e., where also the ligand layer possesses the sym-
metry (Ds) of the metal core. The assigned symmetries also
show the degeneracy of the states correctly as the states labeled
with “E” appear with higher degeneracy compared to the A
symmetries. In contrast, 3 has a ligand layer that is of lower
symmetry (C,) than the S4-atom silver core (Ds;,). Restricting
the analysis to this smaller core gives rather clean symmetry
states on both sides of the HOMO—LUMO energy gap
(Figure Sa). The lower energy region (below —0.5 eV) can be
ascribed to the ligand states with most of the electron density
outside the analyzed volume, and consequently, the core sym-
metry analysis cannot assign any symmetry representations.
For both 3 and 4, the spherical angular momentum (Y),,)
analysis clearly indicates that the wave functions do not have
spherical symmetry.

Clusters $ and 6 are far from spherical and the Y;,, analyses
show no distinct features as expected, but the analyses based
on the point group symmetry of the Au cores are very clean as
shown in Figure Sc for § (D,,) and Figure Sd for 6 (T,). It is
again notable that, in both cases, the PGS analysis gives high
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weights also to the lower states that are within the Au(Sd)
band.

Figure 6a shows the results for the icosahedral cluster 7.
Analysis based on the I, group shows good performance in
describing the symmetries of the states as it can attribute up to
around 90% of the electron density to a single symmetry
representation, while the corresponding ratio for Y}, analysis is
around 60%. The deviations from perfect I, representations are
due to the slightly chiral arrangement of the 60 Au atoms at
the core—ligand interface and the RS—Au—SR moieties in the
ligand layer. In fact, the proper symmetry is the chiral
icosahedral I as noted already in 2009 when this structure
model was proposed.” Figure S4 shows the comparison
between I, and I symmetric analyses. As expected, we note
that the analysis in the I point group symmetry yields results
that are very much related to the I, classification. The only
difference is that, due to lack of inversion symmetry in I group,
“gerade” and “ungerade” subclassifications of I, merge; e.g,, the
manifold of states just above the Fermi energy transform as
(I;: H,, H,) = (I: H). The I, point group based analysis com-

v ; g .
pares well with the spherical harmonics.”” The spherical sym-
metries of Au,,, around the Fermi level are S, D, H, and I from
the Y}, analysis that correspond to S: A, D: Hy, H: Ty, + Ty, +
Hy and I: A, + Ty, + G, + Hy in the I, representation. Our
results are perfectly in line with this expected decomposition.

Regardless of the rather spherical shapes of clusters 8 and 9,
the Y),, projections fail in finding any proper character of the
states (Figure 6, parts b and c, respectively). Here again, PGS
analysis based on the proper point group symmetry of their
respective cores (C,, of 8 and D of 9) reveals clean sym-
metries of states in a wide energy range around the HOMO—
LUMO gap.

Selection Rules from Point Group Symmetry. As is
well-known, symmetry is a defining factor behind selection
rules for optical transitions. The selection rules similar to the
spherical rule Al = +1 can be devised for each character table.
According to Fermi’s golden rule in quantum mechanics, the
probability of an optical transition between two electronic
states is proportional to the square of the transition dipole
moment between the wave functions as

i~ [ fuian ] @

where fi;. —ek is the dipole moment operator. The intensity
goes trivially to zero if the integrand is antisymmetric, Thus,
consideration of the symmetries of the initial and final wave
functions is sufficient to determine if the transition is for-
bidden. Using the symmetry representations of a point group
corresponding to the molecule in question, the integral in eq 2
becomes a sum of the products of the rows in the character

table

fing ~ [Z 5f°/2k°st]2 3)

where the sum is taken over the elements of the vector that
results from the element-wise products, denoted by the sym-
bol “o”. The arrays 5; and s; are the rows of the character table that
correspond to the symmetry representation of the states i and f.
The dipole moment operator ;. only consists of the character
table rows corresponding to the translational vectors. For
example, in the Ds point group, the translation along the main
axis (T,) has A, symmetry representation and the translations
T, and T, have both E, representation. The allowed and
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forbidden transitions are determined directly by the sym-
metries: if the function inside the sum is antisymmetric, the
sum over the values is 0, and the transition is always forbidden.
Symmetric functions may lead to nonzero integral and to an
allowed transition. This formulation also leads directly to
Laporte’s rule,*® stating that if the point group of a molecule
has an inversion center, transitions are allowed only between
states of which the other carries g (gerade) symmetry and the
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other has u (ungerade) symmetry. Transitions of types g = g
and u — u are forbidden.

To generalize the selection rules for a point group over all
directions, we used fi; = T, + T, + T, to tabulate the selection
rules for the point group O, (Table S2), although in this point
group the symmetry representation of each Cartesian trans-
lation is the same, T,,. In the table, the nonzero values from
eq 3 are given as 1 (allowed) and the zero values are given as 0
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Figure 7. Computed optical spectra of the cuboctahedral Aggs™
cluster by LR-TDDFT method. Brown curve, all transitions up to
4.5 eV included in the oscillator matrix; blue curve, only symmetry-
filtered transition included. The brown curve is shifted up and decays
to the dashed line.

(forbidden). These selection rules were then included in the
linear-response time-dependent density functional theory
(LR-TDDFT) calculation for the optical spectrum of the cuboct-
ahedral Ags;~ so that the optically forbidden transitions were
removed from the calculation. Since the wave functions of Agss~
carry very clean symmetries even in the Ag(4d) band (Figures 2c
and 3), the forbidden transitions were straightforwardly defined:
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The states were assigned a single symmetry representation by
their maximum symmetry weight, and a transition was excluded
from the LR-TDDFT calculation if the selection rules denied
the transition between these symmetry representations of the
start and end states. The “symmetry-filtered” spectrum was
practically identical to the one calculated without the symmetry
filtering, as seen in Figure 7. The run time of the symmetry-
filtered calculation was reduced to 21% compared to the
nonfiltered calculation as a result from the fact that only 24 of
the 100 intersymmetry transitions are allowed in the O, point
group. The very small differences of the spectra can be
accounted for either by the numerical error due to the
Cartesian grid on which the wave functions are projected or by
the small deviations of the atomic structure from the idealized

point group symmetry.

Bl CONCLUSIONS

In this work, we have introduced an improved and generalized
way to analyze electronic states of metal clusters that have
nanocrystalline cores, i.e., atomic arrangements with specific
point group symmetries. For such systems, it is straightforward
to calculate weights of each KS state (or “molecular orbital”)
projected to symmetry operators of the point group in

DOI: 10.1021/acs.jpca.8b07923
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question. We have shown that those electronic states of silver
and gold clusters, both bare and ligand-protected, that reside
mostly in the metal core, and close to the Fermi energy), are
well classified to symmetry subgroups by the PGS analysis.
Furthermore, in many cases also the electron states in the
metal d-band carry one major symmetry component with
almost 100% weight. This has important consequences in the
calculation of optical transitions via the linear response
method, since it may allow significant savings in CPU time
when symmetry-filtering of the states is done before calculating
the elements in the oscillator matrix, as demonstrated here for
the O, symmetric Agss~ cluster.

We found that Au,,,(SR)g is the only cluster in this study
for which the Y}, projection gives reasonably good weights, so
it is rather close to shell filling orders according to the spherical
electron gas (jellium) model. The high spherical symmetry of
the states there can be attributed to the high symmetry of the
atomic configuration: the icosahedral point group I, has 120
different symmetry operations, which can be regarded as a
measure of how close the shape of the cluster is to a sphere.
The second largest number of operations for point groups in
this study is 48 for the octahedral O, group.

The strong splitting of jellium-type electron shells by the
point group symmetry of the metal core in ligand-protected
clusters can explain also the electronic stability of compounds
where the electron counting rule'® for “superatoms” yields an
unconventional electron number for spherical shell filling.
The stabilization, that is, opening of the energy gap between
the HOMO and LUMO states, is then a combined effect of the
point group and the shape of the metal core. This effect can be
surprisingly strong for clusters of size up to fairly large metal
atom counts.

The rather large variety of systems analyzed here, consisting
of two different noble metals, several different ligands, as well
as several sizes, shapes, and symmetries of the metal core,
shows the generality of our approach, which has never before
been applied to study the electronic structure of larger metal
nanoclusters. Our analysis presented here can be applied to any
nanoparticle with any shape that has a core of an identifiable
point group symmetry; thus it can be viewed as the gener-
alization of the superatom model introduced for spherical
ligand-protected clusters 10 years ago.'” The code for per-
forming the point group symmetry analysis will be uploaded
for free use in the GPAW code repository at https://gitlab.
com/gpaw/gpaw.
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e prime and double-prime: Symmetric and anti-symmetric w.r.t. on
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Table S1. Character tables for point group symmetries Ds, Dsh, In, Td, D2d, Cav, and On
(source: http://symmetry.jacobs-university.de).

Ds
E 2C; 2(Cs5)? 5C;
A1l 1 1 1
A, |1 1 1 -1
E, | 2 2cos(27/5) 2cos(4m/5) 0
Ey | 2 2cos(4m/5) 2cos(2m/5) 0
Dsnp
E  2Cs 2(C5)2  5C, oy 2S5 2(85)* 5oy
ALl 1 1 11 1 1 1
Ay 1 1 1 -1 1 1 1 -1
E, | 2 2cos(27/5) 2cos(4n/5) 0 2 2cos(2m/5)  2cos(4w/5) 0
E, | 2 2cos(4m/5) 2cos(21/5) 0 2 2cos(4m/5)  2cos(2m/5) 0
Al 11 1 1 1 1 -1 -1 -1
Ay 1 1 1 -1 -1 -1 -1 1
E] | 2 2cos(27/5) 2cos(4n/5) 0 -2 2cos(2w/5) ~2cos(4w/5) 0
E, | 2 2cos(4m/5) 2cos(2m/5) 0 -2 2cos(4w/5) ~2cos(2w/5) 0




I,

E 12Cs 12(C5)?  20C3 15Cy i 12519 12(S10)®  20S¢ 150
Ag 1 1 1 1 1 1 1 1
Ty, | 3 —2cos(4m/5) —2cos(2m/5) 0 -1 3  2cos(2n/5) —2cos(4m/5) 0 -1
Ty, | 3 —2cos(2m/5) —2cos(4w/5) 0 -1 3  2cos(4n/5) 2cos(2m/5) 0 -1
G, 4 -1 1 0 4 -1 -1 1 0
Hg 5 0 -1 1 5 0 0 -1 1
A, 1 1 1 1 -1 -1 -1 -1 -1
T | 3 —2cos(dm/5) —2cos(2m/5) 0 -1 -3 2cos(2m/5)  2cos(4m/5) 0 1
Ty, | 3 2cos(2m/5) 2cos(47/5) 0 1 3 2cos(4m/5)  2cos(27/5) 0 1
G, 4 -1 1 0 -4 1 1 -1 0
H, |5 0 -1 1 -5 0 0 1 -1
Tq

E 8Cs; 3C, 6Ss 6og
Al 1 1 11
A1 1 11 1
E|2 -1 2 0 0
T,/3 0 -1 1 -1
T,/3 0 -1 -1 1
Dag

E 2S; Cy 2C) 204
Ayl 111 1
Ayl 11 1 1
B, |1 -1 1 1 1
B,|1 -1 1 -1 1
E|l2 0 2 0 0
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Table S2. Optical selection rules for On point group. Ones and zeros denote allowed and forbidden
transitions, respectively.

