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Abstract: The dopant and size-dependent propene adsorp-
tion on neutral gold (Aun) and yttrium-doped gold (Aun@1Y)
clusters in the n = 5–15 size range are investigated, combin-
ing mass spectrometry and gas phase reactions in a low-
pressure collision cell and density functional theory calcula-

tions. The adsorption energies, extracted from the experi-
mental data using an RRKM analysis, show a similar size de-

pendence as the quantum chemical results and are in the
range of &0.6–1.2 eV. Yttrium doping significantly alters the
propene adsorption energies for n = 5, 12 and 13. Chemical

bonding and energy decomposition analysis showed that
there is no covalent bond between the cluster and propene,

and that charge transfer and other non-covalent interactions

are dominant. The natural charges, Wiberg bond indices,

and the importance of charge transfer all support an elec-
tron donation/back-donation mechanism for the adsorption.
Yttrium plays a significant role not only in the propene bind-
ing energy, but also in the chemical bonding in the cluster-

propene adduct. Propene preferentially binds to yttrium in
small clusters (n<10), and to a gold atom at larger sizes. Be-

sides charge transfer, relaxation also plays an important role,
illustrating the non-local effect of the yttrium dopant. It is
shown that the frontier molecular orbitals of the clusters de-

termine the chemical bonding, in line with the molecular-
like electronic structure of metal clusters.

Introduction

Few-atom gold clusters have been shown to be highly active

for selected catalytic reactions,[1–3] such as CO oxidation,[4, 5] the
water-gas shift reaction,[6] O2 activation,[7] propene epoxida-

tion,[5, 8, 9] methane activation,[10] and water splitting.[11, 12] Gold
clusters exhibit high reaction rates, with a strong dependence
on the precise cluster size and charge state.[13, 14] Small gold
clusters were also shown to selectively catalyse propene to

propylene oxide,[9] which is an important industrial precursor
for a variety of chemicals, such as polyurethane or propylene
glycol.

The electronic and geometric properties of gold clusters can
be tuned by the introduction of a dopant atom, which also in-

fluences the chemical properties of the clusters. For example,
the binding energies, as well as the HOMO–LUMO gaps, were
found to be enhanced by Mo, Ru, and Co doping.[15] Pd
doping also substantially alters the stability patterns of cationic

gold clusters.[16] Doping of both neutral and cationic gold clus-
ters with a silver atom reduces their reactivity towards CO,[17, 18]

while doping neutral gold clusters with vanadium decreases
their reactivity towards CO in the size range of 14 to 20
atoms.[19] It was also computationally predicted that the bond

between propene and gold clusters can be weakened upon
exchanging gold with the less electronegative silver in mixed

gold-silver clusters.[20]

The yttrium atom is an interesting dopant to tune the stabil-
ity and the catalytic activity of the gold clusters. Its size and

electronegativity differ significantly from that of a gold atom,
and it has unoccupied d orbitals, what makes it a good elec-

tron acceptor. It was shown by combined far-infrared multiple
photon dissociation spectroscopy and density functional
theory computations that yttrium doping also stabilizes the 3D

geometries.[21–23] The geometry of pure neutral gold clusters
(clusters consisting only of gold atoms are referred to as pure

clusters in this paper) is planar up to n = 10,[24] while yttrium-
doped gold clusters are quasi-planar up to Au8Y for most clus-

ter sizes. However, Au4Y has a 3D shape and also Aun@1Y (n =

6–9) clusters are slightly distorted from a perfect planar
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shape.[23] Electronically, the trivalent yttrium dopant alters the
electronic shell structure of the gold clusters, for example,

Au6Y+ and Au16Y+ both have closed electronic structures with
8 and 18 itinerant electrons, respectively. The enhanced stabili-

ties of these clusters explain their high relative abundance in
photofragmentation experiments.[25] Computationally, it was
predicted that the CO binding energies of Aun@1Y (n = 2–10)
are lower than that of the corresponding pure clusters.[26]

Gas-phase studies can enhance the understanding of reac-

tions at the molecular level, and allow the investigation of the
effect of cluster size, charge and spin state, oxidation number,
composition, etc. The bond formation and bond breaking pro-
cesses are confined to the catalytically active sites, which can
be modelled by small clusters.[27] Beside the calculation of the
reaction energy, the analysis and the understanding of the

chemical interactions between catalyst and reagents is impor-

tant for rational catalyst design. For cluster-adduct complexes,
the changes in bond lengths and charges,[28–30] the frontier or-

bital and population analysis,[31–33] ionization potentials and
electron affinities,[34] and NBO analysis,[35] are commonly used

to analyse the chemical bonding.
The donation/back-donation mechanism of ethylene adsorp-

tion on gold clusters was inferred from changes in the total

charge of the adsorbate and the clusters bond lengths.[28, 30] It
was shown that CO adsorption on Pd clusters elongates the

