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Charging properties of gold clusters in different environments
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The charge-dependent capacitance of gold clusters in the gas phase, protected by ligands and stabilized in
ionic liquids, is investigated using density functional theory. For strong compounds such as naked or monolayer

protected clusters, structural relaxation due to charging is effective only for very small species. The charge-
dependent capacitance is mainly governed by two distinct electronic factors: the change in the effective charge
centroid and the strong influence of electronic shell closings of the delocalized electrons. Both effects can be
found and explained from within a simple jellium model. In contrast, soft compounds between gold clusters and

ionic liquids undergo a structural reorganization during the charging process which results in a pronounced peak

in the capacitance at zero charge.
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I. INTRODUCTION

Transition-metal nanoparticles (TMNPs) are considered
promising stable building blocks for future electronic devices,'
nanocatalysts,>* and medical marker applications.” TM-
NPs can be stabilized by different environments, such as
dendrimers,® polymers,! DNA,” and even in ionic liquids.®
Presumably, the best known TMNPs are currently clusters and
nanoparticles formed by gold.’ The fact that gold nanoparticles
can be produced experimentally in wet chemical synthesis with
atomic precision as well as their excellent stability renders
these nanosystems interesting components in nanoelectronic
devices such as single-electron transistors.’

Currently, the most studied and best characterized gold clus-
ters are monolayer protected with ligands that are covalently
bound to the metallic core forming a strong protecting layer.
In particular, for thiolate protected gold clusters, a steadily
increasing number of structures are discovered'® deriving their
stability by special electronic'*'? and structural properties.'>!*

One powerful experimental technique to characterize the
electronic structure of TMNPs is cyclovoltammetry. With
this method, the stability of thiol protected clusters for more
than 10 different charge states has been demonstrated.
Similarly, thiol protected gold nanoparticles with 1.7-nm mean
diameter in ionic liquid (IL) environment have been observed
to provide up to 16 different charge states that were assigned
to —6 < z < +9.'° These systems are usually investigated in
electrolyte solution, where a minimal capacitance at charge
z = 0 is found, a finding that can be explained by classical
Poisson-Boltzmann models.!>!”

Recently, it has been discovered that also “ligand-free” gold
clusters in ionic liquids (IL) show quantized charging.'® In
this experiment, a strong variation of the clusters capacitance
for different charge states was detected. Interestingly, the
maximum capacitance was recorded for the neutral cluster, in
sharp contrast to the gold clusters in conventional electrolytes.
An ab initio density functional theory (DFT) model explained
this effect by a structural reorganization of the IL ion pairs
surrounding the cluster.!®

The literature on ab initio calculations of metal clusters at
high-charge states and the effect on their capacitance is rather
scarce.!*?" Here, we investigate the behavior of gold clusters
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in different environments depending on their charge state. We
address the charging properties of metal clusters under the
influence of their environment in a wide range of charge states
by ab initio calculations.

The paper is organized as follows. After a description of
the computational methods (Sec. II), we consider the general
framework to describe the charging of nanoscale objects
and compare simple jellium models with our more realistic
ab initio models of gas-phase gold clusters (Sec. III). The same
strategy is applied to ligand protected gold clusters (Sec. IV)
and gold clusters stabilized in ionic liquids (Sec. V). For
the latter, a simple extended jellium model is introduced that
agrees amazingly well with the ab initio results for charging
of Au clusters immersed in IL.

II. METHODS

We use density functional theory®'>? to describe the elec-
tronic system and its interaction with the ionic configuration.
The Kohn-Sham states and the electron density are represented
within the projector augmented wave method®* on real-space
grids.”*> A 0.2 A grid spacing was used for the representation
of the smooth wave functions and we have carefully checked
this choice for convergence. The exchange-correlation energy
was approximated taking into account the gradient corrections
(GGA) proposed by Perdew, Burke, and Ernzerhof (PBE).?
First studies of gold-IL interactions showed that the application
of the next higher level approximation [meta-GGA (Ref. 27)]
gave no qualitative changes.”®?° The structures were consid-
ered to be relaxed when the forces fell below 0.05 eV/A.

III. CHARGING OF GAS-PHASE CLUSTERS

In order to understand the capacitive properties of stabilized
metal clusters, it is useful to study the behavior of the
clusters under charging conditions in the gas phase first. There
are a few ab initio studies in the literature about charging
behavior of pure metal clusters. Weigend et al. studied a
fictitious Ausgy cluster with DFT and found small structural
relaxations due to charging.!” Reimers and Hush studied the
capacitance of gold clusters in the INDO/S approximation and
found deviations from the classical electrostatic behavior.® A
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tight-binding model applied by Senet and Hou leads to the
expected capacitance C o n'/? behavior for Cu, clusters,’!
whereby Ba, clusters were found to show more complicated
dependence on the number of atoms n (Wang et al.?").
Recently, Batista and coworkers studied ionization potentials
and electron affinities of bare and protected gold clusters as a
function of their size.*