Atg Az Eg Tig Tag Aty Az, E, Ti, Ta
A1g 0 0 0 0 0 0 0 0 1 0
Azg 0 0 0 0 0 0 0 0 0 1
Eg 0 0 0 0 0 0 0 0 1 1
T1g 0 0 0 0 0 1 0 1 1 1
ng 0 0 0 0 0 0 1 1 1 1
Ay, | O 0 0 1 0 0 0 0 0 0
Ay, | O 0 0 0 1 0 0 0 0 0
E, 0 0 0 1 1 0 0 0 0 0
Ty, | 1 0 1 1 1 0 0 0 0 0
Ty |O 1 1 1 1 0 0 0 0 0
| | T I | |
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Figure S1. Maximum symmetry weights of each KS state of the Ty Auao. Each dot represents one
state. The Fermi energy is at zero. The Au(5d)-band starts at around -1.5 eV.
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Figure S2. Maximum symmetry weights of each KS state of the I, Agss. Each dot represents one
state. The Fermi energy is at zero. The Ag(4d)-band starts at around -3 eV.
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Figure S3. Maximum symmetry weights of each KS state of the Ds, Agss. Each dot represents one

state. The Fermi energy is at zero. The Ag(4d)-band starts at around -3 eV.
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alogn the atomic structure. The gray area labeled “out” denotes the electron density that is
outside the volume of analysis. The character table for the | symmetry can be found at
http://symmetry.jacobs-university.de/cgi-bin/group.cgi?group=905&option=4
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Magic-number gold nanoclusters are atomically precise nanomaterials that have enabled unprecedented insight into struc-
ture-property relationships in nanoscience. Thiolates are the most common ligand, binding to the cluster via a staple motif
in which only central gold atoms are in the metallic state. The lack of other strongly bound ligands for nanoclusters with dif-
ferent bonding modes has been a significant limitation in the field. Here, we report a previously unknown ligand for gold(0)
nanoclusters—N-heterocyclic carbenes (NHCs)—which feature a robust metal-carbon single bond and impart high stability to
the corresponding gold cluster. The addition of a single NHC to gold nanoclusters results in significantly improved stability and
catalytic properties in the electrocatalytic reduction of CO,. By varying the conditions, nature and number of equivalents of the
NHC, predominantly or exclusively monosubstituted NHC-functionalized clusters result. Clusters can also be obtained with up

to five NHCs, as a mixture of species.

agic-number gold nanoclusters stabilized by organic
I\/\ ligands are intriguing species that bridge the gap between

molecules and materials'~. Although clearly nanomateri-
als, with size-dependent properties, they can be described with a
single molecular formula, have discrete electronic transitions due
to their well-defined molecular orbitals and can be characterized
by techniques usually employed in molecular science. Kornberg
and colleagues’ determination of the precise structure of the clus-
ter Au,(,(SR),; (SR=p-mercaptobenzoic acid) using single-crystal
X-ray diffraction (XRD) was a watershed moment in understanding
these nanomaterials®. The crystallographically determined struc-
ture partially confirmed earlier computational predictions on the
bonding at the gold-thiolate interface and provided strong support
for the ‘superatom’ theory of closed electronic shells, first described
by Hakkinen and colleagues to explain why certain cluster sizes are
over-represented among known species, and hence ‘magic>°.

Since the seminal paper by Kornberg, research into magic-
number nanoclusters featuring different thiolates, metals, core con-
figurations and applications has abounded®'°. However, with few
exceptions, thiols and phosphines remain virtually the only organic
ligands used to stabilize these structures (other than some work
on alkynes)''=".

N-heterocyclic carbenes (NHCs) are phosphine analogues that
have attracted considerable attention in organometallic chemistry
and recently in surface science'®*'. In organometallics, these ligands
are known for their ability to form strong, substitutionally inert
bonds to various metals*>**. Recently they have been shown to form
highly robust self-assembled monolayers (SAMs) on Au(111) sur-
faces and nanoparticles**’; however, their use as stabilizing ligands
in magic-number nanoclusters has not been described previously.

NHC:s have, however been described as stabilizing ligands in small,
mixed-valency clusters of three to four atoms in seminal works by
the Corrigan®*, Sadighi*® and Bertrand®” groups.

Here, we report the first example of NHC-stabilized Au(0) nano-
clusters. Au,, nanoclusters functionalized by up to five NHC ligands
have been prepared and characterized. Remarkably, the addition of
even one NHC to the Au,, cluster significantly increases the thermal
stability of this important nanocluster and improves its activity in
the electrochemical reduction of CO, to CO, which is a critically
important reaction in the valorization of CO,.

Results and discussion

Development of cluster synthesis. Our studies began with pre-
formed phosphine-stabilized undecagold clusters Au,,(PPh;),Cl,
and [Au,,(PPh,);CL]CI (ref. *). Phosphine-stabilized clusters were
chosen because NHC and phosphine ligands are both neutral and
thus require no change in oxidation state or cluster charge to accom-
pany an exchange reaction. Furthermore, phosphine-stabilized
clusters do not have a layer of Au(1) atoms on the exterior, as is the
case for thiolate-stabilized clusters. Treatment of [Au,,(PPh;),CL]Cl
(2) with di-isopropyl benzimidazolium hydrogen carbon-
ate 1a-H,CO, (Fig. 1a) in THF at 66 °C gave predominantly a single
NHC-containing cluster (3a, Table 1, entry 1). This cluster results
from substitution of one phosphine ligand for the NHC (Fig. 1b).
The less stable cluster Au,,(PPh,),Cl, was not effective as a substitu-
tion partner.

Conclusive information about the cluster identity was obtained
by mass spectrometry, which demonstrated that mono-substi-
tuted cluster 3a is the predominant product, accompanied by
small amounts of di-substituted cluster 4a and starting material 2

'Department of Chemistry, Queen's University, Kingston, Ontario, Canada. ?Institute of Transformative Bio-Molecules (WPI-ITbM), Nagoya University,
Nagoya, Japan. *Department of Chemistry, School of Science, The University of Tokyo, Bunkyo-ku, Tokyo, Japan. “Departments of Chemistry and Physics,
Nanoscience Center, University of Jyvaskyla, Jyvaskyl, Finland. *Department of Electrical and Computer Engineering, The University of Toronto, Toronto,
Ontario, Canada. °Elements Strategy Initiative for Catalysts and Batteries (ESICB), Kyoto University, Katsura, Kyoto, Japan.
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Fig. 1| Synthesis and characterization of NHC-modified Au,, nanoclusters.
a, Structure of NHC precursors employed in this study featuring a variety
of organic substituents on the nitrogen atoms flanking the key carbon.

b, Reaction of undecagold cluster [Au,(PPh3)¢Cl,1CI (2) with NHC
precursors from a, resulting in formation of new NHC-containing clusters.
¢, Mass spectrometric characterization of the reaction mixture leading to
[Au;,(PPh3),(NHC*)CI,]Cl 3a, along with the structure obtained by X-ray
crystallography. Inset, observed versus calculated isotope pattern. The

high level of purity is notable from the mass spectrum, which shows 3a as
the major product, along with small quantities of starting cluster 2 and di-
substituted cluster [Au,(PPh;)((NHC"™),Cl,]Cl 4a. Colours in the atomistic
structures: yellow, Au; purple, Cl; brown, P; blue, N, cyan, C; white, H.

d, Mass spectrometric characterization of the reaction of 1b with 2,
showing a mixture of 3b and 4b along with DFT-predicted structures. Note
that the structure of 3a shown in ¢ is an actual crystal structure while 3b
and 4b are DFT-simulated.

(Fig. 1c). Quantification of the cluster purity was accomplished by
detailed 'H NMR spectroscopic analysis. For precise details and
replicate runs, see Supplementary Section 2. NHC nanoclusters
were analysed before and after purification by chromatography on
silica gel, which indicated that there was no change in the cluster
distribution after chromatography and highlighted the stability of
the cluster to chromatography (Supplementary Fig. 33). The main
effect of purification was to remove molecular by-products such as
[Au(NHC),]* and OPPh, (Supplementary Fig. 12).

Increasing the amount of 1a-H,COj; to 5equiv. resulted in larger
amounts of the di-substituted cluster 4a, with the addition of water
attenuating reactivity and giving a more selective process (Table 1,
entries 2 and 3). The use of the free NHC in place of the bicarbonate
salt gave similar overall yields, but a mixture of clusters was obtained
(entry 4). The mono-substituted cluster 3a still predominated, but
di-substituted cluster 4a was observed along with tri-substituted
cluster 5a. ESI-MS (electrospray ionization mass spectrometry)
revealed the presence of trace amounts of the tetra- and

penta-substituted clusters 6a and 7a. Thus, the use of the bicarbon-
ate salt 1a-H,CO, at ~1 equiv. is important to produce clusters that
are predominantly mono-substituted.

With conditions in hand for the preparation of NHC-stabilized
clusters 3a and 4a, we then examined the effect of the NHC struc-
ture (Table 1). NHC precursors 1b-d-H,CO, were used, where
the nitrogen atoms of the NHC are substituted with Et, Me and
Bn groups. Each of these relatively minor changes in NHC struc-
ture had an influence on the reaction. NHC precursor 1b-H,CO,
(R=Et) consistently gave a mixture of mono- and di-substituted
clusters, regardless of the conditions or stoichiometry, suggest-
ing that the initial substitution activates the cluster for a second
displacement reaction (Fig. 1d and Table 1, entries 5—8). Again,
increasing the amount of the NHC gave greater substitution
(Supplementary Section 2).

NHC precursor 1¢-H,CO, (R = Me) behaved more like 1a-H,CO,
and allowed for the isolation of clean, mono-substituted cluster
3¢ with no evidence for formation of the di-substituted cluster 4c
under optimized conditions. On average, lower isolated yields were
observed in comparison to reactions with 1a-H,CO, and 1b-H,CO,,
and the reaction was best run at lower temperatures (Table 1,
entries 9 and 10). The addition of larger quantities of this small
NHC gave cluster degradation rather than increased substitution
(Supplementary Sections 2 and 3).

Finally, benzylated NHC precursor 1d-H,CO; behaved similarly
to 1b-H,CO,, giving a mixture of mono-, di- and tri-substituted
clusters 3d, 4d and 5d even at 1.2 equiv. of the precursor. At higher
loadings (9.0 equiv.), a mixture of clusters including mono- (3d), di-
(4d), tri- (5d) and tetra- (6d) NHC-containing clusters was observed
(Table 1, entries 11 and 12 and Supplementary Figs. 45-48).

