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ABSTRACT: DFT computations show that calixarenes
stabilize subnanometer Au,; clusters allowing access of
small molecules like O, to reactive metal sites in the core.
Maximum of three dioxygen molecules can bind to the
cluster, and they are activated to a superoxo O, state.
This study predicts that gold clusters could act as viable
oxidation catalysts at ambient conditions based on similar
principles as the metal centers in enzymes.

old nanoparticle catalysts have been intensively studied
for decades," and the various factors inducing the catalytic
activity and atomistic reaction mechanisms are still under active
discussion.” Efficient aerobic oxidation under mild conditions is
a particularly intriguing property of catalytically active nano-
scale gold; hence, binding and activation of dioxygen is
regarded as the crucial reaction step. It is generally agreed that
control of size is crucial for keeping optimal dispersion (in
many cases 2—3 nm) of gold on the support. Stabilizing the
gold nanoparticles by organic ligands to prevent aggregation
offers one alternative for controlling the size but raises new
challenges for maintaining accessibility to reactive metal sites.”
Enzymes maintain unsaturated sites of the reactive metal
centers in the presence of reaction inhibitors while facilitating
access for reactants to the active sites.* This highly selective
action is accomplished since the protein backbone consists of a
series of rigid segments that form a cage-like structure to
surround each metal-cluster active site with an effective mesh
size large enough to be penetrable to small reactant molecules.
Similar function could be mimicked by suitable design of
organic macrocycles or dendrimeric structures stabilizing gold
nanoclusters.>®
Recently, de Silva et al. synthesized a group of calixarene-
stabilized gold clusters using structurally defined ClAu(I)-
diphosphine-calix[4]arene complexes as precursors.® Although
the total structure determination of the clusters could not be
achieved, HAADF-STEM (high angle annular dark field-
scanning tunneling electron microscopy) evidence suggested
that the smallest clusters consist of a uniform distribution of
subnanometer metal cores consisting of only 11 Au atoms,
which was consistent with Au,;; cluster fragments that were
observed via electron-spray-ionization (ESI) mass spectroscopy.
Elemental analysis and X-ray photoelectron spectroscopy data
were both consistent with binding of five calixarene phosphine
ligands per Au,; cluster, out of which two are bound in a
bidentate fashion while three others are bound in monodentate
fashion. Furthermore, steady-state fluorescence titration experi-
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ments with probe molecule 2-naphthalenethiol (2NT) showed
that 25% of the Au atoms in the metal core remain accessible
and bind 2NT. The calix[4]arene ligand was thus shown to
stabilize subnanometer gold clusters with accessible metal core
sites for, e.g., adsorption and catalytic applications.

Inspired by this experiment and our earlier theoretical work
on atomic and electronic structure of similar-size gold
nanoclusters stabilized by phosphines, halides, and thiols,”®
we performed density functional theory calculations on
atomistic models based on the well-known undecagold Au,,
clusters’™” and full diphosphine-calix[4]arene ligands used in
the de Silva et al. experiment.® We show here that binding of
five calixarenes is sterically feasible and that three gold sites of
the protected cluster have significant solvent accessibility. We
further show that binding of 2NT or smaller molecules to
accessible sites of the gold core is possible, and most
importantly, we show that the calixarene-stabilized Au,; cluster
is able to simultaneously bind and activate up to three O,
molecules to superoxo-like state, which predicts that these
systems should be feasible for small-molecule oxidation
reactions. In addition to providing strong support to the
experiments of de Silva et al., our results validate one of the first
computational models for ligand-stabilized subnanometer size
gold clusters that could act as viable oxidation catalysts based
on similar principles as for metal centers in enzymes.

We used the projector-augmented-wave (PAW) method in
real space grids as implemented in the GPAW DFT code.'
The real space grid had a grid spacing of 0.2 A. Au(5d'%s"),
P(3s*3p*), C(2s%2p*), O(2s2p*) and H(ls') electrons were
regarded as the valence. The PAW setup for Au includes scalar-
relativistic corrections. We used PBE (Perdew-Burke-Ernzer-
hof)'" as the exchange-correlation functional. All calculations
were spin-polarized. All cluster systems were fully relaxed
without any symmetry constraints until the residual forces were
below 0.05 €V/A. Electronic states in the metal core were
analyzed by projection of the cluster states to spherical
harmonics in a sphere of radius 4 A as described in ref 7.
VMD software (http://www.ks.uiuc.edu/Research/vmd/) was
used to evaluate solvent-accessible surfaces and to visualize
them.