Generally, the energy of a nanoscale system E depending
on the number of additional electrons N can be expressed as*

E(N)=Ey— xN+nN>+..., (1)

where Ej is the energy of the neutral system, x the absolute
electronegativity, and 7 the absolute hardness of the system.*
The dots indicate possible higher-order contributions in N.
Writing Eq. (1) in terms of the charge state z = —N, one
arrives at
2l

E@=Eo+xe+ 5+ Q)
where e is the unit charge and we have identified e?/(21) with
the system capacitance C. In a classical capacitor y = 0,7 > 0
and all higher-order terms vanish. Small systems often provide
a positive electron affinity A = x — n > 0 and generally their
ionization potential is larger than the electron affinity (/ >
|A]) which results in a positive x = (I + A)/2. To minimize
surface energy, metal clusters usually are found in a more or
less round shape, which suggests the comparison to a classical
metal sphere. The sphere radius is not well defined at the
atomic scale, but can be obtained through the capacitance

C = 47T60reff (3)

as the systems’ effective radius 7.

Already in the mid 1980s Perdew applied a jellium model
for monovalent metal clusters. Within this model, the effective
radius has been predicted as®

Fien = rsN5 + a(ry) (4)

with the Wigner-Seitz radius r; = (3/4wn)!/? obtained from
the electron density z in the bulk. The electronic spill-out factor
a(ry) depends on ry and is found to be nearly independent of the
cluster size N. Later on, a liquid drop model within the stabi-
lized jellium model*®3” has been presented that also describes
the size dependence of the absolute electronegativity x.

There has been much progress in the understanding of
electronic and structural properties of metal clusters in the
last decades. In particular, density functional theory has been
successful in describing and exploring these systems. Less
attention has been paid in the literature to the validity of
Eq. (2) for charge states higher than z = —1,0,1, which are
well possible for metal clusters. We will investigate the clusters
at higher charge states where we will in particular concentrate
on the charge-dependent capacitance. We will see that this
quantity gives a very meaningful and sensitive measure
of the clusters’ charging properties. The charge-dependent
capacitance can be obtained from the energy using Eq. (2)
via the finite-difference expression

e2

Cra(z) = E(z+1)—2E()+ Ez—-1)

&)
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FIG. 1. (Color online) Structures of (a) Auyg, (b) Ausg top view,
(c) Auyg top view, (d) Auyg, () Auzg side view, and (f) Auyg side view.

where the quantized nature of the charge is implicitly taken
into account.

We study gold clusters in four sizes as depicted in their
neutral ground-state configuration in Fig. 1. The two smaller
tetrahedral clusters Auj9 and Auyy are known to be stable
ground-state isomers in the gas phase.’®* These clusters are
very symmetric and are known to show strong shell effects.
We also consider two larger model structures Ausg and Auyg
that were obtained from the experimental crystal structure of
Aujg2(SR)44 (Refs. 11 and 40) by removing the outer layers.
The configurational ground-state structures of Ausg and Auyg
clusters are unknown up to date.

In order to judge the accuracy of the PBE approximation
for gold, we calculated the ionization potential /; = 9.54 eV
and the electron affinity A; = 2.31 eV of a single gold atom.
I) and A; are in good agreement with the experimental
values ;™" = (9.22553 £ 0.00002) eV (Ref. 42) and A]" =
(2.3086 £ 0.0007) eV.*? Also, our PBE values A9 = 3.58 eV
and A,y = 2.77 eV for the adiabatic electron affinities of Auyg
and Auy are in good agreement with the experimental values
AT = (3.610 £ 0.050) eV (Ref. 43) and A5, = (2.745 +
0.015) eV.’® The PBE values for the vertical ionization
potential 119 = 6.63 eV and Iy = 6.98 eV underestimate the
experimental values* of 15" = 7.70 eV and I,," = 7.82 eV.

In Table I, we compare our results for the ionization
potentials and electron affinities to previous calculations for
different cluster sizes. For the adiabatic values, all structures
have been allowed to relax in their charge states, whereas
for the vertical values the structure was fixed at the neutral
ground-state structure. Our values are in good agreement
with those of Batista et al> where the PBE functional
was also used. There is even agreement for Auyg, although
a truncated octahedral symmetry has been used for this cluster
in their study. Assadollahzadeh and Schwerdtfeger*' used
the hybrid B3PW91 functional. The two functionals agree
well with regard to the changes between the different cluster
sizes, however, the electron affinities are lower within the
B3PWO1 functional. Table I also lists the finite-difference
capacitance Cygy for the neutral clusters. As can be expected, Cgy
increases monotonously with the cluster size. Auy represents
an exception, where the capacitance drops off significantly.
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TABLE I. PBE results for the ionization potentials / and electron
affinities A of gold clusters in the gas phase with derived values for the
capacitance C = Cy(z = 0). Energies are given in eV, capacitance
in zF = 1072'F.