Computational studies and structure prediction. Density func-
tional theory (DFT, implemented as described in ref. *; for techni-
cal details see Supplementary Information) was used to investigate
the energetics of substitution of the various phosphines in cluster
2 by NHC:s (Fig. 2a). Introduction of NHC (1a) into cluster 2 was
found to be thermodynamically favourable at most sites, with the
exception of phosphine 8 (P8), which gave an unfavourable reac-
tion energy change of +0.05¢eV, probably due to steric constraints
at this site (Fig. 2b). Introduction of the NHC by displacement of
phosphines adjacent to the Au-Cl sites was uniformly preferred,
with the single most favourable exchange predicted to occur at P2
for all NHCs examined. Differences between exchange at P2 and the
next favourable phosphine energetically were 0.18¢eV, 0.07¢V and
0.06eV for 3a, 3b and 3c, respectively (Fig. 2b and Supplementary
Table 7). The calculated highest occupied molecular orbital-lowest
unoccupied molecular orbital gaps for the mono-substituted clus-
ters were largest for substitution at P2 for each NHC type, showing
that the trends in electronic stability followed exchange energetics
(Supplementary Table 8).

For the reaction of NHC precursor 1b-H,CO; with 2 to form
di-substituted clusters, the four lowest-energy isomers were found
within a 0.1 eV window. Three of these included introduction of the
NHC at P2 (Supplementary Table 9). NHC precursors 1a-H,CO,
and 1¢-H,CO, were also predicted to have favourable energetics for
the production of di-substituted clusters. For example, substitution
of 1a and 1c at P2 and P7 led to energy changes of —1.39eV and
—1.43 eV, respectively, suggesting that kinetic control rather than
thermodynamics must play a role in the observation of predomi-
nantly or exclusively mono-substitution for these NHCs.

In the later stages of this work we were able to determine the
atomistic structure of 3a from a single-crystal X-ray analysis (vide
infra). The crystal structure confirmed our DFT predictions that it
is energetically optimal to replace phosphine P2 with an NHC in
cluster 3a (see the comparison of the predicted and observed struc-
tures in Supplementary Fig. 52). Three computational structure

NATURE CHEMISTRY | www.nature.com/naturechemistry
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Table 1| Preparation of NHC-containing clusters by reaction of
phosphine-containing cluster 2 with benzimidazolium hydrogen
carbonates 1a-d

[Auy1(PPh3)gCla]* L [Au11(PPhg)g n(NHC),Cl,]"
Conditions

Entry  1x-H,CO, Additive  Cluster(s) produced® Yield®

(equiv.) (%)
1 1a(1.2) None 3a,4a (9:1) 22¢
2 1a (5.0) H,0¢ 3a,4a (3:D) 26°
3 1a (5.0) None 3a,4a (1:1) 38
4 1a (1.2)¢ None 3a,4a,5a (2.6:1:1) 24
5 1b (1.2) H,O 3b,4b (2:1) 41
6 1b (1.2) None 3b,4b (2:1) 20
7 1b (5.0) H,0 3b,4b (1:1) 64
8 1b (5.0) None 3b,4b (1:1) 43
9 1c (1.2) H,0 3c 6°
10 1c (1.2) H,Of 3c 10¢
n 1d (1.2) None 3d,4d,5d® 18
12 1d (9.0) None 3d,4d,5d,6d: 38

2Conditions: THF solvent, 66 °C, 2 h. 3x clusters contain 1 NHC (n=1), 4x (n=2), 5x (n=3),

6x (n=4), ratios determined by 'H NMR spectroscopy, traces of starting cluster 2 present in
some cases. *Isolated yields. “Average of 3-5 runs. ‘Water added at 500 ppm unless otherwise
noted. *Free carbene employed. /40 °C, 1,000 ppm H,O. #Exact ratios difficult to elucidate by NMR.
Electrospray ionization mass spectrometry (ESI-MS) analysis shows decreasing amounts of more
substituted clusters.

models for 3a were now in our hands: one based upon the structure
predicted prior to obtaining an experimental crystal structure (red),
one employing exact coordinates from the experimentally obtained
crystal structure (blue) and one applying DFT optimization to the
experimentally derived crystal structure (green).

The computed optical absorption spectra from these models are
compared to the experimental data measured for 3a in Fig. 2c. We
notice that all computed spectra have spectral features that match
the experimental data very well; however, the computed spectra
systematically underestimate all transition energies by ~0.4eV.
This is understandable based on the properties of the DFT func-
tional used in the calculation. The shift is corrected in Fig. 2¢ to
enable a better visual comparison to experiment. The nature of the
dominant two absorption features in the computed spectra (close to
300nm and 450 nm in the shifted spectra) are further analysed in
Supplementary Fig. 53. The dominant transitions were found to be
either from Au s-type (450 nm) or Au d-type (300 nm) states to the
empty states of the phenyl rings of the phosphines.

Spectroscopic characterization. The clusters were also extensively
characterized by NMR spectroscopy, examining 'H, *'P and *C
nuclei (Supplementary Section 3). The NHC carbon bound to Au
could not be observed by *C NMR spectroscopy at natural abun-
dance, but when cluster 3a was prepared with *C enrichment at C2
of the NHC, the Au-C bond could be observed at 209 ppm. This
signal appeared as an octet, indicating equivalent coupling to each
of the seven phosphines (Fig. 3a). Because there are at least two
unique environments for phosphines in any NHC-containing clus-
ter, exchange processes must be happening on the timescale of the
NMR experiment. *P NMR spectroscopy supports the presence of
exchange phenomena at room temperature because a clean singlet
was observed (Fig. 3b). To address this further, low-temperature
3'P NMR spectra were obtained for both 2 and 3a (Supplementary
Figs. 50 and 51). These spectra confirm the presence of an exchange
phenomenon (or phenomena) on the NMR time scale. Interestingly,
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Fig. 2 | DFT and UV-vis spectroscopic prediction of structure for NHC-
modified nanoclusters. a, Labelling of phosphines in [Au,,(PPh;);Cl,]1CI
(2) and exchange with 1a. b, DFT-predicted changes in potential energy for
reaction shown in a at each phosphine. ¢, Comparison of calculated optical
spectra (red, blue, green curves) of cluster 3a to experimental data (black).
Three computed spectra are calculated for the initial DFT-predicted
structure obtained by replacing phosphine P2 in cluster 2 by NHC 1a
(red), for the experimentally determined crystal structure (CS) (blue) and
for DFT-optimization of the experimentally determined crystal structure
(green). The computed spectra are blueshifted by 0.4 eV for better visual
comparison to the experimental data.

the NHC-functionalized cluster starts to show decoalescence at
—10°C, while the all-phosphine cluster 2 does not begin to deco-
alesce until close to —70°C.

Information on the bonding and electronic properties of the clus-
ters was also obtained through Au L,-edge X-ray absorption spectros-
copy (XAS). X-ray absorption near edge structure (XANES) spectra
show a decrease in intensity when the NHC is introduced into the
clusters (Supplementary Fig. 55), particularly for the Me derivative
3¢, which may be due to the electron-donating ability of NHCs***!,

Extended X-ray absorption fine structure (EXAFS) R-space spec-
tra of the clusters revealed information on Au-C, Au-P and Au-Cl
bonding, and Au-Au bonding within the cluster (Supplementary
Fig. 54 and Supplementary Table 10). Analysis of Au-C bond lengths
revealed that the Au-C(NHC) bond length in 3¢ is 11.4 pm shorter
than the corresponding Au-C bond in 3a, consistent with steric dif-
ferences between the NHC types. Most importantly, the introduc-
tion of NHC 1a resulted in a 3 pm increase in the average Au-Au
bond length for gold atoms on the exterior of the cluster relative to
the all-phosphine cluster 2, which suggests that NHC ligation leads
to expansion of the outermost Au atoms in the cluster. A similar
cluster expansion was not observed on ligation of the smaller NHC
in cluster 3¢, which is interesting considering that this cluster has
higher stability than 3a (vide infra), suggesting an interplay between
the experimental observations of cluster structure and stability.
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Fig. 3 | Spectroscopic and XRD characterization of NHC-substituted
cluster 3a. a, *C {"H} NMR spectrum of 3a bearing *C-labelled NHC,
which enables identification of the Au-C resonance. The signal appears

as an octet from equal coupling to all seven phosphines. b, 'P {TH} NMR
spectrum showing a single resonance at room temperature consistent with
rapid exchange. ¢, Single-crystal XRD structure for NHC cluster 3a showing
NHC incorporation at P2 as proposed from DFT studies.

The longer Au-C bond and its effect on the underlying struc-
ture has precedent in prior DFT studies, which have proposed that
binding of an NHC results in restructuring of the surface Au atoms
in Au(111) systems**>*; however, this effect has been difficult to
observe experimentally. The EXAFS results reported herein repre-
sent a direct measurement of the NHC influence on the underlying
structure in metallic Au materials.

DFT calculations supported the trends observed experimentally
by EXAFS. When the bond lengths were averaged over each of the
optimized clusters, DFT studies predicted a 1.9 pm shorter Au-C
bond in 3¢ compared to 3a. Similarly, the averaged calculated Au-
Au bond length for the exterior gold atoms increased by 1.0 pm for
cluster 3a compared to 2, while cluster 3¢ showed no core expansion
(within error).

Single-crystal XRD study of nanocluster 3a. X-ray quality single
crystals of 3a were grown by layering of n-hexane onto a solution of 3a
in dichloromethane at room temperature. After several days, reddish
prisms of 3a could be observed. Because dichloromethane co-crys-
tallizes with 3a, degradation of the crystal was observed on drying.
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Fig. 4 | Assessment of stability and ligand dissociation by CID mass
spectrometry. a, In-source CID mass spectra of cluster 2 recorded at

the CID voltage of O V. Notations C and P represent NHC™* and PPh,,
respectively. b, In-source CID mass spectra of cluster 2 recorded at 200 V.
¢, In-source CID mass spectra of cluster 3a recorded at the CID voltage of
0V.d, In-source CID mass spectra of cluster 3a recorded at 200 V.

The structure of the cluster obtained from this study was found to be
the same as that predicted by DFT, resulting from displacement of P2
(Fig. 3¢). Although static disorder in the region of the NHC ligand
complicates a detailed analysis of the Au-C bond length, the value
obtained (2.09(2) A) is in the same range as that predicted by EXAFS
analysis (2.161(6) A, Supplementary Table 10). Taken in aggregate, the
Au-Au bonds in the cluster were seen to contract upon introduction
of the NHC ligand; however, localized bonds experience contractions
and expansions that may be significant for catalysis (Supplementary
Figs. 56 and 57 and Supplementary Tables 11 and 12).

Stability and catalytic activity of nanoclusters. Stability and ligand
dissociation were also assessed using collision-induced dissociation
mass spectrometry (CID-MS). In Fig. 4 we compare the in-source
CID mass spectra of 2 and 3a, recorded under identical conditions.
Cluster 2 undergoes loss of Au(PPh,)Cl and PPh, as major CID paths
(Fig. 4a). In contrast, loss of the Au(NHC"*)Cl unit was the most
dominant CID pathway for 3a (Fig. 4b), even though the ratio of
NHC" to PPh, in the cluster is 1:7. In addition, direct dissociation of
the NHC"* ligand by Au-C bond cleavage was not observed under
any conditions, in sharp contrast to 2, where the loss of PPh, was
observed. These results suggest that NHC"™" has significantly higher
binding affinity to Au than PPh, does. These conclusions were sup-
ported by thermogravimetric analysis-mass spectrometry (TGA-
MS) data, which also showed that phosphines are the first ligands
to be lost (Supplementary Table 13 and Supplementary Figs. 61-64).

