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We report that Au atoms within van der Waals complexes serve as catalysts for the first time. This was
observed in ionization-induced chemistry of 1,6-hexanediol-Au and 1,8-octanediol-Au complexes
formed in superfluid helium nanodroplets, where the addition of Au atom(s) made C,H," the sole

Received 25th June 2020 prominent product in dissociative reactions. Density functional theory (DFT) calculations showed that the

Accepted 27th July 2020
Au atom significantly strengthens all of the C-C bonds and weakens the C-O bonds in the meantime,
DO 10.1039/d0sc03523h making the C-C bonds stronger than the two C-O bonds in the ionized complexes. This leads to

rsc.li/chemical-science a preferential cleavage of the C—O bonds and thus a strong catalytic effect of the Au atoms in the reactions.
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Introduction

Single metal atoms anchored on a surface can have remarkably
high catalytic activity and selectivity because of the large surface-
to-volume ratios and/or modified catalytic properties."” Recent
discoveries include atomically dispersed Pt atoms and alkali ions
on surfaces of alumina and silica that catalyze low-temperature
water-gas shift reactions,® single Pt atoms on metal oxide
surfaces for CO oxidation,*® isolated Pd atoms on Cu(111) surface
for selective hydrogenation of styrene and acetylene,® crown-
jewel-structured Pd/Au nanoparticles with isolated gold atoms
as active sites for H,O, decomposition,” FeOx-supported single Pt
atoms for hydrogenation of substituted nitroarenes,® and atom-
ically dispersed Fe(OH), on Pt surface for CO oxidation in
hydrogen.® However, in all of these studies the metal atoms are
affixed to a surface, where their chemical and/or electronic
properties are inevitably modified by the surface. To dissect the
surface effect and explore the ultimate limit of catalysis at the
molecular level, single atom catalysis has been extensively
explored in the gas phase involving neutral molecules and metal
ions.”®"* Such an isolated and unperturbed environment has
proven as a powerful tool to study the intrinsic properties of the
‘active site’ of a catalyst."”
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Interactions between metal atoms and molecules are important
in many disciplines of chemistry, such as coordination chem-
istry,”® organometallic chemistry* and catalysis.”*"” Computa-
tional chemistry, as a powerful tool to investigate such
interactions, is generally used to calculate structures and ener-
getics of metal-containing complexes, and can reveal how the
strength of chemical bonds is influenced by metal atoms.*® If the
cleavage of a specific chemical bond is important for the reaction,
weakening of this bond by a metal atom will result in a lower
activation energy and thus manifest robust catalytic activity.

In this work we chose diol molecules (1,6-hexanediol and 1,8-
ocatanediol) and Au complexes as exemplar systems to illustrate
such a concept at the molecular level. A key advancement in this
work is to use superfluid helium nanodroplets®* as nano-
reactors to form and isolate diol-Au, clusters (n = 1, 2, ...),
i.e., by the sequential addition of diol molecules and Au atoms
to helium nanodroplets (Fig. S1f). The droplets were then
ionized by electron impact (100 eV). The electron initially can
produce a He" ion near the surface of the droplet, which is
mobile on account of resonant charge hopping and can transfer
its charge to the embedded complexes and create ionized
complexes.”® An alternative route of ionization is via electroni-
cally excited He* (2°S) atoms,* which can also occur given the
relatively small droplet sizes in this work. The resulting diol-
Au, cations subsequently undergo chemistry and any ions
ejected into the gas phase were then detected by mass spec-
trometry. By this route any surface contact was avoided, allow-
ing the effect of Au atoms on the dissociative ionization
reactions of diol molecules to be unambiguously identified.

Results and discussion

By careful control of the partial pressure of diol molecules using
a needle valve and the vapour pressure of Au by the oven

This journal is © The Royal Society of Chemistry 2020
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temperature, multiple pickup of diol molecules was minimized
by reducing the diol-H" channel, which is a signature of diol
clusters, and on average each helium droplet contained one Au
atom (Fig. S27). This is essential to maximize the proportion of
helium droplets containing one Au atom and illustrate the
effect of a single Au atom on the dissociation chemistry of the
diol-Au cation. As the pickup follows Poisson statistics,'® under
these conditions ~37% of helium droplets contained no gold
atom, ~37% had only one gold atom, ~18% had two gold atoms
and the remaining ~8% with three or more gold atoms. Given
the low temperature of helium droplets (0.37 K), no reaction
between the gold atom(s) and diol molecules is possible prior to
ionization so the sequential pickup of diol molecules and Au
atoms led to the formation of van der Waals complexes. Both O
atoms in diol molecules can serve as binding sites for Au atoms;
so the complexes may have different configurations when
helium droplets pick up more than one Au atom. For example,
Au-HOC¢H,,OH-Au and HOCsH;,OH-Au, can be formed at
a 1:1 ratio when 2 Au atoms are co-added to helium nano-
droplets. As detailed later, the effect of Au atoms to the C-O and
C-C bonds within the diol-Au, cation is similar to that of
a single Au atom, suggesting that multiple pickup of Au does
not complicate the reactions.