1 A C
Au, 9.54 9.352 9.54° 2.312.09* 22.1
Adiabatic Vertical Adiabatic Vertical Adiabatic
Aujg 6.57 6.63 6.46* 3.58 3.52 3.42* 53.5
Auy 6.97 6.98 7.22% 2.77 2.72 2.38* 38.2

Au 585 5.86 3.40 3.41 65.4
Aun 600 595589 405  4.003.93c 824

“Reference 41.
bReference 32.
“Truncated octahedral symmetry.

This effect can be explained by an electronic shell closing as
we will find in the end of this section.

In a next step, we want to study the behavior of Cgy(z) for
z # 0. The smaller Aujg, Auyg, and Ausg take their energetic
minimum at zy;, = —2, and for Auyg the energy is minimal
at Zmin = —3. Charge states z < zmin are unstable against the
removal of the extra electrons. For these unstable states, our
calculations still converge with all excess electrons located
near the cluster surface due to the finite size of the box.
Interestingly, even in this unphysical situation, the energy is
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these charge states to our analysis. Note also that in the region
of positive charge, we have used rather large charges up to
z = 6, more than can be expected to be stable on clusters of
this small size.*> For example, Auyy is energetically unstable
against the transition

Aug, — Ausy! + Aut

for z > 2. Such fission events are hindered by rather high
barriers, however.*® Indeed, some of the highly charged
clusters (e.g., Augg) fragmented during the relaxation process
and these were excluded from our study.

The resulting charge-dependent capacitance Cyq is shown in
Fig. 2 for both relaxed and unrelaxed structures (i.e., structures
fixed at neutral geometry). Notably, no significant influence of
the structural relaxation to the capacitance could be found
within the observed charge range. There are some sudden
jumps of the capacitance that arise from electronic shell effects
discussed later in this section. Apart from this, all investigated
clusters show a rising capacitance for increasing number of
excess electrons. This brings us to the question as to where
the excess charge goes to or is depleted from when the charge
state of the cluster is changed. We can define the radial excess
electron density An; and the radial excess hole density An;t
as

still reasonable which is why we allowed to include some of An;b(r,z) = *n,(r,z2) Fn.(r,z£1), (6)
e—e (), relaxed > O << jellium
& C; unrelaxed +< C,, v unstable
Auyg
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FIG. 2. (Color online) The charge-dependent capacitance for the Auy clusters (N = 19,20,39,79) in the gas phase. The finite-difference

capacitance Cy obtained from PBE energies and the capacitance from the jellium calculation include shell effects. The capacitance C

exc

calculated from the radial excess charge centroid [Eq. (9)] captures the shrinking of the electron cloud with increasing positive excess charge

(1zF = 1072' F).
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FIG. 3. (Color online) (a) The radial excess charge distribution
4rr? An, and (b) the radial excess electron density An, for the Ausg
cluster in the gas phase from the full DFT calculation. (c) The radial
excess electron density of the corresponding spherical jellium model
with a square potential.

where n, is the radial electron density

2 b4
n,(r,z) = L / / n[r(r,¢,0),z1sin0d6de , (7)
4r Jyp=0 Jo=o

i.c., the charge-dependent electron density n(7,z) averaged
over azimuthal and polar angles 6 and ¢, respectively. Here,
r is defined by the distance from the center of mass of the
cluster. An, (r,z) is the density of the extra electron when the
electron number is increased and An*(r,z) is the density of
the missing electron when the electron number is decreased,
therefore, An; (r,z) = An*(r,z — 1) holds.

The radial excess electron distribution is shown in Fig. 3(a)
for the Ausg cluster as an example where the atom positions
are fixed at the configuration of the neutral cluster. The figure
shows that the Ausg cluster mainly behaves like a small metal
sphere: nearly all of the excess charge is concentrated on the
surface of the cluster. In contrast to a classical metal sphere,
the peak position of n,(r,z) depends slightly on the charge state
and there is polarization of the cluster interior that increases
with increasing positive charge. The polarization effect is more
appreciable when the excess charge density is plotted as shown
in Fig. 3(b).

The excess charge distribution is very similar to the radial
charge densities shown by Batista et al.*> These authors
interpreted the large variation of the charge density change
inside the cluster as a sign of the metal to nonmetal transition.
This topic is of renewed interest as it was shown recently that
small sodium clusters retain their metallic behavior (defined
by the screening of the electric dipole moment) up to the
smallest sizes.*’*® In order to shed light on the origin of
the density variations inside the clusters, we compare the
excess charge distribution from a jellium model using a square

PHYSICAL REVIEW B 87, 045411 (2013)

potential similar to the model used in Ref. 35. We have
used r, = 1.59 A as appropriate for gold that results in a
jellium ball of 5.4 A radius to describe the Ausg cluster. The
electronic structure in this model is solved by DFT in the
local density approximation.*> Comparing Figs. 3(b) and 3(c)
shows that the density variations are qualitatively very similar
to the full calculation. Quantitatively, the jellium model shows
even larger variations of An, inside the cluster, which would
be a sign of a larger nonmetallic property in the jellium
model in the interpretation adopted in Ref. 32. The density
variations relative to the constant background are pure electron
confinement effects due to the wave nature of the electrons,
however. Clearly, these effects will diminish in the limit of
large clusters, but are not in contradiction with metallicity.