The thermal stability of the clusters was assessed by heating clus-
ters in various solvents and monitoring the molecular transitions
by UV-vis spectroscopy. The all-phosphine cluster 2 was used as a
benchmark, which underwent complete decomposition after heating
to 70°C in pentanol (12h) and toluene at 70°C (24h). By contrast,
NHC-stabilized clusters showed dramatically improved stability,
with 3¢ displaying virtually no change over 24h at 70°C in toluene
(Supplementary Fig. 58). Stability was reduced in the polar solvent
pentanol, which allowed us to differentiate between the different
NHC-functionalized clusters (Fig. 5a,b and Supplementary Fig. 59).
Among the clusters examined, cluster stability tracked with sterics,
with 3¢ being the most stable, showing virtually no decomposition
after 12h at 70°C in pentanol (Fig. 5a,b). Clusters 2, 3a and 3b
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Fig. 5 | Nanocluster stability and activity in the electrocatalytic reduction of CO, to CO. a, UV-vis spectra of clusters 2 and 3c in pentanol at 70 °C over
12 h. Cluster 2 decomposes to nanoparticles, evident by the loss of molecular signals at 405 and 310 nm and growth of the signal at 550 nm, while 3c is
completely stable. b, Nanoclusters 2, 3a, 3b and 3c before and after thermal treatment showing the decomposition of 2, 3a and 3b while nanocluster 3¢
remains intact. ¢, Catalytic activity and selectivity of nanoclusters 2, 3a and 3c in the CO, to CO reduction showing that nanocluster 3c has the highest
Faradaic efficiency for CO, the highest current density and the highest mass activity among the nanoclusters tested. Although Faradaic efficiency seems
independent of applied current, catalytic activity (as assessed through current density and mass activity) is highest at —=1.0 V (versus reversible hydrogen

electrode, RHE).

change colour from yellow (clusters) to purple (nanoparticles) after
heating in pentanol (Fig. 5b). The relative stability of the clusters
is thus 2<3a<3b<3c. TGA-MS studies also showed that 3¢ was
the most stable of all clusters, with onset of ligand loss occurring
15-20°C higher than all other clusters (Supplementary Figs. 60-64).

With a detailed understanding of structure and stability in hand,
we examined these clusters as catalysts for the electrocatalytic
reduction of CO, to CO (Fig. 5¢)*-*. This is an important reaction
because CO is the key component in many high-volume carbon-
carbon bond-forming reactions such as the oxo reaction and the
Cativa process.

Nanoclusters 2, 3a and 3¢ were dissolved in a mixture of isopro-
panol and toluene (1:2vol/vol) and deposited on carbon-paper elec-
trodes with a catalyst loading of 0.25mgcm™2. The electrodes were
then dried at room temperature before activating in air by heating
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to 180°C for 2h. This temperature was coincident with changes
in the TGA-MS of the nanoclusters that are attributed to loss of a
phosphine ligand (Supplementary Table 13 and Supplementary
Figs. 61-64). Lower temperatures resulted in significantly lower
activity, and longer treatment (6h) at 180°C was also detrimental
(Supplementary Fig. 66).

Electroreduction of CO, was performed using a three-electrode
system, with Ag/AgCl and Pt mesh used as reference and coun-
ter electrodes, which were submerged in a CO,-saturated, 0.1 M
KHCO, electrolyte solution. During the reaction, CO, was intro-
duced by bubbling the gas through the electrolyte at 15 standard
cubic centimetres per minute, and the product gases were analysed
by gas chromatography.

As shown in Fig. 5¢, nanocluster 3¢ outperformed all-phosphine
cluster 2 and cluster 3a bearing an isopropylated NHC. Nanocluster
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3c affected the electrocatalytic CO, reduction with the high-
est Faradaic efficiency (selectivity for CO production versus H,).
Similarly, cluster 3¢ had the highest current density (mA cm™) and
mass activity (Ag™) of all clusters tested, at all voltages employed
(Fig. 5¢), with the greatest differences being observed at —1.0V
(versus RHE). Higher loadings of this nanocluster on the surface led
to decreased performance, suggesting that more highly dispersed
nanoclusters are more active than any agglomerated species that
may form (Supplementary Fig. 67).

Compared with previously reported related NHC-functionalized
nanoparticles, nanocluster 3¢ displays similar levels of Faradaic effi-
ciency and current density, although at more negative voltages*>**.
The best nanostructured catalysts in the literature again give similar
results, but at lower overpotentials, as a consequence of high catalyst
loadings™"”. With the high mass activity already observed for 3c,
performance improvements would be expected through the use of
higher-surface-area supports such as carbon nanoparticles®.

To ensure that CO, is the source of the observed CO, the reac-
tion was carried out with ®C-labelled CO,. Analysis of this reac-
tion by gas chromatography-mass spectrometry (GC-MS) analysis
(Supplementary Fig. 65) shows clear incorporation of the isotope into
carbon monoxide (*CO, m/z=29), confirming that the CO is pro-
duced from CO, by comparison with CO obtained from *CO, where
GC-MS analysis gave an m/z of 28 mass units for '*CO. Only trace
amounts of formate were observed after prolonged exposure (1%),
illustrating the high selectivity of the reaction (Supplementary Fig. 68).

Interestingly, cluster 3c is the only cluster of those examined that
retained its structure and did not decompose to nanoparticles fol-
lowing extended thermal treatment. This observation leads to the
intriguing possibility that having an intact nanocluster is impor-
tant for catalytic activity, and illustrates the advantage of employing
molecular species such as clusters as catalysts. It should be noted
that NHC substitution does not uniformly lead to improved cata-
lysts because cluster 3a was outperformed by all-phosphine cluster
2. Although the precise reasons for this difference are not presently
clear, it may be that comparisons across cluster types are not as valid
as comparisons within the NHC series 3a, 3b and 3¢c. However, it is
clear that the most stable cluster examined (3c) also gives the high-
est activity.

Conclusion

We have reported an example of the use of NHCs to stabilize gold(0)
nanoclusters. The introduction of the NHC can be accomplished
by a simple displacement reaction employing benzimidazolium
hydrogen carbonate salts. The number of NHCs introduced is con-
trollable by NHC structure, equivalents and reaction conditions.
The structures of the NHC-containing clusters were predicted
by DFT and confirmed by a combination of mass spectrometry,
NMR, EXAFS, XANES, UV-vis spectroscopy and single-crystal
XRD. The stability of the NHC-containing clusters was assessed
by treatment at high temperature in a variety of solvents and by
CID-MS and TGA-MS. NHC-containing clusters were found to be
more stable than the all-phosphine clusters, with absolute stabil-
ity dictated by the nature of the NHC. The performance of various
clusters in electrocatalytic CO, reduction was found to correlate
with cluster stability, with the most stable cluster having the high-
est Faradaic efficiency, catalytic activity and current density. These
observations suggest that these novel NHC-stabilized gold clusters
can have quantifiable benefits for electrocatalytic performance,
which can be enhanced even further due to an atomically precise
understanding of their structure.

Methods

In a two-neck flask equipped with a condenser and an argon balloon, a mixture
of [Au,,(PPh;),CL]Cl (2) and the corresponding benzimidazolium hydrogen
carbonate (1x) were dissolved in THF (1 ml of THF per 1 mg of 2). The resulting
mixture was heated at 70 °C for 2 h before being cooled to room temperature.

The solvent was removed in vacuo to give an orange solid, which was dissolved
in dichloromethane (DCM) and passed through a Celite plug to remove any
insoluble orange particles. The solvent was evaporated under an air stream

or by rotary evaporator and the resulting orange solid was triturated with

Et,O (2 X 5ml) to remove triphenylphosphine oxide. The resulting clusters were
dissolved in a minimum amount of DCM to give a red solution, which was
loaded onto a silica gel column packed with DCM/MeOH (25:1 vol/vol).

The product was eluted with DCM/MeOH (9:1v/v) to give the desired cluster as
ared solid after solvent evaporation in vacuo. For details of specific experiments
see Supplementary Information.

Data availability

Spectral and purity data are available for all new compounds, along with original
NMR, MS, XPS, UV-vis, DFT, TGA-MS and electrochemical data. Single-crystal
X-ray crystallographic data are included for cluster 3a, while crystallographic data
for cluster 3a have been deposited at the Cambridge Crystallographic Data Centre
under deposition no. CCDC 1878623. Copies of the data can be obtained free

of charge via https://www.ccdc.cam.ac.uk/structures/. All other data supporting
the findings of this study are available within the Article and its Supplementary
Information, or from the corresponding author upon reasonable request.
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4 Computational studies

DFT calculations were run as implemented in the GPAW package.'? The wave functions were
converged in a real-space grid basis with spacing of 0.2 A, and the exchange-correlation
effects were modelled using the PBE functional.’® The optimal exchange site was investigated
by replacing the phosphines of Au11(PPhs)sClz by carbene ligands manually one by one and
finding the minimum-energy atomic configuration for each species. The relaxation was
performed in a computational cell with 6 A of vacuum around the outermost atoms of the
cluster, and the configuration with maximum force of 0.05 eV/A on a single atom was sought.
To compensate for the absence of the counter-ion, the calculations were run with +1 charge
for each cluster. The atomic coordinates for the initial structure of Aui1(PPhg)sCl> were
obtained by relaxing the crystal structure reported.2 While all eight single substitutions for
different sites were examined for all the three types of NHC (1a—c), only the most plausible
isomers were studied of the di-substituted species (4c¢), the choice being based on the
energetics of the mono-substitutions. To obtain the energy changes in Table 7 and Table 8,
the molecules in formula (1) were relaxed and the sum of potential energies of the reactants
was subtracted from the sum of potential energies of the products. The optical spectra were
calculated for the relaxed atomic structures using linear-response time-dependent DFT (LR-
TDDFT), as implemented in GPAW. The transitions were calculated up to 5 eV (~ 250 nm)
and the delta peaks for each transition were broadened as a Gaussian function with a width
of 0.1 eV.

Table 7: Reaction energies from DFT calculations for the formation of mono-substituted
clusters (3a-c) via reactions of the type [Au11(PPhs)sClz]* + NHCR — [Au11(PPhs)7NHCRCI,]* +
PPhs at different ligand sites P1-8 (ligand site labelling is shown in Error! Reference source
not found.).

Position Potential energy (eV)

3a (R = iPr) 3b (R = Et) 3¢ (R = Me)
P1 —0.64 —0.37 —0.47
P2 ~0.93 -0.82 ~0.80
P3 —0.73 -0.75 ~0.74
P4 ~0.55 ~0.59 ~0.60
P5 ~0.41 -0.16 ~0.54
P6 ~0.40 -0.32 ~0.47
P7 ~0.75 —0.44 ~0.67
P8 +0.05 -0.25 ~0.46

Table 8: DFT-based HOMO-LUMO gaps of the mono-NHC substituted clusters (3a-¢) with
NHC-substitution at different ligand sites P1-8 (ligand site labelling is shown in Error!
Reference source not found.).

