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ABSTRACT: A recent experiment reported that a newly crystallized phosphine-protected Au,,
nanocluster [Au,o(PPhy,),,Cl,]Cl, [PPhpy, = bis(2-pyridyl)phenylphosphine] owns a very
stable Au,, core, but the number of valence electrons of the Au,, core is 14e, which is not
predicted by the superatom model. So we apply the density functional theory to further study
this cluster from its molecular orbital and chemical bonding. The results suggest that the
Au,*9 core is an analogue of the F, molecule based on the super valence bond model, and the
20-center—14-electron Au,,*® core can be taken as a superatomic molecule bonded by two 11-
center—7-electron superatoms, where the two 11c superatoms share two Au atoms and two
electrons to meet an 8-electron closed shell for each. The electronic shell closure enhances the
stability of the Au,, core, besides the PN bridges. Exceptionally, the theoretical HOMO—
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LUMO gap (1.03 eV) disagrees with the experimental value (2.24 eV), and some possible

reasons for this big difference are analyzed in this paper.

1. INTRODUCTION

Ligand-protected gold nanoclusters have been widely studied
due to their interesting optical, electronic, and charging
properties, as well as potential applications in catalysis,
biomedicine, and nanoelectronics.'™ So far, tremendous
advances have been achieved in the synthesis and isolation of
thiolate-protected Au nanoparticles (RS—AuNPs).*™"* Amon%
RS-AuNPs, Au,g(SR) 4, 727 Augg(SR),,, 02073
Au40(SR)24;36’39’40 AulOZ(SR)44)41_4S and Au144(SR)6046_48 are
more extensively studied. Especially, the crystallization and
structural determination of Au,s,™® Auy,®' Aug,® and
Au,g,>” were breakthroughs in RS—AuNPs research. Theoreti-
cal and experimental studies confirm that Au,s(SR)4”
combines an icosahedral Au; core and six dimeric (—RS—
Au—RS—Au—RS—) staple motifs.'**° Similarly, Auyg(SR),,
is also verified to be composed of a face-fused bi-icosahedral
Au,; core and six dimeric and three monomeric (—RS—Au—
RS—) staple motifs,>>**** and the bi-icosahedral Au,; core is
proved to be a superatomic molecule consisting of two Auy;
superatoms.>® In addition, the gold—phosphane clusters are one
of few examples of ligand-protected gold clusters whose
structures have been characterized, including some small
clusters, Auy_;6,°°" Au,* and Aup,,*%"%* and large
ones, [Auy,(PPh;),o(SC,H,Ph)X,]*,% [Ause(PPh,),,Clg]-
CL,** and Aug(PPh,),Cl.% %8

Recently, Wan et al® isolated a new phosphine-protected
Au,, nanocluster through the reduction of Au(PPhpy,)Cl
[PPhpy, = bis(2-pyridyl)phenylphosphine] by NaBH, and
determined its structure by single crystal X-ray structural
analysis. This new cluster consists of a dicationic cluster
[Au,o(PPhpy,),,ClL,]*" (A1) and two CI7, and the dicationic
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cluster includes one Au,, core, ten phosphines (PPhpy,), and
four CI™ ligands. Interestingly, the Au,, core can be viewed as
the fusion of two Auy, incomplete icosahedra by sharing two
vertices. Unexpectedly, the HOMO—-LUMO gap from the
optical absorption spectrum of [Au,o(PPhpy,),,Cl,]Cl, is high,
224 eV, which arouses our curiosity (the magic stable
Auys(SR) 157, Enomo-romo = 130 eV Augg(SR),y,,
Eyomo-rumo = 0.90 eV).>"7172 Begides, the
[Auy(PPhpy,)oCL,]** cluster with 14 (n = 20 — 4 — 2)
valence electrons is not a closed shell, and they suggest that the
stability of the Auy*® core benefits from only geometric
symmetry, and the nanocluster is stabilized by the PN bridges.
However, we think that the electronic structure of this
nanocluster may be interesting and the electronic factors
should also make some contribution to the stability of the
nanocluster. As to these doubts above, we perform a
computational study based on density functional theory
(DFT) calculation to analyze this new phosphine-protected
Au,, nanocluster.