Pd@Pd and C@O bonds, which supports a donation/back-dona-
tion mechanism.[29] In that case, no pronounced correlation

was observed between the frontier orbital energies of the clus-
ters and the adsorption energies. On the other hand, it was

found that the magnitude of the HOMO–LUMO gap and the

charge determine the binding energy of dioxygen to gold clus-
ters.[32–34] It was shown recently that not only the change in

the chemical bonding and the electronic structure determines
the surface adsorption processes, but also van der Waals inter-

actions can play an important role.[36] In the case of alkoxide
adsorption on gold surfaces, these interactions determine the
relative stabilities of the intermediates as well as the selectivity

of reactions.[37, 38]

In the present work we investigate the adsorption of pro-

pene on small neutral yttrium-doped gold clusters, Aun@1Y with
n = 5–15, using a combination of gas phase reactivity measure-

ments in a low-pressure collision cell and DFT calculations. This
study extends on an earlier experimental study of propene ad-

sorption on pure small neutral gold clusters, Aun (n = 9–25)
under few-collision conditions.[39] The goal of the present work
is to understand the importance of the chemical bonds,

charge transfer and non-covalent interactions in the adsorption
process and the role of the yttrium dopant atom in this re-

spect. The chemical bonds are analysed in terms of the natural
charges, Wiberg indices, Localized Orbital Locator, Bader analy-

sis, as well as by Energy Decomposition Analysis.

Experimental Section

Experimental approach

The applied method for cluster production is described in detail in
ref. [40] and is only briefly presented here. The pure and yttrium-
doped gold clusters are produced in a dual-target dual-laser vapor-
ization source.[40] Source parameters (carrier gas pressure, laser en-
ergies, timing sequence, etc.) are optimized for singly yttrium-
doped gold clusters in the size range of 10 to 20 atoms. The clus-
ters are assumed to be thermalized with the source through heat
exchange by the He carrier gas.[41] The temperature of the source
is controllable in the 100–300 K range by a combination of liquid
nitrogen cooling and resistive heating. After expansion into
vacuum and passage through a conical skimmer, a molecular
beam of clusters is formed. Initially charged particles from the
source are electrostatically deflected out of the beam.

The neutral clusters interact with the C3H6 molecules in a collision
cell that is placed in the flight path of the molecular beam. In
order to study the kinetics of the reaction, the pressure of the reac-
tive gas is varied, while the interaction time is fixed by the time
that the neutral clusters spend in the reaction cell.[26] Propene gas
is introduced continuously by a needle valve. The pressure inside
the reaction cell is measured by a capacitance gauge and was
varied in the range of 0–0.14 Pa, corresponding to 0–7 collisions
per cluster on average. Higher pressures are avoided to prevent
signal loss due to deflection of the clusters by collisions with the
reaction gas. The neutral clusters and cluster-propene complexes
are post-ionized by an F2 excimer laser (photon energy of 7.89 eV)
and extracted into a time-of-flight mass spectrometer (M/DM =
800). The fluence of the ionization laser beam was kept low to
minimize photo-induced fragmentation.

In order to extract adsorption energies from the experimentally de-
termined dissociation rates, a statistical approach was applied. The
cluster-propene dissociation reaction is a statistical process with a
rate depending mainly on the heat capacity of the cluster, its inter-
nal temperature and the propene adsorption energy. This statistical
analysis was performed using the MassKinetics[42] software pack-
age, developed by Drahos et al. and is based on Rice–Ramsperger–
Kassel–Marcus (RRKM) theory. A more detailed description of the
analysis procedure, as well as examples of its successful application
to cluster systems, can be found in ref. [43]. For the energized pro-
pene-cluster complexes, the DFT computed frequencies of the
ground-state structures were used. For the transition state (TS), we
used a “loose” TS model, which is suitable to model simple bond
cleavage reactions.[43] For the loose TS, the calculated frequencies
of the bare (i.e. , cluster without propene) cluster and the propene
molecule were used, while the remaining low-frequency bending
modes were set to 25 cm@1. Furthermore, adiabatic rotations were
taken into account by using a rotational barrier of ERB = 0.1 eV.

Computational approach

DFT calculations were carried out using the Q-Chem 4.4 and Q-
Chem 5.1 quantum chemical software packages.[44] The BP86 gen-
eralized gradient functional[45, 46] and the LANL2DZ basis set[47–50]

were applied to pre-optimize the molecular geometries. Geome-
tries of the most stable Aun clusters are taken from ref. [51]. For
Aun@1Y with n = 5–10, the geometries were adapted from ref. [21],
while larger sizes are obtained from ref. [52]. These structures were
assigned by comparison of their IR spectra with experimental
data.[21] More accurate single point calculations were carried out on
the optimized geometries of the most stable clusters using the
TPSSh[53] functional and the DEF2-TZVP[54] basis set in conjunction

Chem. Eur. J. 2019, 25, 15795 – 15804 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim15796

Full Paper

http://www.chemeurj.org


with XDM dispersion correction.[55, 56] The (75,302) integration grid,
as it is implemented in the Q-Chem software, was applied in all
cases. The method was tested by reference CCSD(T)/DEF2-TZVPPD
calculations[57] for Au4, Au6 and Au5Y clusters using the MRCC pro-
gram.[58–60] Furthermore, single point CAM-B3LYP/DEF2-TZVP[61] cal-
culations were carried out on the optimized geometries for all
sizes.