HOMO-LUMO gap (eV)

Position 3a (R = iPr) 3b (R = Et) 3c (R = Me)
P1 1.91 1.92 1.90
Po 1.96 2.00 2.01
P3 1.90 1.89 1.91
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P4
P5
P6
P7
P8

1.81
1.86
1.81
1.81
1.95

1.83
1.97
1.88
1.94
1.91

1.82
1.95
1.86
1.95
1.89

*un-substituted cluster 2 has a HOMO-LUMO gap of 1.95 eV
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Figure 52: a: DFT-predicted structure and b: observed crystal structure of cluster 3a. The
NHC is substituted to the phosphine position P2. The only difference in the structures a and b
are in the packing of the phosphine phenyl rings in the ligand layer.

— 3a (EXP)
—— 3a (DFT opt)
— 3a (DFT)

Intensity

300 400 500

Wavelength (nm)
Figure 52: Calculated UV-Vis spectra of NHCPr-substituted clusters 3a (blue) using the X-ray
structure, and experimental UV-Vis spectrum of 3a (black). The green curve (labeled as DFT
opt) is calculated for the structure that is relaxed before the optical response calculation. The

calculated spectra are shown for the most energetically favourable isomers of the substituted
clusters.
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Figure 53: Transition contribution map (TCM) images of (a) the 500 nm peak and (b) the 350
nm peak in the computed, non-shifted UV-Vis spectrum of 3a. The unshifted peak at around
500nm in Figure a corresponds to transitions from the HOMO states, that are s-valence states
of Au, to the unoccupied states of the phenyl rings of the PPhs groups. The peak in Figure b
shows that the absorption at 350 nm mostly comprises of transitions from the Au d-states to
the same phenyl states. Spectral analysis of the relaxed structure was conducted using the
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Table 9: Reaction energies from DFT calculations for the formation of di-substituted cluster
(4b) via a reaction of the type [Au11(PPhg)sClao]* + 2 NHCE — [Au11(PPhs)s(NHCE)Clo]* + 2

PPhs at different ligand sites P1-8.
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Potential energy (eV)

Positions 4b (R = EY)
P2 P3 -1.33
P3 P7 —1.29
P2 P4 -1.25
P2 P7 —-1.24
P3 P4 -1.14
P4 P5 -1.06
P1 P4 -1.04
P1 P7 -1.01
P4 P7 -0.91
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ABSTRACT: Magic number Au,; nanoclusters stabilized
entirely by N-heterocyclic carbenes (NHCs) have been
prepared by the bottom-up reduction of well-defined
molecular NHC-Au-Cl complexes with sodium borohy-
dride. The nature of the wingtip groups was shown to
be critical in the preparation of stable clusters. The all
NHC-clusters are prepared in high yield by this straight-
forward method, display higher stability than related all
phosphine clusters, and possess extremely high emis-
sion quantum yield. DFT analysis of these clusters based
on the resolved crystal structure reveals their electronic
structure as 8-electron superatoms.

Metal nanoclusters are atomically-precise class of na-
nomaterials that, unlike metal nanoparticles, feature
precise structures and discrete molecular orbitals and
electronic transitions.' Since the ground-breaking re-
port from Kornberg of a crystallographically character-
ized Au,02(SR)., cluster in 2007, ** nanoclusters contain-
ing up to 333 Au atoms have been reported.’ The stabil-
ity of these clusters is explained with the “superatom”
theory first described by Héakkinen and collaborators,
which predicts structure based on closed electronic
shell configurations.” * This property differentiates
"magic number" clusters from coordination clusters, the
latter featuring Au(I) centers held together via aurophil-
lic interactions and bridging X-type ligands.’

Thiols have long been the ligands of choice for super-
atom nanoclusters.® L-type ligands such as phosphines
can also be employed, although these ligands are not as
omnipresent as thiolates.” Clusters in which the only
ligands are NHCs are limited to a handful of examples.
In seminal work, Sadighi® and Bertrand® showed that
mixed valence NHC clusters (Au(o/1)) can be prepared
by reaction of carbon monoxide with Au carboxylates or
ps-oxo Au clusters (Figure 1A). NHC-stabilized coordi-
nation clusters with gold atoms in the +1 state have been
reported by Corrigan®™ and Shionaya,” but thus far,
there have been no examples of all-NHC magic number

Au(o) nanoclusters. Considering the high activity of
Au(o) clusters in catalysis' biomedicine, sensing, imag-
ing, optics and energy conversion®, and the rising in-
terest in the use of NHCs as stabilizing ligands for metal
surfaces,” access to these unique structures is of signifi-
cant importance. Our groups recently succeeded in in-
troducing NHCs into the known phosphine-stabilized
Au, nanoclusters via a ligand exchange approach (Fig-
ure 1B).” The number of NHCs introduced could be
tuned in the range of 1-5, but complete replacement was
not possible.

Herein we describe a straightforward, high yielding
synthesis of gold (o) superatom clusters functionalized
by all NHCs along with their structure determination by
X-ray crystallography (Figure 1C). These clusters have
unique photophysical properties, including among the
highest quantum yields reported for gold nanoclusters.”®

A. Mixed valence NHC clusters
L

AQU —|+ L —|+ L —|+

Au Co o
og e L O
Al O-AuL -2c0, AUTAY -CO,  AU-Au_
|_/ 4 L

L = NHC (Sadighi) L = CAAC (Bertrand)
B. Top down preparation of mixed phosphine/NHC clusters
HCO5~
RNSN-R

[Auy(PPhy)CL)Y  —————  [Auy(PPh;),(NHC)Cl)2+

C. This work: Bottom-up preparation of superatom Au NHC clusters
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Figure 1: NHC-containing Au clusters. A: NHC-stabilized
mixed valence Au(o/1) clusters; B: Mixed phosphine/NHC-
stabilized Au(o) clusters; C: All NHC-stabilized Au(o) clusters.
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We and others have previously shown that the wingtip
groups on the NHC are of paramount importance in
terms of bonding modes to planar gold surfaces.”® ™
In the synthesis of NHC-containing nanoclusters, we
also showed that the nature of the NHC ligand had a
large effect on the substitution chemistry, with benzyl
substituents providing the cluster with the highest ex-
tent of NHC for phosphine subsitution.” In a key com-
putational paper, Tang and Jiang” have predicted that
aromatic wing-tip groups will provide considerable sta-
bilization when NHCs bind to surfaces of all types, but
that when unusually bulky NHCs are employed, the
number that can be introduced around a gold core is
limited.

In recent work from our group where a displacement
reaction was used to prepare mixed NHC/phosphine
gold clusters, we found that the use of benzylated NHCs
gave the largest number of NHCs on the cluster under
comparable conditions. Based on this, the Jiang predic-
tions, and the likelihood of m-m interactions stabilizing
the cluster, we targeted benzylated NHC 1a as our first
choice for the first de novo synthesis of Au-NHC
nanoclusters.

Precursor synthesis began with the preparation of mo-
lecular NHC-Au-Cl complexes. In addition to benzim-
idazolium salt 1a, we also examined related salts 1b-f,
which have aromatic substituents on the wing-tip
groups. The desired gold complexes could be produced
easily and in high yield by the reaction of commercially
available Me,S-Au-Cl with benzimidazolium salts (1a-
e) in the presence of K,CO;, following the work of Nolan
and co-workers for the preparation of related Au-NHC
complexes (Equation 1).”° The use of these simple com-
plexes as starting materials for cluster synthesis already
presents an advantage vs. thiolate chemistry, where re-
duction is performed on an ill-characterized and likely
polymeric mixture of sulfur-bridged species.®”

R cr R
~~N Me,S-Au-Cl, K,CO ~~N
EI» 2 23 (:[ »—Au-Cl (1)
Z N Acetone, 60 °C, 4-24h 7 N
1a-e R R 2a-e

(a)R =Bn (b) R = CHy(4-MeCgH,)
(c) R = CHy(2-MeCgHy) (d) R = Ph (as BF, salt)
(e) R = CHx(2-Np)

With NHC-Au-Cl complexes 2a-e in hand, we opti-
mized the conditions for cluster synthesis with 2a using
NaBH, as the reducing agent. Initial results were prom-
ising, with UV-vis data indicative of the presence of
clusters rather than nanoparticles. After investigating a
variety of conditions, we eventually settled on reduction
at o °C, followed by warming to room temperature and
treatment with HCl, taking inspiration from the work of
Konishi on phosphine-Au clusters (Equation 2).”

Examining the clusters by UV-visible spectroscopy

and ESI-MS before and after HCI treatment was highly
instructive (see S.1.). ESI-MS analysis showed that even
the crude material contained only molecular species
and Au,; clusters, with no other significant cluster spe-
cies detected. No significant changes were detected by
ESI-MS after HCI treatment. The UV-vis spectra, how-
ever, were significantly sharper after HCl treatment (see
S.I.). This suggests that the effect of HCl is not to focus
cluster size, but rather to enhance the purity of the clus-
ter in terms of ligand arrangement.”

R
@N;- D NaBRe 070, b a(NHO)CIP*
> Au-Cl u 2
N 2) Conc. HCI (1 6q) [Au13(NHC)oCI3]" (2)
\ rt.1h 3a
R
2a

The molecular formula of the cluster was determined
to be [Aus(NHC),CL;]**, by ESI-MS analysis (Figure 2).
This formula yields 8 delocalized electrons left in the
gold core, in agreement with the predictions for an en-
hanced stability from the superatom theory,? and is also
closely related to the cluster [Aus(NHC),,CL]*" pre-
dicted by Tang and Jiang.”
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Figure 2: UV-vis spectrum (left) and ESI-MS (right) of
[3a][PFe]-

Structural characterization of cluster 3a was achieved
by anion exchange to yield the related PFs cluster,
[3a][PFs)., followed by crystallization from a supersatu-
rated acetonitrile/diethyl ether solution. Under these
conditions, single crystals of suitable quality for X-ray
diffraction analysis were obtained. As shown in Figure
3, the cluster is comprised of an icosahedral Au,; core
with one gold atom at the center, with the remaining
gold atoms bound to either chloride or NHC ligands.

Figure 3: Molecular structure of [3a][PFs], with ellipsoids
shown at 30% probability level. Anions and hydrogen atoms



have been removed, and phenyl rings from wingtip groups
shown as wireframe for additional clarity. For additional repre-
sentations, and all bond lengths and angles, please see Sup-
porting Information. Colour key: carbon (grey); nitrogen
(blue); chlorine (green); gold (yellow).

As expected, the NHCs are bound via a single Au-C
bond, with Au-C and Au-Au bond lengths within ex-
pected values (For more details, see Supporting Infor-
mation). In addition to providing clarity on the core Au
structure, the X-ray crystallographic data also show the
importance of interactions between the ligands. The
cluster contains multiple CH-m and n-m interactions be-
tween the benzyl substituents and both rings of the ben-
zannulated NHC core (see Supporting Information).
The structural rigidity implicated by these interactions
is likely responsible for the presence of long lived ex-
cited states (vide infra).

Through the use of ®C labeled NHC precursors, we
were able to identify the carbon-gold bonds as occur-
ring in the 200-214 ppm range, consistent with the ob-
servation of the ®*C NMR signal for the single NHC in
the mixed cluster [Au,(NHC)(PPh;),CL]Cl at 209 ppm.”