First, we studied the geometric structure'” of 1 Au,,Ls and 2
Auy;Ls(2NT); complexes where L = diphosphine calix[4]arene,
see Figure 1. 1 consists of an Auj; core which has an
approximate Cj;, symmetry, two bidentate bound ligands
(Figure 1b), and three monodentate bound ligands (Figure
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Figure 1. (a) Diphospine—calixarene complex as determined by single-
crystal X-ray diffraction (ref 6); (b) two bidentate ligands of Auy,Ls;
(c) three monodentate ligands of Auy,Ls; (d) the full structure of 1
Auy, L (the bidentate ligands are shown in light brown and light blue,
while the monodentate ligands are in red, green, and purple); (e) the
structure of 2 Au;,Ls(2NT), (all the calixarene ligands are shown in
light brown and 2NT molecules are shown in purple, light blue, and
green); (f) the angular-momentum projected density of states
(PDOS) of Au;Ls(2NT); in the Au;; core. H and L denote
HOMO and LUMO, respectively. Note that several states close to the
HOMO are due to 2NT ligands as well. The colors of the atoms: Au,
yellow; P, orange; O, red; S, light yellow.

1c). The two bidentate ligands are on the opposite sides of the
cluster and criss-cross with each other, while the monodentate
ligands consist of bound phosphine and unbound phosphine-
oxide substituents and bind to three C;, symmetrical Au atoms.
There are seven P—Au contacts to the metal core and the
distances between Au and P atoms are ~2.38 A, independent of
the ligands being in monodentate or bidentate bound modes.
Three Au sites (27% of metal sites) remain accessible to
molecules as visualized by solvent-accessible surface of 1 shown
in Figure 2.

The optimized structure of 2 is shown in Figure le. The
three 2NT molecules bind to the three C;, symmetrical Au sites
with an average S—Au distance of 2.37 A, and the adsorption of
2NT molecules causes no major rearrangement of calixarene
ligands. Auy;Ls(2NT); is stable not only because it has a high
symmetry and is fully protected (all the Au atoms on the
surface have a bond either with P or S atoms), but also because
it has a special stable electronic structure which will be
discussed in the following paragraph.

The ligand-protected gold clusters can be generally written
with the formula (L,AuyX,,)” where N is the number of gold
atoms in the cluster, L is an electron-neutral ligand (here the

Figure 2. Solvent-accessible surface of Au,,L;, showing one of the
three Au sites available for binding reactants. Water molecule has been
used as the probe. The accessible area at the three Au sites is 1.7—1.9
A%

phosphine-calixarene), M is the number of electron-with-
drawing ligands X (here 2NT) and z is the charge in units of lel.
The ‘metallic’ (delocalized, itinerant) electrons in the gold core
can be counted by the simple formula’

e =Ny, — M-z (1)

where v, = 1 is the gold 6s valence number. For stable clusters,
the electron counting from the eq 1 are those of well-known
shell closing numbers n, = 2, 8, 18, 20, 34, 58..7"3 With the use
of this electron counting rule, the neutral Au;;L;(2NT),
complex has 8 ‘metallic’ electrons in the gold core and the
expected “superatom” octet configuration of 1S*1P° is
confirmed by our analysis of spherical harmonics as visualized
in Figure 1f. The figure shows that the cluster has a HOMO—
LUMO gap of 1.55 eV. The HOMO state has the P symmetry
and LUMO has the D symmetry. This calculation confirms that
the electron counting rule works not only for the Au clusters
with small and monodentate bound ligands, but also for the
clusters with more bulky ligands, which are bound in both
monodentate and bidentate fashions.