Due to the variability of the excess charge with the charge
state, a small gold cluster does not have a fixed radius. In
order to analyze the effect of the excess charge locations to the
capacitance, we define the radial excess charge centroid as the
radial expectation value to

oo
reixc(z) = 471/ r Anri(r,z)dr
0

= / IFIlAREF, 2)d>r, (8)

which would simply give the radius of a classical metal sphere.
A similar approach is applied in Ref. 32, where the radius is
defined through the last inflection point of the radially averaged
electron density. The corresponding capacitance is

CE.(2) = dmegrE (2), 9)

which is depicted also in Fig. 2. The decrease of rZ (z) with
increasing positive charge describes the smooth decrease of
the capacitance Cgg very well. Thus, the main effect here is the
shrinking of the electron cloud with increasing positive cluster
charge.

Figure 4 compares the radii obtained from the different
methods for all the clusters considered. The rZ_ are contrasted
to the finite-difference radius ryq = Ctg/(4wep) and to the

9
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FIG. 4. (Color online) Radial excess charge centroid r (z = 0)

and finite-difference radius r¢q(z = 0) as a function of the cube root
of the cluster size N compared to the jellium model of Eq. (4).
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FIG. 5. (Color online) The distribution of Kohn-Sham states
relative to the Fermi level for different charge states of Ausg. The
plot also shows the states’ occupancy due to the finite Fermi width of
0.1 eV used in our calculations.

predictions from the jellium model of Eq. (4). For the latter, we
have used the values r, = 1.59 A, a(r,) = 0.71 A for gold,
as given by Perdew. By plotting the radii as a function
of the cube root of the cluster size N, the jellium model
results in a straight line. The computed radii are generally
in good agreement with the jellium prediction showing again
the applicability of this simple model for gold clusters. The
exception is rgy of Auyg, where a shell closing occurs at z = 0.

The analysis of the effect of shell closings is again
exemplified for Ausg. In this cluster, a rather large deviation
is found between the prediction of the charge centroid and
Ct(z) for z =5 in Fig. 2. This is the manifestation of an
electronic shell closing. To see this, we plot the density of the
Kohn-Sham states for three different charge states in Fig. 5.
The s-valence-state index was obtained by counting relative
to the 195 doubly occupied d-derived valence states in the
total valence-state count.’’ The structure of the density of
states is very rigid under the change of the charge state. The
latter results merely in a shift of the Fermi energy. Exactly
for z = 5, there are 34 s-derived electrons in the cluster. 34
electrons represent a strong magic number, where the spherical
jellium 1 f shell®! is closed. In accordance with this picture,
there is a block of seven states below the z = 5 Fermi level
that corresponds to the 1f shell. A decomposition of the
Kohn-Sham states into spherical harmonics relative to the
cluster’s center'! (not shown) is in line with this assignment.
It is the same shell closing that is responsible for the stability
of the well-known [AuzeClg(PR3)14]7! cluster,!'”>%3 which is
of different structure and will be analyzed in the following
section. In the gas-phase Aujzg cluster, this shell closing
manifests itself as a large gap of about 1 eV. Beginning at the
charge z = 6, the jellium 1 f shell below this gap is starting to
get depleted. According to the finite-difference definition (5),
Cia(z = 5) involves the energy at z = 6 and hence is affected
by this step that leads to the observed sudden decrease in the
capacitance (cf. Fig. 2).

According to the jellium model, the closing of the 2p shell
at z = —1 where there are 40 s-derived electrons in the cluster
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also leads to a significant drop of the capacitance of Ausg
as can be seen in Fig. 2. However, there is no such drop for
the PBE calculation. This is because the 2p states are not
degenerate anymore in the nonspherical geometry of the Auzg
cluster. Indeed, the decomposition of the Kohn-Sham states
into spherical harmonics reveals that the block of seven 1 f
states is followed by two (doubly occupied) states with only
50% p symmetry and by two states with 86% g symmetry,
whereas in the jellium model, the occupation order starting
from the block of seven 1f states is 1 f'*2p%1g'® with a gap
between the 2p and 1g states.”!

The jellium model nicely explains also the sudden variation
of Cgq for the other clusters shown in Fig. 2. In the case of Auy,
both the jellium 1d and 2s shell closings at z = —1 and +1
are present in the PBE calculation. The jellium capacitance at
z = —1 is not shown in Fig. 2 since z = —2 is not a stable
configuration for Aujg in the jellium model. For Auy, the
situation is different: only the 2s shell closing at z =0 is
visible in the PBE calculation, while the gap at z = 42 is
missing due to the strong tetrahedral symmetry.>* For Auo,
there are no shell closings to be expected from the jellium
model in the observed charge range in accordance with our
PBE calculation.