In the gas phase mass spectrum of the isolated diol mole-
cules the prominent ions are seen at m/z 31, 41, 42 and 67 for
1,6-hexane diol, and m/z 31, 41, 55, 67, 82 for 1,8-octanediol.*
However, the mass spectra in helium droplets are very different.
As seen in Fig. 1, C,H,", HCO' and CH,OH" are the major
products, accounting for 17%, 19% and 21% in the mass
spectrum of hexanediol-doped helium droplets, and 26%, 13%
and 13% for octanediol-doped helium droplets, respectively. In
the mass spectra of diol-Au complexes, C,H," is the sole
prominent product, accounting for ~66% of the overall ion in
the mass spectrum of hexanediol-Au complex and ~68% for the
octanediol-Au complex, respectively. Meanwhile, both HCO"

CH,
HCO'
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Fig. 1 Mass spectra of diols (upper panels) and diol-Au,, complexes
(lower panels). (a) Mass spectra of 1,6-hexanediol and the 1,6-hex-
anediol-Au, complex; (b) mass spectra of 1,8-octanediol and the 1,8-
octanediol-Au, complex. The helium droplet background ion signal
was subtracted in all of the spectra. The prominent ions correspond to
peaks at m/z 28, 29 and 31, which are assigned to C,H,*, HCO™ and
CH,OH™, respectively. The asterisk in (a) marks the O,H* peak at m/z
33, which is likely due to trace O, in the hexanediol sample owing to
incomplete degassing. Excluding this product, CoH4* accounts for 17%
of the overall signal in the hexanediol mass spectrum, which increases
to 66% when Au is co-added. For octanediol and octanediol-Au
complexes, the m/z 33 peak is absent and the C,H,* signal accounts
for 26% and 68% of the overall ion products, respectively.
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and CH,OH" signals are drastically reduced, i.e., to ~8% in both
cases for hexanediol-Au, and ~5% in both cases for octanediol-
Au. When considering the contribution from the droplets that
contain no gold atom (~37%), the abundance of C,H," ion is
calculated as 95% for hexanediol-Au and 92% for octanediol-
Au. This remarkable change of chemical outcome suggests
a pronounced catalytic effect of gold atoms on the ionization-
induced chemistry. Unlike single-atom catalysis by metal
ions,'" the fragments detected in the low-mass region result
from the dissociation of diol cations. This observation is taken
as evidence that the reactions were catalyzed by neutral Au
atoms.

To provide a heuristic interpretation we performed density
functional theory (DFT) calculations on 1,6-hexanediol, its Au-
containing complexes and the corresponding ions, with the
focus on the C-C and C-O bonds in hexanediol, the fissions of
which account for major fragments in the mass spectra. The
geometry optimizations progressed from neutral 1,6-hex-
anediol, hexanediol-Au, Au-hexanediol-Au and hexanediol-
Au, complexes, and the optimized structures of neutrals were
then used as the initial configurations for the geometric opti-
mization of the corresponding ions (Fig. 31). This allowed
accurate determination of low-energy structures without
a complete structural search (1,6-hexanediol is known to have
over 300 conformers®). The lowest energy structures of the
neutral molecules and ions are shown in Fig. 2 and the C-C and
C-O bond energies are summarized in Table S17. Note that 1,8-
ocatanediol and its Au-containing complexes were not
computed due to the similarity to 1,6-hexanediol and the 1,6-
hexanediol-Au,, complexes.