The initial cluster-propene geometries were systematically generat-
ed in p and di-s bonding modes and subsequently optimized
using DFT calculations. In the p-bonded configuration the two
carbon atoms coordinate to the same gold atom, while in the di-s
bonding mode they are bound to two neighbouring Au atoms.
The barrierless nature of the propene adsorption reaction was con-
firmed by optimizations starting from initial structures in which the
propene molecule was placed 5 a from the closest atom of the
cluster. The interaction between the clusters and the propene is
evaluated by the adsorption energy, defined as Eads = E(Aun@1Y) +
E(C3H6)@E(Aun@1Y-C3H6). The calculated adsorption energy was cor-
rected with the zero-point vibrational energy (defined as DEZPE =
ZPEAun@1 Y++ZPEC3 H6

@ZPEAun@1 Y-C3 H6
). The basis set superposition error

(BSSE) was compensated using the counterpoise method.[62, 63] The
stability of clusters was determined by calculating the total atomi-
zation energy, defined as Eta =@[E(Aun)@n?E(Au)]/ n for the gold
clusters and as Eta =@[E(Aun@1Y)@(n@1)?E(Au)@E(Y)]/ n for the yttri-
um-doped clusters. With this convention larger positive values indi-
cate a larger energetic stabilization.

Energy decomposition and charge transfer analysis,[64] as imple-
mented in Q-Chem 5.1, was carried out to analyse the nature of
the cluster-propene interaction and to determine the orbital inter-
action in the complexes. The calculated intermolecular binding
energy contains Coulomb electrostatic, Pauli repulsion, dispersion,
polarization and charge-transfer terms. The orbital-orbital interac-
tions were investigated using the ALMO-EDA method and Comple-
mentary Occupied-Virtual Pairs (COVPs).[64] Each COVP consists of
an occupied orbital of one part of the complex (electron donor)
and a virtual of the other (electron acceptor). The chemical bond-
ing was analysed in terms of the Localized-Orbital Locator (LOL),
computed using the d-Grid[65–67] code, Bader[68] theory and NBO
analysis, involving Wiberg bond indices and natural charges[69, 70]

calculations computed with the NBO 6 program suite integrated
into the Q-Chem 4.4. software package.

Molecules were visualized using the PyMol program.[71] Kohn–
Sham orbitals were visualized using IQmol,[72] while the Molden
program was used for plotting the COVP orbitals.[73, 74] The Multiwfn
program was applied for Bader analysis.[75]

Results and Discussion

A. Mass spectrometric results

Mass spectra for gold-yttrium clusters interacting with C3H6

have been recorded for a range of reaction gas pressures. A

part of a representative mass spectrum is shown in Figure 1, in
which one can distinguish pure Aun clusters, doped Aun@1Y

clusters, and the corresponding cluster-propene complexes,

Aun-C3H6 and Aun@1Y-C3H6. For the smallest clusters, n<9 (not
shown in Figure 1), the intensity ratio of the complexes to the

corresponding bare clusters, IAuY-C3H6
/IAuY is low (<5 %). This is a

consequence of the small heat capacity of these clusters,

which cannot accommodate the heat of formation of the clus-
ter-propene complexes, thus dissociating faster than the time

scale of the experiment.[16, 19, 39] The small signals in the mass

spectrum in between the bare metal clusters and the cluster-
propene complexes correspond to water and oxygen contami-

nations.
An example of the pressure-dependent cluster-propene

complex intensity is shown in Figure 2. Intensities of the com-

plexes are normalized by the intensities corresponding to clus-
ters before reaction, Irel = IAuY-C3H6

/(IAuY + IAuY-C3 H6
). This example il-

lustrates how substitution of a gold atom by an yttrium atom
in the neutral Au12 cluster reduces the probability of cluster-

propene complex formation.

Figure 1. Mass spectrum of Aun and Aun@1Y (n = 9–15) clusters that have re-
acted in the collision cell with C3H6 molecules (T = 110 K, pC3 H6

= 0.04 Pa).
Pure Aun clusters are indicated by black lines. Red lines point to the Aun@1Y.
Black and red asterisks indicate Aun-C3H6 and Aun-1Y-C3H6 complexes, respec-
tively. Other small signals are water and oxygen contaminations.