In order to test the generality of the cluster synthesis,
and the importance of the benzyl groups, we subjected
NHC-Au-Cl complexes 2b-2e to the same reducing
conditions followed by HCl treatment. The procedure
was found to be general, but the clusters produced are
highly sensitive to the steric constraints of the wingtip
groups. For example, Au complex 2b, in which methyl
groups are introduced onto the para position of the ben-
zyl groups, still gives Auy clusters, as judged by UV-vis
spectra and ESI-MS analysis. Complex 2¢, which con-
tains an ortho methylated benzyl group, was also exam-
ined. This more hindered precursor gave slightly differ-
ent clusters with the molecular formula
[Auis(NHC™)sCl,]*, accompanied by other species, indi-
cating the significant effect of sterics. Consistent with
this, aryl rings attached directly to the ring as in 2d were
completely ineffective, giving no nanoclusters and illus-
trating the importance of flexibility in the NHC wingtip
groups. NaphthylCH,- substituents were tolerated,
with complex 2e giving Auy cluster 3e in good yield.

With three new NHC-stabilized Au,; clusters in hand,
we turned to a study of their properties. The thermal
stability of the various clusters was assessed by heating
acetonitrile solutions of the clusters while examining
changes to their UV-vis spectra. For comparison, the all
phosphine cluster [Au,(PPh;)sCl,]Cl (4)* was subjected
to the same thermal treatment. As shown in Figure 4A,
the all phosphine-protected cluster underwent full de-
composition, while clusters 3a and 3e retained much of
their initial colour. Further analysis by UV-vis spectros-
copy (Figure 4, panels B-D) illustrated that phosphine
cluster 4 completely decomposed after 4 hours. By com-
parison, all NHC-protected cluster 3a showed only
slight decomposition over the same time frame, and

cluster 3e shows virtually no decomposition (Figure 4,
panel D).

This improved stability is consistent with TGA analy-
sis of the clusters, which demonstrate some loss of lig-
and at 235 °C and complete desorption at 585 °C. In con-
trast, for cluster 4, ligand loss begins at 150 °C and com-
plete loss of ligand is complete at 245 °C (see S.I.).
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Figure 4: Study of Au clusters 4, 3a and 3e before and after
20h of heating in acetonitrile at 70 °C. A: visuals of clusters
before and after heating; B: UV-vis spectra of
[Auu(PPhs)sCL]Cl from o-20h heating; C UV-vis spectra of
[Au(NHC™)CL,]** (3a) from o0-20h heating; D UV-vis spectra
of [Au(NHC P)4CL;]** (3€) from o-20h heating.
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The structural and electronic properties of 3a, 3¢, and
3e were examined by DFT, using the crystal structure of
3a as a starting point (technical details in SI). The bind-
ing energy of the NHC ligand in 3a evaluated from the
PBE functional (1.99 eV) is about the same magnitude
as a typical Au-SR bond, but being clearly higher than a
typical Au-PR; bond (by about 1 €V). When van der
Waals interactions in the ligand layer are accounted for
(BEEF-vdW functional), the predicted Au-NHC bond
strength increases to 2.62 eV in 3a.

Compounds 3a, 3¢, and 3e all have a very similar
HOMO-LUMO energy gap of about 2.0 eV, reflecting
the expected electronic stability of the 8-electron con-
figuration (Figures 5, S.1.). The Kohn-Sham orbitals near
the Fermi level show distinct symmetry properties when
projected to the I point group in the volume of the gold
core (see S.I). The HOMO, HOMO-1 and HOMO-2
states have triply degenerate T,, symmetry correspond-
ing to the p-type spherical orbitals as expected for an 8-
electron superatom. The first few unoccupied states
have H, symmetry corresponding to five-fold degener-
ate d-states in spherical representation, Cl ligands break
both the T, and H; states by lowering the symmetry
from the core-Iy to C;.

The calculated UV-vis spectra of 3a, 3¢, and 3e were in
good agreement with the experimental data concerning



the location of the optical gap and the few visible ab-
sorption peaks (see S.I.). The superatom electronic
structure predicts dipole-allowed HOMO->LUMO as
the lowest optical transition as also confirmed from the
spectral analysis (see S.I.). We also examined the first
excited states where an electron is excited from the
HOMO to the LUMO state by forcing the occupation
numbers accordingly in the spin-polarized DFT calcula-
tion and relaxing the system with the PBE functional.
The excited states of 3a and 3e were 1.68 eV and 1.61 eV
higher in energy compared to the ground state, respec-
tively. These energies correspond to 738-770 nm in wave
length, in a excellent agreement with the observed
emission spectra as discussed next.
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Figure 5: I symmetry-projected electronic density of states
(SPDOS) of 3a. Energy zero is at the center of the HOMO-
LUMO gap. HOMO and LUMO orbitals are visualized.

Fluorescence excitation emission matrix (EEM) spec-
troscopy studies on 3e are shown in Figure 6. Im-
portantly, the excitation spectrum of 3e matches very
well with the absorbance spectrum for the same com-
pound (Figure 4D). The quantum yield of fluorescence
was also determined from EEM spectra (Figure 6B) with
excitation matched to the standard, zinc phthalocya-
nine. Clusters 3e and 3a boast impressive emission
quantum yields of 27% and 10%, respectively, making
these some of the highest quantum yields ever recorded
for gold clusters. The absorbance and/or emission onset
can be used to estimate the HOMO/LUMO energy gap
to be 616 nm (2.03 eV), in excellent agreement with DFT
results (see S.1.), (see supporting information for more
detailed analysis).* This is a further indicator of the pu-
rity of the clusters, and confirms that de-excitation of
the superatom excited-state is responsible for the in-
tense emission observed.”

In conclusion, we have reported the preparation of an
all-NHC stabilized superatom Au,; cluster as a novel ex-
ample of an 8-electron superatom with unusually high
emission quantum yield and superior thermal stability
to related phosphine-protected gold clusters.
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Figure 6. Fluorescence characterization of compound 3e,
Emission spectrum (with 420 nm excitation) and excitation
spectrum (monitoring 730 nm emission) for 3e. Inset: 3D EEM
spectra of 3e. illustrating the colour and the high quantum
yield of emission under visible and UVA light.
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at sub-molecular resolution

Qin Zhou1'2, Sami Kaappa 3, Sami I\/\alola3, Hui Lu2, Dawei Guanz, Yajuan Li2, Haochen Wangz,
Zhaoxiong Xie!, Zhibo Ma?, Hannu Hakkinen® 3, Nanfeng Zheng® ', Xueming Yang?* & Lansun Zheng!

High-resolution real-space imaging of nanoparticle surfaces is desirable for better under-
standing of surface composition and morphology, molecular interactions at the surface,
and nanoparticle chemical functionality in its environment. However, achieving molecular or
sub-molecular resolution has proven to be very challenging, due to highly curved nanoparticle
surfaces and often insufficient knowledge of the monolayer composition. Here, we demon-
strate sub-molecular resolution in scanning tunneling microscopy imaging of thiol monolayer
of a 5 nm nanoparticle Ags;4 protected by tert-butyl benzene thiol. The experimental data is
confirmed by comparisons through a pattern recognition algorithm to simulated topography
images from density functional theory using the known total structure of the Agssa
nanocluster. Our work demonstrates a working methodology for investigations of structure
and composition of organic monolayers on curved nanoparticle surfaces, which helps
designing functionalities for nanoparticle-based applications.
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eal-space imaging of nanoparticles is instrumental for

understanding the correlations between size, shape, com-

position, structure, and stability. These fundamental
properties define functionalities for applications in areas, such as
catalysis, drug delivery, bio-sensing, and theranostics’>. Most
metal and semiconductor nanoparticles are made by wet chem-
istry using surface-stabilizing molecules that build an organic
overlayer on the nanoparticle surface; consequently, knowing the
detailed properties of this overlayer is crucial for understanding
how nanoparticles interact with their environment’. While great
progress has been made in imaging organic molecules on flat
surfaces via atomic force (AFM) and scanning tunneling (STM)
microscopies, with resolution extending down to a single intra-
molecular covalent bond*-?, achieving even a molecular resolu-
tion at nanoparticle organic surface has proven to be extremely
challenging!9-17. These challenges arise from the highly curved
nanoparticle surface leading to spatially dependent tip-convolu-
tion, inhomogeneity of nanoparticle size and shape, insufficient
knowledge of the composition of the nanoparticle organic surface,
and from the difficulty to produce accurate theoretical modeling
for AFM or STM imaging due to lack of reliable atomic-scale
nanoparticle models.

Atomically precise metal nanoclusters, composed of 1-3 nm
noble metal cores and an organic monolayer of thiols, phos-
phines, or alkynyls, have emerged in recent years as an interesting
sub-class of extremely well-defined nanoparticles with total
structures available from single crystal X-ray crystallography!8-20,
Recently, synthesis and the total structure of a large silver
nanocluster of composition Ags;4(SR)113Br,Cl, (SR =SPhC
(CHa)3) = tert-butyl benzenethiol, TBBT) was reported?!. The
Ags, nanocluster has a decahedral silver core of about 3 nm in
diameter, and the total diameter of the particle is about 5nm
(Fig. 1a, b). Density functional theory (DFT) calculations on this
cluster indicated a metallic behavior with a continuous density of
electron states at the Fermi level, and experimental UV-Vis
spectroscopy revealed a strong plasmonic absorption at 465 nm
(2.67 eV)?l. The Ags;4 nanocluster serves thus as a model of a
large metallic nanoparticle, yet structurally known to atomic
precision.

Here, we show that it is possible to achieve a sub-molecular
spatial resolution in STM imaging of topography of the TBBT
surface of Ags;4 nanoclusters in ultra-high vacuum (UHV) con-
ditions at both liquid Helium (LHe) and liquid Nitrogen (LN)
temperatures. Spatial recognition of single CHj; units of SPhC
(CHs); at the nanocluster surface is corroborated by comparisons
to a set of STM images of individual TBBT molecules at various
orientations on Au(111) surface, as well as to DFT simulations of
topography images based on the known atomic structure of
Ag374(SPhC(CH3)3),13Br,Cl,. We  demonstrate, provide, and
discuss an algorithm to automatically suggest the closest matches
between simulated STM images and the experimental data, based
on principles in “facial recognition”.

Results

Nanocluster synthesis and characterization. The Ag;;,
nanoclusters were synthesized and characterized (Supplementary
Fig. 1) as described previously?!, deposited on dithiol-modified
Au(111) surface at ambient conditions and quickly transformed
to a UHV-STM chamber (see Methods for details). The clusters
formed a disordered monolayer as shown in Fig. 1c. The particles
show almost the same apparent height (about 3 nm) but present
rather different widths and shapes induced by tip convolution
effect depending on the surrounding as well as their orientations.
We applied a simple method to extract the real nanocluster
diameter from STM images. First, we located an area containing

an ordered compact nanocluster array with at least three particles
at the same altitude, as shown in Fig. 1c. Second, each Ags;4 was
identified (indicated by blue dashed circles in Fig. 1c). Excluding
the last particle of the array, the height profile along the row of
clusters exhibits regular oscillations at about 5 nm intervals which
is taken as the true size, free from convolution effects (red line,
profile (1), in Fig. 1d). This size corresponds well to the cluster
diameter determined from the crystal structure. On the other
hand, height profile taken across the cluster line indicates cluster
diameter of about 10 nm; this value includes the tip convolution
effect (black line, profile (2), in Fig. 1d).