2. COMPUTATIONAL METHODS

The atomic coordinates (see the Supporting Information) of
newly crystallized cluster [Au,,(PPhpy,),,Cl,]Cl, are obtained
from its single-crystal structure. The Perdew—Burke—Ernzerhof
(PBE) functional” is selected in DFT, which was proven to
give the results in good agreement with experimental data in
ligand-protected Au nanoclusters.>*>**#>°787475 pye  to
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Figure 1. (a) The structure of dicationic [Au,,(PPhpy,),,Cl,]** (A1) cluster (Au, yellow; P, orange-brown; N, blue; C, dark gray; H, white; Cl,

green). (b) Superatomic model for Au,,*® core.

computational difficulty, we replaced the Ph and partial py
(except for the py of four PN bridges, py = pyridyl) with H in
our calculations. The initial geometry of
[Au,o(PH;)4(PH,py),Cl,]*" (A2; see the Supporting Informa-
tion) was relaxed at the PBE/6-31G* and lanl2dz levels. The
calculations of MO and chemical bonding analyses were
performed by the PBE functional (F, H, C, N, P, Cl at the 3-
21G level and Au at the lanl2dz level). The UV—vis absorption
spectra of A2 is simulated at the PBE/6-31G*/lanl2dz level.
The HOMO—-LUMO gap of Al is also calculated at the PBE/
6-31G*/lanl2dz level. All calculations are carried out using the
Gaussian 09 package

3. RESULTS AND DISCUSSION

The geometric structure of Al is shown in Figure la. On the
basis of the analyses of Wan et al., we suggest that the Au,, core
(Figure 1b) is made up of two 11 center—7 electron (11c—7e)
incomplete icosahedral units by sharing two vertices and owns
14 valence electrons. Here the number of valence electrons of
the Au,, core is identical to that of one F, molecule. Then, in
the electronic structure, is the Au20(+5) core also similar to that
of the F, molecule? In order to confirm this supposition, we
first make a comparison of the canonical Kohn—Sham
molecular orbitals (MOs) of valence shell between Au,,*®
and the F, molecule, and the results are displayed in Figure 2.
According to valence bond theory, F, molecule has three lone
pairs in each F atom and one covalent pair shared by two F
atoms. The electronic configuration of the F, molecule is
(6,)*(c%,)* (0, )(x, Pxipy)4(ﬂ*Px/py)4(6*Pz)0' Among these, the 7,
(7*,) and m, (7*,) are doubly degenerate, the (6,)* MO

constitutes the F—F o-bond, and the energy gap of 7*; , and

o*, is the HOMO—LUMO gap. In the canonical MOs of

A9, the m, (7*,) and z, (7*,) should also be doubly
degenerate as well as those of F,, but the degenerate orbitals are
in different energy levels because of their geometric symmetry.
The d,, atomic orbital is split into 53 and 6*; and the d,2.2 is

split into 64, , and 6%, (5*% and 6%, are not plotted in
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Figure 2. Comparison of the Kohn—Sham MO diagrams between
Auy,*® (left) and F, (right).

this figure). The 8y, and &y, , should also be doubly
degenerate, which are lower than ¥
configuration of Au,,*%) in this example is
(6.)*(*)*(m, )*(m, )*(m*, ) (0, ), )*(8a, ) (84, ) (0%, ) -
Its HOMO— LUMO gap is the energy dlfference between 7%,
and . On the whole, the canonical MOs of Au20(+6) are

similar to those of F, in shape and energy sequence, and only
the energy sequence of 6, 7, and 7, is different. Therefore,

in energy. The electronic

Auy*® is exactly analogous of F, molecule, which can be
viewed as a superatomic molecule bonded by two 1lc—7e
superatoms. And each superatom satisfies the 8-electron shell
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closure by sharing two electrons, like the F atom of F,, which
can account for the stability of Ay, cluster.

In addition, the Au,; core of the Auys(SR),, cluster was also
reported to be an analogue of F, molecule.*® However, the MO
energy-level order of Au,,*® cluster is different from that of
the Au,; core of Au;3(SR),, cluster
[(6.)*(6*)*(m,,) (0,)* (7%, ) (0%, )°]. Here, Figure 3 de-
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Figure 3. Schematic representation of the MO energy-level diagram

for Au,,*9 superatomic molecule.

picts a schematic representation of the MO energy-level
diagram for Auy, O superatomic molecule. The z- and J-type
MO energy levels of Au,,*® are lower. Because the Au,; core
of Auzg(SR),, cluster is a union of two complete icosahedral
units, but the Au,, core of this nanocluster is bonded by two
incomplete icosahedral Au,; units, the distance of the two Au,;
superatoms is closer, which makes the #- and o-type MO
energy level lower.