Figure 2. a) Relative intensities of Au12-C3H6 (black) and Au11Y-C3H6 (red) as
function of the pressure in the collision cell. The solid black and red lines
are fits using the rate law determined from the reaction mechanism with kD

as only fitting parameter and using the hard sphere collision rate for kF.
b) Experimentally determined dissociation rate coefficients kD of Aun-C3H6

and Aun@1Y-C3H6 (n = 9–15) at 110 K. The error bars were calculated as the fit-
ting errors with 95 % confidence interval, assuming a hard-sphere collision
rate for the forward rate.
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In line with earlier experiments, the interaction between a
cluster and a small molecule in a low-pressure reaction cell can

be described by a two-stage reaction mechanism.[39, 76] Inside
the reaction cell both the adsorption of a propene molecule,

leading to the formation of propene-cluster complex with bi-
molecular association rate coefficient kF, and the dissociation of

this complex to propene and cluster, with unimolecular dissoci-
ation rate coefficient kD, take place [Eq. (1)]:

Aun@1Mþ C3H6
kFK! Aun@1M@ C3H6

kDK! Aun@1Mþ C3H6 ð1Þ

(where M = Au or Y)

Because of the absence of a buffer gas in the reaction cell,

unimolecular dissociation is the main channel to cool the com-
plexes. Outside the reaction cell, only dissociation of the com-

plex can occur. Earlier work on pure gold[39] and vanadium-

doped gold[19] clusters interacting with C3H6 and CO, respec-
tively, demonstrated that the formation rate coefficient for

these reactions can be approximated by the hard sphere colli-
sion rate, kF =s n, with s the collisional cross-section and n the

relative velocity between the cluster and the molecule. A hard
sphere collision cross section implies that each collision leads

to the formation of a complex and that there is no activation

barrier or steric factor involved.
By fitting the solution of the rate law determined on basis of

Equation (1) to the experimentally recorded pressure depen-
dent intensities (see ref. [19] for details), the dissociation rates

of the clusters-propene complexes, kD, are obtained for
n = 9–15. These rates are plotted in Figure 2 b. For smaller sizes

the intensities of the cluster-propene complexes were too low

to allow reliable fits, since kD
@1 is much shorter than the time-

scale of the experiment.

For pure gold clusters, the size dependence has already
been discussed in ref. [39]. The yttrium doping increases the

dissociation rate in the n = 9–15 size range, except for n = 10
and 13, where the dissociation rates of Aun-C3H6 and

Aun@1Y-C3H6 are nearly equal. kD shows a clear odd-even alter-

nation both for the pure and yttrium-doped gold clusters ; clus-
ters with an even number of atoms have a lower cluster-pro-
pene dissociation reaction rate.

B. Computed lowest energy structures of Aun-C3H6 and
Aun@@1Y-C3H6

The energetically most favourable structures of Aun and Aun@1Y
(n = 5–15) and the corresponding cluster-propene complexes

are shown in Figure 3.
It is well known that neutral Aun clusters are planar up to

surprisingly large sizes. The energy differences between the
most stable 2D and the 3D isomers are small in the range of

n = 10–13, so the different computational methods may lead

to a different transition size.[24, 51, 77–79] According to our compu-
tations, the 2D structure of Au10 is more stable than the 3D

one, while for Au11 the three-dimensional structure is the ener-
getically lowest lying isomer, in agreement with refs. [24, 77–

79]. The yttrium-doped Aun@1Y clusters prefer two-dimensional
structures only up to Au8Y.[21] This lower 2D to 3D transition

size is explained by the involvement of the yttrium d electrons
in the bonding of the doped clusters.[21] Larger Aun@1Y clusters
have basket-like structures (n = 11–13) or even complete cages

for n>14.
For the pure gold clusters, propene binds preferentially on-

top of a low-coordinated gold atom through its C=C double
bond, which corresponds to a p-bonding mode. This is similar
to the ethylene adsorption on neutral gold clusters.[28] In the

case of the Aun@1Y clusters, propene binds to the yttrium for
n<10, while for larger clusters the propene connects to a gold

atom. This adsorption site preference correlates with the struc-
tural size evolution of the clusters: propene prefers to bind to

yttrium for clusters that have (quasi) 2D structures but binds to

a gold atom in clusters with a 3D structure, where the yttrium
atom is less accessible. As Au8Y is in the 2D to 3D transition

region, propene binding to yttrium is preferred by only 0.04 eV
over binding to gold. In line with the binding rules proposed

by Chr8tien et al. ,[80] propene generally prefers to bind to a
low-coordinated atom, where one of the low-lying unoccupied

Figure 3. Optimized structures of the lowest energy Aun and Aun@1 (n = 5–
15) clusters and the corresponding Aun-C3H6 and Aun-1Y-C3H6 complexes, cal-
culated using the BP86/LANL2DZ method. Au, yellow; Y, blue; C, grey; H,
white.
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orbitals of the bare cluster has a large lobe (see Figures S1 and
S2 in the Supporting Information).