We found that continuous scanning of the same sample area
improved both the sample stability and the spatial resolution
(Fig. 2). We started with higher setpoint currents of 40-30 pA for
a typical bias voltage of —1.2V (meaning that the STM tip
scans closer to clusters) and eventually reduced the setpoint
current to 10 pA. During the scans at higher currents, we noticed
movement of less stable clusters away from the sample area
(removed by the tip), as well as gradual increase of the spatial
resolution of topography features at the cluster surfaces. With
the final setpoint values of —1.2V and 10 pA, the images were
stable at 20 min time scale over a few scans. This pertained to the
individual topography features at the same cluster surface to a
very high degree independent of the scanning directions
(Supplementary Fig. 2).

DFT calculations and STM topography simulations. Large-scale
DFT calculations by using the GPAW software?> were made
to solve the ground-state electron density of Ag;;,(SPhC
(CH3)3)113Br,Cl, in its determined X-ray structure?!, and the
Tersoff-Haman method?® was used to simulate STM topography
of Ags4’s organic surface (see Methods for details). Representa-
tive DFT-topography image and height profile across the cluster
surface, calculated using typical bias voltage and current values of
the experiment, are shown in Fig. 3a, b, respectively. DFT gave an
apparent size of one TBBT ligand as 0.6 nm and indicated that
each methyl group in the ligand is visible, with peak-to-peak
distance of about 0.3 nm. Imaging of single TBBT molecules
adsorbed on Au(111) surface provided valuable additional
information of various modes of appearance (Supplementary
Fig. 3). As shown in Fig. 3¢, in most cases only one or two of the
methyl groups were seen due to the tilt angle between TBBT and
the surface, but the peak-to-peak distance was in the range of
0.3-0.4 nm (Fig. 3d), consistent with the DFT results in Fig. 3a, b.

Confirmation of sub-molecular resolution. Encouraged by these
observations, we turned to systematic analysis of several high-
resolution STM images of Ags;, taken at LHe temperature; a
typical example is shown in Fig. 3e-h. As shown in Fig. 3e, the
topography at the center area of the cluster, where tip convolution
effects are minimal, featured rather regular maxima and minima,
with peak-to-peak distances ranging from 0.3 to 0.6 nm (Fig. 3f).
Concentrating on 11 locations at the cluster surface, we were
additionally able to identify local configurations of maxima/
minima that closely resemble individual TBBT molecules on
the Au(111) surface (Fig. 3g, h). All this evidence points unam-
biguously that single methyl groups produced the topography
variations in our image data, i.e., we achieved the sub-molecular
resolution.

We did a similar analysis of Ags;, topography data taken at
LN, temperature (Supplementary Figs. 4-6). Comparison of
images taken from the same sample area during continuous
scanning showed fewer sharply identifiable ligands and somewhat
less sharp peaks in the height profile compared to data measured
at LHe temperature, as expected. However, the main features of

2 | (2018)9:2948 | DOI: 10.1038/s41467-018-05372-5 | www.nature.com/naturecommunications



NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05372-5 A RTl C LE

d : :
32} — (1)
[— )
2.4 @
€
£ 16
5
3 08
I
00f
08} , ‘ \
0 10 20 30

Distance (nm)

Fig. 1 Total structure of Ags;4 nanoparticle and its appearance in STM imaging. a, b Complete cluster structure shown in a plane perpendicular to a five-
fold rotation axis and a plane parallel to the five-fold axis, respectively (from ref.2!, copyright 2016 SpringerNature). ¢ STM topography image of Ags74
at LHe temperature. Scan size: 25.1x 25.1nm?2, bias and setpoint current: 1.2 V and 30 pA. Blue dashed circles indicate nanoclusters with a defined size
(diameter 5nm) and their locations. d Height profiles taken along the red and black lines in ¢

Fig. 2 Repeated imaging of the same sample area increases the resolution. Bias, setpoint current, scan size: a, b —1.2'V, 30 pA, 23.7 x23.7nm2 ¢ —1.2V,
20 pA, 23.7 x23.7 nm?2d —12V, 20 pA, 12.0 x12.0 nmZ2e —12V, setpoint current change from 20 to 10 pA at the marked scan line, 12.0 x 7.8 nmZ; and
f —1.2V, 10 pA, 12.0 x 12.0 nm2. Red circles indicate unstable clusters and some were removed by tip in in a, b . Repeated imaging of the same area with
decreasing setpoint current improved the spatial resolution markedly. Images taken at the LHe temperature over the course of 7 min/image
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Fig. 3 DFT simulations and high-resolution imaging. a DFT calculated STM image for Ags,4 by using the known atomistic structure of the nanocluster!”.
Image area: 5x5nmZ2. The image has been simulated by using voltage and current settings of —1.4 V and 20 pA, respectively. Black arrows indicate
individual methyl groups. b Height profile taken along the blue line in a. The three arrows show positions of the same methyl groups as shown in a. ¢ STM
topography images of single TBBT molecules in various orientations bound to an Au(111) surface. Image settings: (1,2) 1.0 V, 30 pA, 1.51x 1.51nm?; (3-5)
1.2V, 60 pA, 1.50 x 1.50 nm?, all at LN, temperature. (Zoomed in from different large images, the resolution had small deviation.) d shows height scans
of the molecules as marked in ¢ by numbers 1-5. e A topography image of Ags,4 at submolecular resolution (bias: —1.2 V, current: 10 pA, scan size:
4.81x 4.81nm2). f Height profiles of the cluster along the lines marked in e. g The same cluster as in e, with 11 detailed features showing similarity to the
ligand configurations at Au(111) shown in h. STM imaging at LHe temperature
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Fig. 4 "Facial recognition” of experimental STM topography by an automated matching of simulated images. a, b Two consecutive scans (trace and
retrace) of the same Ags,4 cluster at LHe temperature (bias voltage: —1.2V, current: 10 pA). The white dots represent the extrema of the data.

¢ Visualization of the set of perspectives used to prepare the simulated STM image from the computational data. Each dot corresponds to a perspective
when the cluster lies at the center of the sphere. d Minimum correlation distances for each perspective, resulting from comparison to the extremum points
of a.The dashed line is drawn below the major feature formed by the data points. Below this threshold, the data points with the same color correspond to a
perspective very close to each other that consequently give relatively small correlation distances. Selected small-distance perspectives are connected with
lines to the respective calculated STM images (e-h) with white dots showing the extrema. i-l1 The atomistic models of the cluster in similar orientations to
e-h, respectively. X-Y scales are the same in experimental and simulated images, and are shown in A. The STM simulations were done for the voltage and

current values used in the experiment

the topography remained stable showing that sub-molecular
resolution could be achieved.

Pattern recognition between experimental and simulated
topographies. The sub-molecular resolution in the experimental
topography data encouraged us to go one step further in com-
parison between experiment and theory, by applying an idea of

“facial recognition”. By projecting the DFT-calculated local den-
sity of electronic states of Ag4 to 1665 different space orienta-
tions (Fig. 4c), we calculated 1665 simulated topography images
and compared them to experimental data (Fig. 4a), looking for
the best match with help of an automated algorithm that used
ideas for pattern recognition in machine learning. We determined
a generalized rms-distance between each simulated topography
image and experimental data based on locations of extrema
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Fig. 5 Temperature effect on simulated STM topography images of a single TBBT molecule on Au(111) surface. The images show the simulated STM
topography images by taking into account the ensemble effect of various positions of the t-butyl group at LHe (a) and LN, temperatures (b), and at 300 K
(c). The ensemble averages are calculated in each case as a weight-averaged of 20 images corresponding one 120° rotation from one potential minimum to
the next one, separated by the energy barrier of 80 meV, the weight factors coming from Boltzmann term exp(—E/kT). The averaged positions of single
methyl groups are clearly resolved at LHe and LN, temperatures but are blurred at 300 K

points in the central region of the image (where the experimental
tip convolution effects are minimal). Minimal values of the
generalized distance were used as a criterion to find the best
candidates in the simulated images. As Fig. 4d shows, only a
handful of good matches out of 1665 candidates were identified
by this algorithm, shown in Fig. 4e-h with the corresponding
atomic visualizations in Fig. 4i-1. A similar result was achieved
when we analyzed the STM topography data achieved by re-
tracing (Fig. 4b) the same Ag;,, cluster as shown in Fig. 4a: a
small sub-set from the possible 1665 orientations stands out as
giving a close correlation to the experimental data (Supplemen-
tary Fig. 7). Self-consistent tests of the reliability of the matching
algorithm, performed by taking one simulated image (out of
1665) as a reference (“experimental”) data, adding random noise
to the data and comparing that data to all other 1664 possible
simulated images, showed that the true image is found while the
random noise is kept within reasonable bounds (Supplementary
Fig. 8).

As Fig. 4 shows, the closest matches between the “best”
simulated and experimental topography images yield a typical
rms-value of 1A for the distance (that is, an extremal point in
the best simulated image is on average within 1A from a
corresponding point in the experimental data). As the simulations
pertain to strictly one (T = 0) configuration of the Ags,, cluster, it
is natural to question the role of thermal dynamics of the ligand
layer in producing noise to the experimental data in the time scale
of imaging. To address this question, we calculated by DFT
energy barriers for three different modes of motion of a single
TBBT ligand on a flat Au(111) surface: (i) rotation of the tert-
butyl group around the C-C bond, (ii) rotation of the phenyl ring
around the S-C bond, and (iii) flipping motion of TBBT with
respect to an underlying Au-Au bridge of the surface. The results
are summarized in Supplementary Fig. 9. We found that the
rotational barriers are very low for mechnisms (i), (i) described
above (80 and 40 meV, respectively), while the barrier for the
flipping motion is large, 0.27 eV. In order to apply an Arrhenius-
type estimate for the rate of rotational motion at various
temperatures, we took a typical rotational frequency of 10°1/s
considering the tert-butyl group/phenyl group as a rigid rotor.
This implies that at the LHe temperature, even the rotational
motion with the lowest barrier (rotation (ii), 40 meV) is
effectively hindered (rate of the order of 107%21/s). Rotations
can easily take place at the LN2 temperature during the imaging
timescale (rates of 103-10°1/s) and certainly at the room
temperature, where the initial handling of the nanoparticle
sample takes place. At room temperature, a flipping motion can
in principle contribute as well, although in the tightly packed

TBBT monolayer of Ags;, its energy barrier is probably
significantly larger than shown here for an isolated TBBT/Au
(111). Rotations give an average uncertainty of 0.8 A in the rms-
distance over one 120° rotation from one potential energy
minimum to the next one (Supplementary Fig. e, ). We also
studied the ensemble effect of rotations on the simulated STM
images by weight-averaging 20 STM images of evenly spaced
rotational configurations around the 120° rotation, by using the
Boltzmann weight factors exp(—E/kT). The results in Fig. 5 show
interestingly, that single CHj; groups still produce distinct
intensity maxima also at LN, temperature, but at 300K the
sub-molecular resolution is blurred since the high-energy
configurations are thermally populated by significant weights.