IV. LIGAND PROTECTED CLUSTERS

We now turn to the case of monolayer protected clusters
(MPCs). Here, we study the charge-dependent capacitance
of three thiolate protected and of three phosphene/chlorine
stabilized clusters. We chose three thiolate protected clusters
that correspond to the experimentally completely charac-
terized AUQs(SR)lg,SS’Sé AU38(SR)24,57 and Auloz(SR)44.40
The larger thiol groups SR in the experiment have been
replaced by SCH3 giving Auys(SCH3)15,%® Ausg(SCHz)ay,>%0
and Aujpp(SCHj)44 (Ref. 11) in our simulations. For the
phosphene/chlorine stabilized clusters, we chose the two
structurally well-known Au;;(PH3);Cls (Refs. 11 and 61)
and Ausg(PH3)4Cls.>% These are extended by the lately
proposed model for the “Schmid-gold” cluster of composition
Augo(PH3),0Cly» by two of us.%?

The explicit cluster structures were taken as obtained
from earlier studies, i.e., Au,5(SCHj3);g from Ref. 58,
Au33(SCH3)24 from Ref. 60, Auloz(SCH3)44 from Ref. 11,
Aun(PH3)7C13 from Ref. 11, AU.39(PH3)14C16 from Ref. 53,
and Augo(PH3),9Cl, from Ref. 62. All structures were relaxed
in the charge state that leads to a large highest occupied
molecular orbital and lowest unoccupied molecular orbital
(HOMO-LUMO) gap (see below) and their structures are
shown in Fig. 6.

Figure 7 summarizes the charge-dependent capacitance of
all considered MPCs. Charging of the clusters at fixed nuclear
configurations shows a rather flat C(z) with a pronounced min-
imum at one specific charge state. It is the charge state where
the large stabilizing HOMO-LUMO gap occurs, namely, at
z=0 for Aun(PH3)7C13, Au3g(SCH3)24, and Auloz(SCH3)44,
and at z = —1 for Auy5(SCHj3)ig, Auszg(PHj3)14Clg, and
Augo(PH3)20Cly,. It is the same effect as we have already
seen in the naked Aujg cluster: the spherical [or cylindrical
in case of the Ausg(SCH3)24]® shell closing produces a
remarkable minimum for otherwise rather constant C(z). The
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FIG. 6. (Color online) Structures of the ligand protected
clusters considered: (a) Au;;(PH3);Cls, (b) Aus9(PHj3)14Clg, (c)
Augo(PH3)20Cli2, (d) Aujo2(SCH3z)as, (e) Ausg(SCH3)o4, and (f)
Auys(SCH3)15. Au: orange, P: blue, H: white, Cl: green, S: yellow,
and C: black.

mean capacitance of the protected Ausg(PH3)14Clg is slightly
larger than that of the naked Aujzg cluster analyzed in the last
section. This is a consequence of the more open structure of
the protected species. For the smaller clusters Au;;(PH3);Cls
and Au,s(SCH3);g, we have also tested the effect of structural
relaxation. As shown in Fig. 7, this effect is relatively large for
the small and open structure of the Au;;(PH3);Cls. Already
for the slightly larger and more compact Au,s(SCHs);g, the
effect becomes marginal, very similar to the finding in the
naked Augg cluster above. We therefore do not expect much of
an effect due to structural relaxations for the larger clusters.

V. GOLD CLUSTERS IN IONIC LIQUIDS

We finally turn our attention to the charging behavior of
gold clusters stabilized in ionic liquids (ILs). A pronounced
increase in capacitance around charge state z = 0 has been
found recently for unprotected gold clusters in an IL.'"® This
is in stark contrast to the case of MPCs in dilute electrolytes,
where usually a capacitance decrease is observed for neutral
clusters.

1oow 100+
- Sor/v/v——‘v—"—H
: /A///“A‘A‘H
5 60 60 L K
§ , -4
S 40 40+
O @@ Auy,(SCHy) @@ Auy,(PH;).Cly
A—A Aug(SCHy),, A—A Aug(PH;),,Clg
20 V-V Auy(SCH;) 207 V-V Aug(PH;).Cly,
-1 0 1 2 3 4 5 -1 0 1 2 3 4 s

Charge State = Charge State =

FIG. 7. (Color online) The charge-dependent capacitance of
monolayer protected clusters (MPC). The capacitance obtained by
clusters relaxed at each charge state is marked by a connecting dashed
line.
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The charging properties of metal nanoparticles (MNPs) in
ionic liquids have not been modeled so far. There is extensive
modeling of charged MPCs in electrolytes, however, where
classical electrostatics is applied.'>!7%3 In these approaches,
the Poisson-Boltzmann equation describing the electrolyte at
a given temperature is solved in the presence of a protecting
layer of defined static dielectric constant ¢. In effect, this leads
to arise of the capacitance for increasing z due to the formation
of the electrolyte double layer. There exist extensions of this
approach considering the penetration of the ions into the
protecting layer with essentially the same result.®

Lately, it has become clear that the use of the Poisson-
Boltzmann equation can become inadequate for ILs and the
finite size of the ions has to be taken into account.®* This can be
done in a mean-field approach, by explicit molecular dynamics
simulations of charged model particles® or by classical density
functional theory.®® However, these techniques have only been
applied to planar metal electrodes and not to MPCs so far.