C. Propene adsorption energies

Propene adsorption energies are obtained by modelling the

experimentally measured dissociation rates with Rice–Ram-

sperger–Kassel–Marcus (RRKM) theory (Figure 4). Due to the
barrierless propene adsorption, we apply the loose transition

state model, where entropic considerations are of importance.
Figure 4 illustrates the propene adsorption energies for the

pure and doped gold clusters modelled using RRKM and calcu-
lated using DFT. The absolute propene binding energies ob-

tained by the RRKM model are systematically larger than the

DFT calculated values by about 0.1–0.2 eV. The maximum dif-
ferences between the CAM-B3LYP/DEF2-TZVP and the TPSSh-

XDM/DEF2-TZVP binding energies are 0.06 eV for Aun and
0.11 eV for the Aun@1Y (n = 5–15) clusters, while the average un-

signed differences are &0.03 and &0.06 eV, respectively. Thus
the two different functionals yield approximately the same

result (Figure S3 in the Supporting Information). The TPSSh-

XDM/DEF2-TZVP results deviate from the CCSD(T)/DEF2-
TZVPPD by @0.24 to @0.30 eV (Table S1 in the Supporting In-

formation). This shows that the DFT accurately describes the
size-to-size variation of the binding energies, while the abso-

lute values are underestimated compared to the benchmark.
The size-dependent variation and the effect of yttrium

doping on the adsorption energies show similar patterns in

Figures 4 a and b. Yttrium doping has a remarkable effect on

the propene adsorption energy at cluster sizes n = 5–7 and
13–14. In the case of n = 13, both the DFT and the RRKM com-

putation show that the propene adduct of the yttrium-doped
cluster is less stable than that of the pure gold cluster, while

the opposite effect is observed in the case of n = 14. In both
sizes the propene molecule connects to a gold atom, which

implies an indirect effect of the yttrium dopant. Other interest-
ing sizes are Au4Y and Au6Y where yttrium doping lowers the
adsorption energy, while the opposite effect is observed in the

case of Au5Y; although in the three doped clusters propene
binds to the yttrium atom. In the case of the other sizes, the
effect of the yttrium doping is smaller. For n = 11, yttrium
doping stabilizes the complex, while for n = 12 the doping has
a destabilization effect. For n = 9 and 15, RRKM predicts nearly
equal adsorption energies for the doped and pure clusters,

while somewhat lower adsorption energies for the doped clus-

ters were found by the DFT calculations. Similar small differen-
ces, in the order of the accuracy of the methods, were also ob-

served for n = 10.
The adsorption energies of smaller clusters (n = 5–8) could

only be computed using DFT calculations, since propene com-
plexes were not observed in this size range (see Experimental

Section for the reason). The adsorption energy of the propene

molecule to Aun@1Y shows little size dependence (Eads =

&0.8 eV) in this size range, while for the pure gold clusters the

adsorption energy has a pronounced minimum at Au6. Inter-
estingly, although the propene molecule prefers to bind to the

yttrium dopant atom, the doping itself lowers the adsorption
energy for the small (n = 5–9) cluster sizes, except for n = 6.

D. Chemical bonding analysis

Localized orbital locators (LOL) and bond critical points of
the electron density : LOL is a three-dimensional function of

the kinetic energy density (t) and its interpretation is based on

the fact that t is small in the bonding region.[65–67] LOL correct-
ly shows the shell structure of the atoms and the different ele-

ments of the chemical bonding (bonds, lone pairs etc.), even if
there is strong delocalization in the molecule. The LOL profiles

of Au9, Au6Y and Au10Y and their propene adducts are shown
in Figure 5, while the corresponding LOL profiles for other Aun

and Aun@1Y (n = 5–15) sizes are available in Figures S4–S7 of
the Supporting Information. LOL profiles of pure gold clusters

indicate the formation of two-electron three-centre bonds be-
tween the gold atoms. Similar bonds are not formed in the
case of small Aun@1Y clusters, as no LOL localization domain is

observed between yttrium and gold. The LOL profiles of the
cluster-propene complexes do not exhibit a basin between the

clusters and propene, thus there is no covalent bond between
these moieties. The LOL of the adducts is approximately the

combination of that of the reactants, except for the slightly in-

creased localization near to the propene adsorption site. The
topological analysis of the electron density (Bader analysis) de-

fines the chemical bonds by a Bond Critical Point (BCP) and
the corresponding bond paths (gradient paths) leading to the

nuclei. A covalent bond is characterized by a &10@1 a.u. elec-
tron density at the bond critical point (BCP) and a negative

Figure 4. Adsorption energies of C3H6 on Aun and Aun@1Y (a) for n = 9–15 as
derived from the experiments by employing the RRKM model with loose
transition state, and (b) for n = 5–15 using the total energies of the DFT com-
puted lowest energy structures. Error bars on the RRKM modelled values
have been estimated by scaling all vibration frequencies by a factor 0.9 and
a factor 1.1. The uncertainty on the frequencies dominated the uncertainty
on the experimentally measured kd values. The error bars do not account for
possible systematic uncertainties on the underlying assumptions of the
RRKM model. Error bars of the DFT computations were estimated using
CCSD(T)/DEF2-TZVPPD benchmarks of propene adsorption on Au4, Au6 and
Au5Y (Figure S3 and Table S1 in the Supporting Information).
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Laplacian, while electrostatic interactions and ionic bonds are
characterized by a lower electron density at the BCP

(&10@2 a.u.), and a positive Laplacian.[81] The electron density
at the BCP in the Aun-C3H6 complexes is low (about 0.06–0.08).