Discussion
Previously, successful STM imaging of individual metal
atoms?426, small metal and metal-oxide clusters?’-28, and metal

nanoparticles at near-atomic resolution?? on well-prepared flat
supports have been reported. Hybrid nanoparticles, consisting of
metal core and organic ligand layer, have been notoriously
challenging to image to high spatial resolution due to the highly
curved surface and uncertainties in the ligand monolayer com-
position. Our work demonstrates a successful approach for
investigations of the structure of organic monolayers on curved
nanoparticle surfaces at sub-molecular spatial resolution, by
combining low-temperature STM imaging with high-level DFT
simulations of STM topography data and automated comparison
of large simulated data sets to experimental data via an algorithm
based on pattern recognition. We believe that this approach will
facilitate various studies of physical and chemical properties of
ligand monolayers, such as conductance, ligand-ligand interac-
tions, and chemical reactivity with the environment, at an
unprecedented level of spatial resolution. The improved under-
standing of composition, morphology, and functionalities of
ligand layers of hybrid nanoparticles will help designing nano-
particles for applications.

Methods

Nanocluster synthesis. Ag;;, nanoclusters were prepared and crystallized

as reported in ref.!”. The crystals were stored at 4 °C in fridge to keep stable.
4,4'-Biphenyldithiol (Alfa, 97%) and 4-(t-butyl)phenylthiol (Alfa, 97%) were used
without further purification. Ethanol (HPLC) and dichloromethane (HPLC) were
used as solvent. 1 M HCI and 0.5 M H,SO4 were prepared by directly diluting
concentrated HCI (37%) and H,SO, (98%), respectively, to electrochemically polish
Au(111).

Au(111)/dithiol/Ags7, sample preparation. Au(111) substrate (MaTeck,
5x 5cm?) was cleaned by Ar™ sputtering (at 1.5 keV and 107% mbar) and
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annealing (at about 700 K) in UHV chamber after electrochemical polish in the
air. Dithiol modified Au(111) was achieved by immersing the substrate to 1 mM
4,4'-Biphenyldithiol/CH;CH,OH solution at 60 °C for 4 h in a sealed vessel isolated
from light and cleaned with pure ethanol for several times. Then 5pL 1077 M
Ags374/CH,C, solution was dropped to the dithiol-modified Au(111) substrate.
After the solvent automatically and slowly evaporated from the surface, the sample
was transferred to UHV-STM chamber.

Au(111)/4-(t-butyl)phenylthiol sample preparation. Clean Au(111) substrate
was immersed in the atmosphere of 4-(t-butyl)phenylthiol in a sealed vessel at
60 °C for 1h. Then it was transferred to UHV-STM chamber.

STM measurements. STM measurements were performed with a low-temperature
STM system (Scientaomicron), operating at a base pressure of 101! mbar. The
sample temperatures were either 7 K (LHe) or 79 K (LN,). Tungsten tip was
electrochemically etched in 5 M NaOH solution. Image processing was performed
by SPIP 6.6.0 software.

DFT calculations and STM topography simulations. The electronic

structure and STM topography images were calculated using the DFT as imple-
mented in the real-space code-package grid-based projector augmented-wave
method (GPAW)?2. The experimentally determined®! crystal structure of
Ags74[SPhC(CH3);],13Br,Cl, was used directly without atomic relaxation. The
ground state electron density was solved by using 0.25 A grid spacing and the
Perdew-Burke-Ernzerhof (PBE) xc-functional®’. STM topographs were calculated
from the partial local density of states by using the Tersoff-Hamann method?3.
1665 orientations were used, distributed evenly with 5° separation either in azi-
muthal or polar direction. Bias voltage and tunneling current were selected
according to the experimental setups.

DFT calculations on TBBT molecules on Au(111) surface were done in a x-y
periodic supercell of four Au layers in the z-direction and 64 atoms in the cell,
with one TBBT molecule relaxed at an initial Au-Au bridge position when
the bottom Au(111) was fixed. The energy calculations were done with the gamma-
point approximation. PBE functional and 0.20 A grid spacing were used.
Rotations of either the tert-butyl headgroup around the C-C bond or the
phenyl group around the S-C bond were considered (Supplementary Fig. 9a, b).
In addition, an energy barrier for a motion that flips the molecular axis to a
symmetrically identical position around the surface Au-Au bridge
(Suppelmentary Fig. 9c) was studied using the nudged elastic band method?! with
nine intermediate images and the spring constant of 0.1 eV/A, and four closest
Au atoms to S being dynamic.

Numerical comparison of STM images for pattern recognition. For each
calculated STM image, we determined the coordinates of the 20 largest local
maxima and 20 largest local minima after Gaussian smoothing of the data with
standard deviation of 0.23 A. The smoothing was performed in order to obtain
more well-defined gradients of the numerical data and thus to model the experi-
mental data in a more sophisticated way considering the local extremum points.
A point was accepted as a local maximum (minimum) if it had the maximum
(minimum) value of the data within a radius of 0.7 A. Similarly, we determined a
few well-defined extrema from the experimental data (all of the extrema are
shown in Fig. 4a, b in the main text). We concentrated the analysis to the cen-
tral part of the cluster due to aberrations near the cluster edges caused by the tip-
convolution effect.

We compared an experimental set of extremum coordinates to each
computational set as follows. The extremum coordinates were first placed into the
same coordinate system by setting the maximum height coordinates to origin. The
nearest neighbor for each experimental coordinate was sought from the
computational set, separately for local maxima and minima. Denoting the set of
extremum coordinates from the experimental data as Q and the nearest neighbors
from the calculated data as P (correspondingly ordered), the rotation and
translation matrices R and T, respectively, were sought that minimize the root-
mean-square distance between the sets Q and P’=RP + T, using the algorithm
introduced in ref.>2. The fitted distance between the coordinate sets Q and P is thus
read as

D= (Zi‘P,i*QiP/N)l/z (1)

where the summation index i runs from 1 to N that is the number of coordinates in
Q. The distance D was minimized with respect to rotations of the experimental set
of points around full circle to consider all the reasonable nearest-neighbors
between the sets of coordinates. These minima are documented in Fig. 4d for each
calculated image, compared to one of the experimental images.

Code availability. For DFT calculations and system preparation we used
open-source software available at https://wiki.fysik.dtu.dk/gpaw/. The custom-
made computer code used in comparison of simulated and experimental STM
images can be downloaded from the web link http://rjyu.fi/uNF.

Data availability

All the data of this work is available from the corresponding authors (for experimental
data, by request to zhbma@dicp.ac.cn or nfzheng@xmu.edu.cn and for computational
data, by request to hannu.j.hakkinen@jyu.fi).
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SUPPLEMENTARY FIGURES
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Supplementary Figure 1. Optical absorption of Ags74 as dissolved from crystalline phase before
depositing on the dithiol-modified gold surface.



Supplementary Figure 2. Repeated scans of the same Ags74 cluster at LHe temperature. Scan
directions are shown by the arrows. (1) and (2) in (a,b) refer to up (or down) images with
opposite scanning directions (trace and retrace) marking at left bottom which were recorded
simultaneously at a time scale of 7min. Bias voltage: -1.2V, 10pA. 5.0 X 5.0 nm. Images in (b)

(1,2) were selected in calculation in Fig. 4 as the references.
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Supplementary Figure 3. STM images of the ligand database. (a) large scale image where
TBBT molecules adsorbed on Au(111) surface with multilayers. Size: 21.5 x 21.5 nm?, bias and
setpoint current: 1.2 V, 40 pA. (b) Zoom-in image with bright individual TBBT molecules on
the outmost surface. Size: 6.38 x6.38 nm®, bias and setpoint current: 1.2 V, 60 pA. (c) Height
profile for colored lines marked in (b), which were shifted for good visual. (d) Part of TBBT
image database, each red circle (0.6 nm diameter) indicates one TBBT molecule. All the images
were digitally zoomed-in from large area images. Size, bias and setpoint current: (1-6) 1.51 X
1.51 nm, 1.2V, 60pA, (7-10) 1.50 x 1.50 nm, 1.0V, 30pA. Measured at LN, temperature.



Supplementary Figure 4. High-resolution images of Ags7s at LN, temperature. Four different
clusters showing a similar degree of high sub-molecular resolution as shown in Fig. 3 of the
main text at LHe temperature. Bias, setpoint current, scanning angle, size: (a) -1.4 V, 20 pA, 0°,
4.81 x 4.81 nm?; (b) -1.5 V, 40 pA, 0°, 4.81 x 4.81 nm*; (c) -1.5 V, 30 pA, 90°, 4.80 x 4.80
nm?®; (d)-1.2'V, 30 pA, 45°, 4.80 x 4.80 nm™.

Supplementary Figure 5. Continuous scanning of the same Agsz cluster at LN, temperature.
Scan directions are shown by the arrows. (1) and (2) in (a-d) refer to up (or down) images with
opposite scanning directions (trace and retrace) marking at left bottom which were recorded
simultaneously at a timescale of 8 min 45 sec. Size: 4.81 x 4.81 nm®. Bias and setpoint current: -
1.4V, 20 pA.
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Supplementary Figure 6. High resolution image of Ags74 and the detailed ligand information.
(a) the same as Fig. S5 b2. (¢) and (d) same as Fig. S5 b2 and d2, respectively. (b) Height
profile of colored lines marked in (a). The numbered circles 1-9 (diameter 0.6 nm) refer to local
areas shown zoomed-in in (e,f). Size: 4.81 x 4.81 nm’. Bias and setpoint current: -1.4 V, 20 pA.
(e,f) blow-up of areas 1-9 from (¢) and (d), respectively. Black circles denote local maxima.
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Supplementary Figure 7. The facial recognition of the retrace STM data (Fig. 4b). (a) Distance

analysis for the STM image in figure 4b. Selected small

distance perspectives are connected with

lines to the respective calculated STM images (b,c). The colors are the same as in figure 4d.
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Supplementary Figure 8. A test for the facial recognition algorithm. (a) The reference set of
coordinates was obtained by determining 10 maxima and 3 minima from the calculated STM
image number 600, each of which were then randomly deviated in the range [0, 1] A to a random
direction. This set of points was compared to each calculated STM image. (b) Similar to (a) with
the deviation range of [0, 2] A. The red data points correspond to a perspective very close to the
reference ie. orientation number 600.
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Supplementary Figure 9. Determining the rotational barriers and rotation probabilities of a
single TBBT molecule absorbed onto bridge site of Aulll surface. (a,b,c) [llustrations of the
different rotations that were considered: (a) Rotation of the tert-butyl head group. (b) Rotation of
the thiol around the principal axis. (¢) Rotation of the thiol around the axis parallel to the surface.
(d) Rotational barriers and temperature-dependent Boltzmann factors in the Arrhenius equation
for rotations a, b and c, referring to the corresponding images. The factors are shown for
temperatures of liquid Helium, liquid Nitrogen and 300 K. (e) Results of the extremum
coordinate comparison for 20 rotations of type a where the coordinates of the three maxima,
shown for each state in the calculated STM images (f), are compared to the initial state (state
number 0) without minimizing with respect to rotations. The maximum distance in (e) is 1.5 A
and the mean value 0.8 A. X-Y scales in (f) are shown in A.
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