To further verify the superatomic molecule model of Au,,*?,
we apply a new tool named adaptive natural density
partitioning (AANDP) to analyze chemical bonding. This

method was recently developed by Zubarev and Boldyrev’’~”

and has been successfully applied to the analysis of chemical
bonding in organic aromatic cyclic molecules,”” boron
clusters,*® ™% Au nanoclusters,*®*** etc. AANDP is based on
the concept of the electron pair as the main element of
chemical bonding models, which recovers both Lewis bonding
elements (1c—2e and 2c—2e objects) and delocalized bonding
elements (nc—2e). The results of AANDP analysis are shown in
Figure 4. On the basis of the concept of super valence bond
(SVB)® newly proposed by our group, Auy*® cluster has
three 11c—2e super-lone-pairs (LPs) in each 1lc superatom
and one 20c—2e super-6-bond with occupation number (ON)
= 2.00 lel in the whole cluster, where three super-LPs may be
viewed as super S, P, and P, respectively, as shown in Figure 4.
According to the above analyses, Au,,* cluster indeed can be
taken as a superatomic molecule bonded by two 1lc—7e
superatoms, where the two 11c superatoms share two Au atoms
and two electrons.

Generally, the ligand effect plays an important role in ligand-
protected Au nanocluster. Therefore, the chemical bonding of
the overall cluster [Au,,(PPhpy,);oCl,]** is analyzed by
AdNDP. But for simplicity and clarity in analyzing chemical
bonding, we use H instead of all Ph and partial py (except for
the py of four PN bridges), which is often adopted in Au—
SR>** and gold—phosphane—halide clusters.””** The bonding
framework of the valence shells of [Au,o(PH;)s(PH,py),Cl,]**
(A2) using AANDP is shown in Figure S. According to the
results of ADNDP analysis, there are 88 2c—2e localized o-
bonds with ON = 1.88—1.99 lel (P—H, P—C, C—N, etc. o-
bonds) and 12 6c—2e delocalized 7-bonds of pyridyl with ON
= 1.98—2.00 lel (Figure Sd). In addition, 14 electrons are
delocalized in the Au,,*® core including two s-type, four p-
type 1lc—2e super-LPs (Figure Sc), and 1 20c—2e super-o-
bond (Figure Sb). The above bonding analysis verifies that the
Au, "9 core of Al is a superatomic molecule in electronic
structure indeed.

Note that the HOMO—LUMO gap of Au nanocluster mainly
depends on the electronic structure of the Au core. Based on
the SVB model, the Au,,*® core can be taken as an analogue of
F, molecule in chemical bonding, so the HOMO—-LUMO gap
of Al should be approximate to that of Auyg(SR),, cluster and
lower than that of Au,s(SR);3” cluster [Auz5(SR),,,
Engomo-rumo = 0.90 eV; the Au23(+9) core of Ausg(SR),, cluster
is verified to be also an analogue of F, molecule; Au,s(SR)57,
Eyomo-rumo = 1.30 eV; Au,s(SR) ;5™ can be seen as a super-Ne

2 x 11c-2e super-LPs (P) ON=1.94 |e|

Figure 4. AANDP localized natural bonding orbitals of Auy*® cluster.

13278

2 X 11c-2e super-LPs (P) ON=1.93 |e|
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Figure S. (a) Geometry and AANDP localized natural bonding orbitals of A2: (b) 20c—2e delocalized bonding, (c) 11c—2e delocalized bonding, and

(d) 2c—2e localized o-bonds and 6c—2e delocalized z-bonds.

molecule).’® However, the experimental HOMO—LUMO gap
of Al is high, 2.24 eV, which is not in agreement with the
theoretical value (A1, Eomo-rLumo = 1.03 €V). To make up for
the credibility of our theoretical result, we calculate the
HOMO-LUMO gaps of some known Au nanoclusters at the
PBE/6-31G*/lanl2dz level, compared with the experimental
values, and the results are shown in Table 1. For Au,, cluster,