In the Aun@1Y-C3H6 complexes, the value depends on the pro-

pene binding site. If propene is bound to the exposed Y
dopant (n = 5–9), the electron density at the BCP between pro-

pene and the cluster is about 0.03 a.u. , while for complexes
having Au-C interactions (n = 10–15) it is between 0.07–

0.08 a.u. The Laplacian of the electron density has a small posi-
tive value in the BCP—around 0.06 and 0.15 a.u. for propene

binding to yttrium and gold, respectively (see values in

Table S2 of the Supporting Information). These values are indi-
cative for electrostatic interactions between the adducts,

which is in line with the results from the LOL analysis.
Natural charges and bond indices : For the bare gold clus-

ters, we found small charge separation (Table S3 in the Sup-
porting Information). However, in Aun@1Y clusters, gold atoms

donate electrons to the yttrium d atomic orbitals (Figure S8 in
the Supporting Information). In the cluster-propene complexes
no charge separation was observed between the cluster and

the propene molecule (Figure S10). The Wiberg bond index be-
tween two atoms A-B is the sum of the corresponding squared

elements of the density matrix. For typical chemical bonds, its
value is close to the formal bond order. Here, the bond indices

between each carbon atom of propene and the metal atom M

(M = Au or Y) of the cluster to which the propene attaches are
also low, about 0.25 if M = Au and about 0.15 if M = Y (Table 1).

Upon propene adsorption to a gold atom of the cluster, the C1
and C2 atoms become more negatively charged (see Table 1

and Figure S11 in the Supporting Information). This, along with
the decreasing C1@C2 Wiberg bond indices implies a dona-

tion/back-donation mechanism for propene adsorption.[80] The

interaction is slightly different if propene binds to the Y
dopant. In this case, the natural charge of the C1 atom be-

comes even more negative, while the C2 atom is less negative-
ly charged compared to the isolated propene molecule. The

decrease of C1@C2 Wiberg bond index is smaller if propene

binds to yttrium compared to the case of gold. This suggests
that the extent of the donation/back-donation is smaller if pro-

pene attaches to the yttrium dopant atom as compared to a
gold atom.

Energy decomposition analysis : The analysis of the LOL,
the electron density as well as the natural charges and the

Wiberg bond indices all support that there is no covalent

bond between the clusters and propene, and the cluster-pro-
pene interaction results from charge transfer and other non-

covalent interactions. The character of this non-covalent bond-
ing is further investigated using energy decomposition analysis

(EDA).[64] This approach decomposes the interaction energy
into different interactions and quantifies their importance. We
decompose the adsorption energy in the following form

[Eq. (2)]:

Eadsorption ¼ Echarge transfer@Efrozen þ Epolarization

@Erelaxation þ Edispersion þ DEZPE

ð2Þ

In Equation (2), the dispersion term is computed using the
XDM dispersion correction. The relaxation term accounts for
the energy penalty to distort the cluster and propene geome-

try during the adsorption process. The frozen term is due to
the permanent electrostatic interactions and Pauli repulsion.

The permanent electrostatic interaction is expected to be small
since both fragments are neutral and there is no strong charge

separation in either the cluster or the propene molecule. The

polarization term is defined as the energy lowering due to the
intra-fragment relaxation of the frozen molecular orbitals, that

is, internal charge re-organization in the cluster and propene
during the reaction. The charge transfer energy term is defined

as the energy lowering due to the electron transfer from an
occupied orbital of one fragment to the unoccupied orbital of

Table 1. Natural charges of carbon atoms in propene and Wiberg bond
indices between the carbon atoms in propene (C1@C2, C2@C3) and be-
tween the carbon atoms and the metal atom M of the clusters to which
propene attaches (M@C1, M@C2 with M = Au or Y) (See Figure 5 for label-
ling of the carbon atoms).

C3H6 Au9-C3H6 Au10Y-C3H6 Au6Y-C3H6

Natural charge
C1 @0.39 @0.50 @0.50 @0.55
C2 @0.17 @0.19 @0.20 @0.08
C3 @0.61 @0.63 @0.63 @0.64
Wiberg bond index
C1-C2 1.98 1.67 1.68 1.87
C2-C3 1.06 1.07 1.07 1.07
M-C1 – 0.24 0.23 0.14
M-C2 – 0.21 0.20 0.07

Figure 5. Localized Orbital Locator isosurfaces (green lobes) of (a) C3H6,

(b) Au9, Au6Y and Au10Y clusters, and (c) Au9-C3H6, Au6Y-C3H6 and Au10Y-C3H6

complexes (LOL = 0.3). In (c) the values of the M-C1 Wiberg bond indices are
also given. Bond Critical Points are marked with light blue dots. (M = Au or
Y).
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the other. It essentially describes the presence of electron do-
nation/back-donation in the cluster-propene complex.