Compared to MPCs, not as much is definitely known about
the actual stabilization mechanism and the structures present
in the weak stabilization case of MNPs in ILs. Experimental
studies indicate layered structure of ILs on metal electrodes
that can change under variation of the electrode potential.®”
The layered structure might reach quite far into the IL bulk
as ILs seem to provide mesoscopic structure even without the
presence of charged electrodes.®® The ion distribution around
the MNP can be expected to form similar layered structure,
where the finite size of the particle might play a significant role.
This probably leads to a rather complicated and long-ranged
structure around the MNP that is far out of scope of an ab initio
simulation. Two of us have established a simple model for the
cluster-IL interaction in Ref. 18, where only a limited number
of IL ion pairs are taken into account. This model explains the
experimental capacitance behavior very well. In the following,
we will discuss this model in greater detail and contrast it with
an electrostatic approach similar to Perdews’ jellium model
above.

Transmission electron microscopy investigations indicate
that the smallest gold clusters that can be stabilized in ILs
are of roughly 1.1 nm diameter,'$?%2° which correspond to
clusters of about 40 gold atoms. We therefore use the Ausg
model described and studied above also for the interaction
with ILs as described below.

We model the clusters in contact with a varying number of
IL ion pairs. The characterization of ILs by the properties of
their ion pairs is a common practice.® In our case, this strategy
helps to keep the IL environment neutral and to localize the
total charge in the simulated system to the nanoparticle itself.
We restrict ourselves to BF; BMIm (Ref. 70) ion pairs, which
represent one of the most common IL and has also been used
in the experiment.'® The relaxed geometry of the isolated
BF, BMIm pair is depicted in Fig. 8(a). We obtain a pairing
energy of 3.36 eV in good agreement with the B3LYP result of
3.58 eV ina very similar configuration.”! It was suggested that
van der Waals corrections affect binding and structure of IL
networks.%%72 These effects are known to be poorly described
by local and semilocal density approximations.’? Application
of a largely nonempirical van der Waals correction’* increases
the BF, BMIm pair binding energy slightly to 3.53 eV. We
regard this change to be insignificant for a study of the charging
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FIG. 8. (Color online) (a) Optimized structure of the BMIm* BF,
pair. (b)—(d) Optimized structures of neutral Ausg clusters in contact
with 1, 2, 4, and 7 ion pairs. Au: orange, N: blue, H: white, F: green,
B: pink and C: black.

properties and neglect van der Waals effects in the following.
The main interaction between the ions is due to the strong
Coulomb attraction. Assuming a positive unit charge located at
the center of mass of the N atoms in BMIm™ and a negative unit
charge at the B atom of BF, in their equilibrium configuration,
the electrostatic energy of this geometric dipole of length
3.77 A would be 3.82 eV, therefore even a bit larger than
the actual value, which is reduced due to the nonlocality of the
electronic charge.””

Our model systems consist of the Ausg cluster in contact
with an increasing number of ion pairs n, = 1,2,4, and 7.
The ground-state structures of the neutral clusters are depicted
in Fig. 8. As for the naked gas-phase clusters, we allow the
configurations to relax to their local minimum without any
symmetry restrictions.

A single-ion pair binds with 0.42 eV to the cluster in
the configuration shown in Fig. 8(b). This is roughly half
of the interaction energy of 1.0 eV between a Pds cluster
and [MMIm][BF,] pair obtained in a recent study.”® Other
ion-pair orientations relative to the cluster (not shown) are at
least 0.24 eV higher in energy. The clear preference of this
configuration can be explained by the strong binding between
gold and anions.?®? Changing the clusters’ charge z can
change the situation, however. For z = —1, the configuration
where the cation points to the cluster is the lowest in
energy, separated from other possible orientations by at least
0.2 eV. Now, the electrostatic energy overcomes the gold-anion
binding. Orienting the pairs dipole parallel to the clusters’
surface is always higher in energy and is hence not relevant
here. We will therefore neglect this possibility in the following
and allow the ion pairs to take one of two possible orientations,
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either pointing with the anion towards the cluster or with the
cation only.

For configurations with more than one pair, we place the
pairs in maximal separation on the cluster corners, where the
clusters are most reactive. At each charge state z, we consider
the possible perpendicular orientations of the pairs’ dipoles
relative to the cluster. Two pairs still bind preferably with
BF, next to the neutral cluster, but the binding energy of the
second ion pair is reduced to 0.26 eV. This trend continues and
accordingly four pairs are found in a ground state of mixed
configuration (see Fig. 8).