Table 1. The HOMO—LUMO Gaps (in eV) of Au
Nanoclusters (R = CH,CH,Ph) Calculated at the PBE/6-
31G*/lanl2dz Level, Compared with the Experimental
Values

clusters theoretical experimental
Auy, (T,) 1.89 1.77 (ref 86)
Au,s(SR),5 1.41 1.30 (refs 50, 70)
Auyg(SR)y, 1.01 0.90 (refs 71, 72)
[Au,y(PPhpy,)ClL,]1** 1.03 2.24 (ref 69)

the theoretical gap (1.89 €V) is higher than the experimental
value (1.77 V)% by only 0.12 eV. For Au,s(SR);3~ and
Aug(SR),, clusters, the theoretical gap is also slightly higher
than the experimental one (0.11 €V), respectively. So we can
see that the HOMO—-LUMO gap calculated by the PBE
functional is very close to (slightly larger than) the
experimental one. Therefore, the PBE functional usually can
provide a reliable HOMO—LUMO gap for Au nanoclusters.
However, why is the theoretical HOMO—LUMO gap of Al
inconsistent with the experimental one? In order to analyze the
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reasons for this big difference, the ultraviolet—visible (UV—vis)
absorption spectra should be simulated to compare with the
experimental optical absorption spectra. But because the system
of Al is so big, it is difficult for us to complete the calculation of
UV—vis absorption spectra. So we compute the UV—vis
absorption spectra of A2 instead of Al, as shown in Figure 6a.
The optical band edge of calculated UV—vis absorption spectra
of A2 is 1.19 eV, which is consistent with the computed

35000 35000
(b) (a)
30000 430000
= 25000
'€ 25000
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€15000 B 21 22 23 24 25 26 27
2z
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=
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Figure 6. (a) Simulated UV—vis absorption spectra of A2 at the PBE/
6-31G* and lanl2dz level; the HOMO—LUMO gap is 1.19 eV. (b)
Enlarged simulated UV—vis absorption spectra of A2 in the 2.1-2.7
eV region.
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HOMO-LUMO gap of A2 (1.22 eV), so the HOMO—-LUMO
gap of Al should be about 1.03 eV according to our theoretical
calculation. We guess that the reasons for the big difference
between the theoretical and experimental HOMO-LUMO
gaps may be the following: (1) the PBE functional has a
deficiency in predicting accurate optical absorption; (2) for
some systems, there is a difference between the theoretical
HOMO-LUMO gap and the optical gap constitutionally; and
(3) the wavelength range (300—750 nm) of optical absorption
spectra measured by Wan et al. may be improper. The longer
wavelength (>750 nm) should also be scanned in the optical
absorption spectra. Coincidently, the experimental value (2.24
eV) is very close to the band edge (2.16 eV) of the second
major absorption peak of the simulated UV—vis absorption
spectra (Figure 6b), which is not exactly the HOMO—-LUMO
gap. Certainly, the real reason needs to be further verified by
the experimental method. We expect that some new experi-
ments or more accurate theoretical calculations will be carried
out to solve the problems of the disagreement between the
theoretical and experimental results.

4. CONCLUSIONS

In summary, we have analyzed the structural stability and
electronic properties of a newly crystallized cluster
[Au,,(PPhpy,);,CL,]Cl, by using DFT. The computed
HOMO-LUMO gap of the Au,, nanocluster protected by
hemilabile phosphines is about 1.03 eV, in agreement with the
band edge of simulated UV—vis absorption spectra, but not in
agreement with the experimental HOMO-LUMO gap.
Certainly, the further determination of the HOMO—-LUMO
gap still needs to rely on the experimental method or more
accurate theoretical calculation. According to MO diagrams and
bonding frameworks, the Au,,*® core is an analogue of F,
molecule based on the SVB model. MO and chemical bonding
analyses reveal that the 20c—14e Au,,* core can be taken as a
superatomic molecule bonded by two 1lc—7e superatoms,
where the two 1lc superatoms share two Au atoms and two
electrons to meet the 8-electron closed shell for each. The
electronic shell closure enhances the stability of the Au,, core,
besides the PN bridges. Therefore, both geometrical and
electronic shell closure are responsible for the magic stability of
ligand-protected Au clusters. We believe that our work on
detailed theoretical analyses of electronic structure will be
helpful to understand [Au,o(PPhpy,);oCl,]CL, cluster deeply.
Particularly, the arrangement of the Au,, core structure suggests
that incomplete icosahedral motifs may be considered in
making prediction of the structures of Au clusters, and the
superatomic molecule model may be also found in some other
ligand-protected Au clusters.
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