In pure clusters, the frozen (negative contribution) and the
charge transfer (positive contribution) terms have the highest

contributions to the total energy and both contributions show
similar tendencies (Figure 6). The frozen term is repulsive, but

the charge transfer term overcompensates this energy penalty.
This is also true for the Aun@1Y clusters, although the magni-
tudes of both terms are much larger if propene binds to an Au

atom (&1.5–2.5 eV for Aun@1Y with n+10) compared to the Y
dopant (&0.2–0.6 eV for Aun@1Y with n<10). This binding site
dependency can be explained by the smaller Pauli repulsion in
the case of attachment to the yttrium dopant (yttrium has

only one d electron) and also to the larger charge transfer in
the case of an Au binding site (Au is more electronegative

than Y).

The polarization term follows a similar trend in the pure and
doped clusters if n+10, where propene binds to gold, while

for n<10 the polarization effect is smaller in Aun@1Y than in
Aun. This is in line with the importance of the electronegativity

of the dopant atoms. It must also be noted that the charge
transfer, frozen, and polarization terms are nearly constant for

Aun@1Y n<10, which explains the limited size dependence of

the propene adsorption energy in this size range.
It is well visible in Figure 6 that the total propene binding

energy on pure gold clusters is determined mainly by the sum
of the frozen, the polarization and the charge transfer terms

(see Figure S12 for details in the Supporting Information),
while the relaxation, the dispersion and the zero-point energy

have only smaller, and weakly size-dependent contributions.
Interestingly, while in organic molecules the dispersion interac-

tion generally increases with their size, in the case of cluster-
propene adducts we found that it only shows a small size de-

pendence without a clear tendency and is in the range of 0.08
to 0.22 eV.

The charge-transfer term correlates with the total adsorption
energy (see Figure S13 in the Supporting Information), show-

ing that the binding is determined mainly by the charge trans-

fer between propene and the cluster, in agreement with
ref. [80]. The variation of the charge transfer term with the

cluster size explains for instance that the binding energy of
propene to Au6 is lower, while that of the Au12 is higher than

for their neighbours.
On the other hand, in yttrium-doped gold clusters also the

relaxation has an important effect. Relaxation is not only larger

than in the pure gold clusters, but also shows a strong size de-
pendence. This is in line with the observation that the propene

binding energy of yttrium-doped gold clusters has a more
complex size dependence compared to the pure gold clusters.

In addition, due to the large relaxation, there is no correlation
between the charge transfer term and the total binding

energy of propene. However, by subtracting the relaxation

term from the total binding energy a good correlation can be
observed (see Figure S14 and S15 in the Supporting Informa-

tion). Charge transfer has a small size dependence when pro-
pene attaches to the yttrium atom, which nicely correlates

with the observed propene binding energy. On the other
hand, if propene binds to a gold atom, the larger charge trans-

fer generally results in a stronger binding. This clearly shows

the important role of charge transfer in the propene binding
to yttrium-doped gold clusters. Overall, in pure gold clusters

the charge transfer, the polarization and the frozen terms de-
termine the size dependent stability, while in yttrium-doped

gold clusters the relaxation is also important.
In the case of n = 12 the large difference between the calcu-

lated propene adsorption energies (Figure 4) on the pure and

doped gold clusters can be explained with the magnitudes of
the relaxation terms. In the n = 13 case, however, the relaxation

terms have similar values and hence the smaller frozen term
leads to the enhanced stability of Au13-C3H6 compared to
Au12Y-C3H6. For n = 14 the sum of the polarization, charge
transfer and frozen terms is much smaller in the pure cluster
and the larger relaxation term of Au13Y-C3H6 does not compen-
sate for it. Therefore, at this size the yttrium-doped cluster-pro-
pene complex is more stable.

Orbital interactions : In the molecular orbital framework, the
charge transfer is represented by the electron donation from

an occupied orbital of one of the reagents to a virtual orbital
of the other reagent. The computed complementary occupied/

virtual pairs (COVPs) demonstrate that in each cluster-propene
adduct only a few orbital interactions dominate the charge
transfer. Figure 7 shows the main occupied-virtual pairs for se-

lected cluster sizes. In the case of pure gold clusters, there are
two main complementary occupied-virtual orbital pairs in

which donation/back-donation occurs. In one pair, the p orbi-
tal of propene donates electrons to the gold s orbitals. In the

Figure 6. Energy decomposition analysis of the propene adsorption energy
(total) for a) Aun and b) Aun@1Y (n = 5–15) clusters. Grey background shows
the complexes where propene is attached to the Y dopant. Full and hollow
symbols are used for positive and negative contributions to the adsorption
energy, respectively.
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other COVP pair, the direction is opposite: gold donates d elec-
trons to the p*-orbital of propene. In line with bi-directional

donation/back-donation, the charge transfer energy is large,
but there is only a small charge separation, as quantified by

the natural charges (Figure S10 in the Supporting Information).