In order to give an easy characterization of the config-
urations depending on the clusters’ charge z, we introduce
the screening charge z, to be the sum of ionic charges
nearest to the Ausg cluster. This allows us to parametrize
all investigated configurations of a fixed number n, of
ion pairs attached to the gold cluster by only picking one
representative configuration for each possible value of z,. For
example, Fig. 8(d) corresponds to the (n, = 4,20 = 0,z =0)
configuration, where half of the pairs point their anions and
half of the pairs their cations towards the cluster.

We contrast the DFT results with an electrostatic model
(EM) as depicted in Fig. 9. The charged cluster is modeled
as a classical spherical capacitor with effective radius r; and
the corresponding capacitance C| = 4mepr;. The IL ions are
modeled as smeared-out charges z, and —z, at concentric
spheres with radii r, and r3, respectively, which form a
capacitor

rr3
C23 = 47‘[60

. (10)
r3—rnr
The electrostatic energy of the entire model system is then
given by
5 (2 222 z3

E(zp,2)=¢ <2C1 +C23 a2C23>’ (1)
if we require E(z» = 0,z = 0) = 0. We have neglected the
effect of the absolute electronegativity y at this point since it
does not contribute to the capacitance. Note that a scaling
factor 0 < o < 1 was introduced to the self-energy of the
ionic system here, which captures effectively the discrete
nature of the ionic charges. The discreteness leads to an
overscreening effect not seen when completely smeared
charges are assumed.”” Generally, the scaling factor depends
on the geometry as well as on the number of ion pairs, but we
fix it to o = 0.24 for simplicity in the following. This value

—29
‘0

22

FIG. 9. (Color online) Electrostatic model for the interaction of a
gold cluster and the surrounding ion pairs.
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was obtained by a fit to the DFT results for n, = 4, but can be
obtained also from a comparison of the electrostatic energies
of the smeared-out charge and the charge located at eight point
charges resembling Fig. 8(d). The cluster radius is chosen to
r1 = ria(z = 0) = 5.88 A for Ausg. Using the distance of a
BMIm™ BF, ion pair and the average distance between the
surface of the gold cluster and the nearest ions,’® we obtain
r»=9.58 Aandr; = 13.14 A.

For a fixed number of ion pairs n, and charge z, we
search for the minimal energy configuration and define the
corresponding energy to

Enin(np,z) = ngin{E(np,zg,z)}. (12)

This procedure can be applied both in DFT as well as in
the EM, where in the latter case n, restricts the maximal
possible z,. In addition, we allow z, to adopt values that are
possible in the DFT calculations only for the EM, i.e., z» is
odd for odd 7, and z; is even for even n,. Figure 10 shows the
minimizing z, for all configurations considered in our study.
There is remarkable agreement between the EM and the DFT
calculations. We discuss the EM results first and detail the
differences in DFT afterwards.

For odd n,, there are two degenerate minimal configu-
rations z; = %1 for the neutral cluster in the EM. Except,
for n, =7,z = £1, where |z2] = 5,7 differ by only about
thermal energy (taken to kT =26 meV at T = 300 K),
other z, values are well separated energetically from the
minimum. Complete smearing out of the charges, i.e., ¢ = 1,
would lead to z = —z for the minimizing configuration as
can be seen from Eq. (11). The discreteness of the ion
charges modeled using o = 0.24 leads to an overscreening
effect, where more charge is located on the spheres than on
the cluster itself: For n, = 1,2,4, all pairs are in the same
direction relative to the clusters surface already at |z| = 1,

(a) Electrostatic Model s (b) DFT
A4 |z|<1 e W
6 Bl 2] <24 6 | g, =2
N a 0 |z[<4 % o n, =4
N 4 d
o Y 2 Bz <7 4 B> n, =7
2
©
S
n 2 2 |
(]
o >
©
c 0 ot E
O
Ao
()]
g -2 -2 —
(0]
]
G 4 \—« -4 \—«
wn

-85 1 0 1 2 T2 1 0 1 2
Charge State 2 Charge State 2
FIG. 10. (Color online) (a) Screening charge states that minimize
the energy for the electrostatic model with different bounds to
the screening charge z,. (b) Corresponding DFT screening charge
states for one, two, four, and seven ion pairs attached to the Ausg
cluster.
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(a) Electrostatic Model (b) DFT
300 ‘ : : : 300 ‘ ‘
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B ] <2
250} oo |5[<4|] 250
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(0]
o
C
©
i
®
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©
o
100
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FIG. 11. (Color online) (a) Charge-dependent capacitance from
the electrostatic model with different bounds to the screening charge
state z. (b) Corresponding capacitance from DFT for the Aujg cluster
in contact without and with IL pairs.

which implies that a complete switch is predicted when going
from z = —1 to +1. In the case of n, =7 still zo = F5 is
minimal at z = =1 and all pairs’ directions are switched for
z==£2.