DFT calculations suggest a weak interaction between
neutral 1,6-hexanediol and Au atoms (with a binding energy <
2 k] mol ™', Table S21) and a much stronger interaction in 1,6-
hexanediol-Au cation (with a binding energy of 157 k] mol ™),
which has major effect on the C-C and C-O bond energies in
the hexanediol-Au,," complex (see Fig. 3). Both C-O bonds
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Fig. 2 Lowest-energy structures of hexanediol-Au complex cations.
(a) Hexanediol cation; (b) hexanediol-Au cation; (c) Au—hexanediol-
Au cation; (d) hexanediol-Au, cation. The geometry optimization
starts with neutral 1,6-hexanediol, yielding a structure similar to that
obtained by Chen et al?* This was then used to construct initial
configurations in geometry optimizations for hexanediol-Au, Au—
hexanediol-Au and hexanediol-Au,. The optimized geometries of the
neutrals were used as initial structures of the cations in the calcula-
tions. The labelling of atoms is used in Fig. 3.
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Fig. 3 Changes of C-C and C-O bond energies in 1,6-hexanediol-
Au,, cations (n = 1 and 2) relative to the 1,6-hexanediol cation. All of the
C-C bonds are strengthened by the Au atom and C-O bonds are
generally weakened. The bond energies and the bond energy changes
are listed in Table S1.f

have a bond energy of 400 k] mol " in the isolated hexanediol
cation, which are stronger than all of the C-C bonds (Table
S171). However, when a gold atom is attached, both C-O bonds
are significantly weakened, i.e., by 75 k] mol " for the nearby
C-0 bond (where the gold atom is attached) and 31 kJ mol "
for the remote C-O bond. Meanwhile, all of the C-C bonds are
significantly strengthened. The most significant increases of
bond energies occur in the C-C bonds next to the O atoms,
i.e., by 121 kJ mol~* and 68 k] mol ™%, respectively; while the
least increase arises in the middle C-C bond (by 14 kJ mol ).
For the Au-hexanediol-Au cation, the degrees of weakening
of the C-O bonds and strengthening of the C-C bonds by the
Au atoms is even higher: both C-O bonds are weakened by
134 k] mol™" and the increase of the C-C bond energies
ranges from 85 to 148 kJ mol '. For the hexanediol-Au,
cation, the changes in C-O bond strengths are relatively
minor but all of the C-C bonds have similar strengths to the
Au-hexanediol-Au cation, with the nearby C-C bond
strengthened by 170 kJ mol™". Similar effects may occur in
diol-Au complexes containing 3 or more Au atoms, which
accounts for ~8% of the total diol-Au complexes by the
pickup statistics.

Our calculations provide strong support for the experimental
observations. For the 1,6-hexanediol cation, both C-O bonds are
stronger than any of the C-C bonds within the molecule so the
cleavage of C-O bonds are less favoured compared with the C-C
bonds. As a result, the O-containing fragments are prominent in
the mass spectrum of hexanediol. In contrast, when Au atoms
are co-added, the C-O bonds are generally weakened (with
exception of the remote C-O bond in hexanediol-Au,) and all of
the C-C bonds are significantly strengthened. Consequently,
the cleavage of C-O bonds is easier and the fission of C-C bonds
becomes more difficult when compared with 1,6-hexanediol.
Remarkably, both C-O bonds are considerably weaker than all
of the C-C bonds in these Au-containing complexes, which will
make the cleavage of the C-O bonds favoured in ion-molecule
reactions. The loss of OH groups lead to the formation of the
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CgHy," ion, which subsequently dissociates with C,H," as the
preferential product (Fig. S47).

Conclusions

In closing, we report a striking observation that a single metal
atom weakly interacting with molecules in a van der Waals
complex can nevertheless serve as a single-atom catalyst in
ionization-induced dissociative reactions. DFT calculations
showed that a gold atom significantly alters the bond energies
in the 1,6-hexanediol cation, ie., weakening of the two C-O
bonds and strengthening all of the C-C bonds, making both
C-O bonds significantly weaker than all of the C-C bonds.
Consequently, the cleavage of C-O bonds becomes favourable
in the dissociation of diol-Au cations and the C,H," ion
becomes the prominent product. This is a molecular-level
showcase of the Arrhenius law, where lowering the activation
energy plays a paramount role in the reactions. Note that the
charge transfer ionization by He" deposits excess energy into
the diol-Au complexes (>10 eV), which may complicate the
reaction mechanism. Potentially, this can be resolved by using
a lower energy ionization technique, e.g., photoionization.
Alternatively, it might be worth trying to study Au-diol complex
cations in the solution phase, e.g., by adding Au salt to diol
solutions, where the Au” complexing with diol molecules can
weaken the C-O bonds and strengthen all of the C-C bonds,
and hence can catalyse C-O bond cleavage reactions. In this
context, this work suggests a new strategy in catalysis, i.e., by
preparation of molecular complex precursors where specific
chemical bonds important for chemical reactions are pre-
activated via complexing. More broadly, the discovery in this
work will encourage theoreticians to study how chemical bonds
are influenced by atomic catalysts in numerous reactions,
which will lead to a much better understanding of catalysis, and
ultimately, to the rational design of catalysts.
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