The size dependence of the charge transfer term is slightly
more complicated in the case of yttrium-doped clusters, where

donation seems to be the main factor up to n = 9, resulting in
an increased charge separation (see Figure S10 in the Support-

ing Information). For the larger Aun@1Y (n +10) clusters, the sit-
uation is similar to the pure gold clusters. The donation mainly

occurs from propene p-orbital to the s and p atomic orbitals

of gold and the d atomic orbitals of yttrium. The back-dona-
tion is primarily from the d orbitals of Y and the s, p and d

atomic orbitals of Au to the propene p*-orbital.
The local nature of the charge transfer bond is well visible in

Figure 7. It turns out that gold donates electrons from its d
atomic orbital whose symmetry matches that of the propene
p* bond. Thus, only d atomic orbitals with the proper symme-

try can participate in the charge transfer bond. We expect that
an occupied molecular orbital close to the HOMO or SOMO
(semi occupied molecular orbital, for systems with an unpaired
electron), having a high contribution from the metal d atomic

orbitals, determine the charge transfer from the cluster to pro-
pene. Figure 8 indeed shows that for Aun the trend of the en-

ergies of these orbitals is similar to that of the charge transfer.
This relates the molecular orbitals of the bare cluster to the
propene binding. However, the relationship is not perfect (es-

pecially for Au5, but to a lesser extend for Au6 and Au9) as not
only the orbital energies, but for example, also the overlaps,

are important for the interaction strength.
The propene binding to yttrium-doped gold clusters is more

complicated. As discussed earlier in this paper, the relaxation

term shows a large size dependence, thus the geometric dis-
tortion of the reactants during the cluster-propene adduct for-

mation is large. Therefore, the orbital energies of the clusters
change considerably during the propene adsorption and we

did not observe any correlation between the orbital and
charge transfer energies.

Conclusions

In summary, we studied the effect of yttrium doping on the re-

activity of small Aun clusters with propene by joint gas phase
reactivity measurements in a low-pressure collision cell and

DFT computations.

The experimental cluster-propene complex dissociation rates
are dopant and size dependent and are generally larger for the

Aun@1Y clusters, especially for sizes n>13. Adsorption energies
on pure and yttrium-doped gold clusters are estimated from

RRKM analysis and compared to those predicted by DFT. The
two different methods give similar tendency for adsorption en-

ergies: yttrium doping generally lowers the adsorption energy,

except for n = 6, 11 and 14. The lowering is particularly strong
for n = 5, 7, 12 and 13.

The small population of the yttrium d atomic orbitals for n<
10, makes it the favoured propene adsorption site, but for

larger (n+10) clusters the yttrium d electron population is in-
creased, and propene connects to a gold atom. The preferred

location for propene adsorption is explained by the analysis of

the low-lying unoccupied molecular orbital of the correspond-
ing bare clusters, which is in line with the observed donation/

back-donation mechanism. The analysis of the chemical bond-
ing showed that there is no covalent bond between the clus-
ters and propene, and that the charge transfer and other non-
covalent interactions are responsible for the attractive interac-
tion.

The energy decomposition analysis showed that the charge
transfer is the most important term for the propene binding,
while in the case of yttrium-doped gold clusters the relaxation
is also significant. The charge-transfer bonding is local and
only the metal d atomic orbital that matches the propene p*
symmetry participates in the charge donation from the cluster
to the propene. On the other hand, propene donates electrons
to the unoccupied valence s metal orbital. Therefore, the pre-
ferred binding site can be predicted by the analysis of the
high-lying occupied and low-lying unoccupied molecular orbi-
tals and by identifying the metal atoms where these atomic or-
bitals have large lobe. In addition, in the case of pure gold
clusters the trend of the corresponding molecular orbitals is

Figure 7. Occupied virtual orbital pairs of the selected Au9-C3H6, Au6Y-C3H6

and Au10Y-C3H6 complexes.

Figure 8. Correlation between the orbital energies of orbitals close to the
HOMO/SOMO of the bare clusters, participating in charge transfer bonds,
and the charge transfer energies in the cluster-propene complex.
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similar to the charge-transfer energy. This relates the bare clus-
ter’s molecular orbital energies to the propene binding. Thus,

in contrary to the metal surfaces, not the d band centre, but
the frontier orbital energies determine the chemical bonding

in these clusters.
Thus, we showed in this paper that the non-covalent inter-

actions and the charge transfer are responsible for the pro-
pene binding on pure and yttrium-doped gold clusters. The

adsorption energy of propene on gold clusters and the non-

covalent interactions between the cluster and propene can be
tuned by yttrium doping, which opens the way towards ration-

al design of cluster catalysts.
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