Similar to EM, the minimizing configurations in DFT are
separated by more than thermal energy in almost all cases.
Exceptions are n, = 2,z =0, where zo =0, —2 and n, =
7,z = —1, where z, = 3,5 are nearly isoenergetic. The only
difference to the EM is the stronger preference of negative ions
near the neutral cluster for n,, = 1 and 2 that can be explained
by the strong gold-anion binding. This trend does not persist
for increasing n ,, however, as z, = 0 is preferred for four pairs
and zp = 1 s 0.06 eV lower than z, = —1 for seven pairs and
a neutral cluster.

Using the Enin(n,,2), we can obtain the charge-dependent
capacitance according to Eq. (5). The result is shown in Fig. 11.
The EM predicts a distinct peak of the capacitance around
charge state z = 0 independent of n, in agreement with the
experimental observation.'® The width of the peak increases
with growing number of freely orientable ion pairs next to
the cluster and is narrowed by the effect of overscreening
(]z2| > |zl). For seven pairs that did not completely switch the
pair orientations for a single cluster charge, the capacitance
peak forms shoulders. The appearance of the peak at z =0
can be understood as follows. Fixing the charge state z,
Eq. (11) takes its minimum at

n=-2, (13)
o

which results in an overscreening effect for 0 <o < 1.
Evaluating Eq. (11) at the minimum configuration yields an
increased capacitance

C

-G -
l OlC23

Cine = (14)
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The requirement |z>| < 7, results in a rectangular shape of the
overall capacitance

e? C
C(Z) = = { inc
Bzalzg,m @) C

if |z] < an,,
it 2> an, 19
where 7 is a real number. Quantized charging requires C(z) to
be calculated according to Eq. (5), which results in a peaklike
shape instead of the rectangular shape of Eq. (15) for low
bounds to the screening charge z,. We note that, allowing a
different bound for z, in the positive and negative regions,
7, <22 < z;' leads to a shift of the negative wing to the left
for zJ > n, and to a shift of the positive wing to the right for
—z, > n,, similar to the behavior found by Kornyshev® in
the case of a planar double-layer capacitance for asymmetric
maximal anion and cation concentrations.

As for the minimal z,, the DFT results show very similar
behavior of the capacitance both in the peak form as well as in
the relative height of the peak. There is only a slight asymmetry
due to the nonequivalence of cation and anion. Therefore, we
note that the simple EM already captures the key feature of an
increased capacitance near charge state z = 0 observed in our
DFT calculations and the voltammetry study.'®

The choice of the parameter n,, corresponds to the question
of how many freely orientable ion pairs are in contact with the
cluster. A crude estimation can be made from the molar volume
of the bulk ionic liquid and the surface area of the cluster. In
our example, the first shell of ions is located at r, & 9.6 A,
which corresponds to an area of 1160 A2. The molar volume of
BMImBF, is 1.88 x 10~* m? mol~! at 25°C (Ref. 79) which
gives an average area of 46 A per ion and suggests about
25 ion pairs could be attached to the cluster geometrically.
Using n,, = 25 in the EM would lead to a plateaulike shape of
C(z) with constant capacitance in the considered charge range.
The absence of a plateau in the experiment suggests that the
number of rotatable pairs might be reduced.

VI. CONCLUSIONS

In conclusion, we have analyzed the charging properties
of gold clusters in different environments. There are two
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main influences visible for naked and monolayer protected
clusters. First, the variation of the size of the electron cloud
gives a slightly rising capacitance with increasing number of
electrons. Second, shell-closing effects can strongly influence
the charge-dependent capacitance leading to sudden “jumps”
of this quantity.

The situation is different for clusters in a soft protecting
and polarizable environment as exemplified by the situation
in ILs. Here, the protecting IL layer can change its charge
distribution through rearrangements of the ions. This leads to
a strong enhancement of the capacitance for the neutral cluster
that can be understood in a classical electrostatic model.

Cluster charging experiments such as cyclic voltammetry
have to be performed in solution where the solvents dielectric
constant € largely influences the observed capacitance. The
solvent effect can be approximately incorporated to the gas-
phase results by scaling the calculated capacitance with €
which brings the values into good agreement to experiment.'®

We finally note that our approach is not fully adiabatic as the
clusters are only allowed to perform local relaxations when the
cluster charge is changed. In particular, for small gold clusters
it is known that there can be different ground-state structures
depending on the cluster charge.® As a consequence, the
cluster size where the transition for flat to three-dimensional
structures happens depends on the charge.®! Similar effects
have been reported also for other metals.?” A full study of the
global minima at each charge state is unfortunately out of scope
of this work. The change in the structure motive for different
charges can be expected to be most severe for very small
clusters, however. Whether a structural transition happens or
not in the process of charging depends crucially on the barriers
between the different structure motives,®? the temperature,
and the charging time involved in a possible experiment or
technical realization.
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CHARGING PROPERTIES OF GOLD CLUSTERSIN . ..

The positions of BF, and BMIm*' are approximated by the
position of the boron atom and the center of mass of the nitrogen
atoms, respectively. The distance to the gold clusters surface is
approximated by the distance to the nearest gold atom.
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