Previously, we discovered an interesting trend relating the
electronic structure and reactivity for small phosphine-halide
protected gold clusters.® If an electron-withdrawing ligand of a
fully protected cluster is replaced by O,, binding of the
dioxygen is significant only for the small gold clusters, which
have a large HOMO—-LUMO gap. The considerable HOMO—
LUMO gap of AuyLs(2NT); suggests that, if one lets O,
instead of 2NT react with Au,,Ls, the cluster will adsorb and
activate O,.

To check our hypothesis, we first studied Au,,Lg with one
O,. The complex 3 AujL;O, is shown in Figure 3a. The
adsorption of O, hardly changes the positions of calixarene
ligands. The length of Au—O bond is 2.14 A and the angle of
Au—0-0 is 120.9°. The binding energy of O, is 1.06 eV, and
the O—O distance is 1.33 vs 1.24 A in the neutral triplet O,. To
understand the interaction between the cluster and O,, we
analyzed the electronic properties of Au;,Ls and Au;,L;O,. For
Au,L;, there are 11 delocalized electrons in the Au;; core
according to eq 1; therefore, the HOMO, HOMO-1, HOMO-2
states of the cluster all show the D symmetry corresponding to
the 1S?1P°ID? electronic states in the metal core. On the
adsorption of one O,, the electronic states of the metal core
shift. The spin-up HOMO-1 D state of AujL; depletes
completely and the electron is transferred to one of the 27*
orbitals of O,, which is empty in the gas-phase triplet O,
(Figure 3c). Occupation of 27* orbital and stretch of the O—O
bond length verifies that the dioxygen is activated to the
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Figure 3. (a) The structure of 3 Auj,L;O, complex; (b) the
spindependent angular-momentum-projected density of states
(PDOS) of Au,,Lg cluster in the Auy; core; (c) the density of states
of O, and Auy,L;O,. The insets show the relaxed structures of Au;,Lg
and Au;,L;O, without showing the calixarene ligands. The O—O
distance in the oxygen molecule is 1.33 A. The colors of atoms and

ligands are as in Figure 1.

superoxo-like O, state. This result is in good agreement with
the previous work.®
Au;,L; has three unsaturated Au sites, and three superatom
electrons over the shell-closing count of 8. Consequently, it
should be able to adsorb three O, molecules. The optimized
structure of 4 Au;;L(0O,); is shown in Figure 4a. Cluster 4 has
C,, symmetry and the adsorption of the O, molecules causes no
obvious distortion for calixarene ligands. The average Au—O
distance is 2.18 A and the average Au—O—O angle is 120.5°.
When Auy,L; adsorbs three O,, the spin-up HOMO-1 D orbital
of Au;, L depletes and the electron is transferred to the spin-up
27* orbital of one O,, while the spin-down HOMO and
HOMO-2 D orbitals of Auj,L; deplete and the electrons are
transferred to the degenerate spin-down 27* orbitals of other
two O, (Figure 4c). The average O—O distance is 1.32 A and
the average bonding energy of O, is 1.02 eV per molecule; all
these bonding characteristics are very similar to complex (3)
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Figure 4. (a) The structure of 4 Au;;L;(O,); complex; (b) the spin-
dependent angular-momentum-projected density of states (PDOS) of
Au,,Lg cluster in the Auy; core; (c) PDOS of three O, (the three O,
marked by 1, 2, 3 and their PDOS are shown from top to bottom in
(c), respectively) in the Au;;Ls(O,);. The insets show the relaxed
structures of Au;,Lg and Au,;;,Ls(O,); without showing the calixarene
ligands. The average O—O distances are 1.32 A in oxygen molecules 1,
2, and 3. The colors of atoms and ligands are as in Figure 1.

which shows that the three O, adsorption events to the three
accessible gold sites are independent from each other.

In conclusion, we have validated that calixarenes can form a
protective but porous ligand layer on the surface of a
subnanometer Au,; cluster, while maintaining accessibility to
metal sites of the core. Three out of 11 Au atoms (27%) remain
accessible to small reactant molecules, and it was shown here
that binding and activation of up to three dioxygen molecules
per cluster can take place. Our computational results provide
strong support for a recent experiment’® and predict that this
class of stable hybrid metal—organic nanomaterial should be
very interesting for catalyzing aerobic oxidation reactions at

ambient conditions.
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