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A density functional study of phosphorus-doped gold
clusters: AunP

� (n ¼ 1–8)†

Kang-Ming Xu,a Teng Huang,a Hui Wen,a Yi-Rong Liu,a Yan-Bo Gai,a

Wei-Jun Zhang*ab and Wei Huang*ab

The geometries of phosphorus-doped gold clusters, AunP
� (n ¼ 1–8), have been investigated using

different density functionals and basis sets. B3LYP and PBE functionals with 4 basis sets (aug-cc-pVDZ, 6-

311++G**, CRENBL ECP and LANL2DZ ECP) are chosen for geometry optimisation. Many low-lying

structures are obtained for anionic AunP
� clusters. For AunP

� (n ¼ 1–7) clusters, each level gives the

same global minimum structure. It is found that the evolutionary path of phosphorus-doped gold

clusters differs from that of pure gold clusters. Phosphorus atoms induce changes in the structure of

pure gold clusters in small cluster sizes. Various 2D–3D structures of doped clusters are also investigated.

Clusters with an odd number of gold atoms tend to yield planar 2D structures, while those with an even

number of gold atoms tend to yield 3D structures.
1. Introduction

The element gold has unique properties that are strongly
inuenced by relativistic effects.1–3 It is well known that gold
nano-clusters exhibit catalytic properties, as rst reported by
Haruta,4 aer which point the structures of gold nano-clusters
received signicant attention.1–3,5 A series of experimental and
theoretical studies have been conducted on the distinctive
structures and interesting properties of pure gold clusters in the
small-to-medium size range.6–23 Gold clusters doped with
heterogeneous species also have been widely investigated
following expectations that varying the dopant alters the size
and shape of the clusters in addition to tailoring the properties
of the nano-clusters.24–38

The study of phosphorus-doped gold clusters has received
signicant attention, motivated in part by the goal to under-
stand the fascinating properties of materials in general, such as
semiconductors and unique optical properties.39,40 There have
been a number of experimental41–46 and theoretical47–51 investi-
gations of the reactivity of gold clusters doped with phosphorus.

Jeitschko and Moller41 studied the Au–Au interaction in the
crystal structure of the well-known Au2P3 structure. Eschen and
Jeitschko42 reported the network crystal structure of Au2MP2
(M ¼ Pb, Tl, Hg) in three dimensions with condensed 8-
membered Au2P6 and 10-membered Au4P6 rings. Weizer and
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Fatemi43 reported the contact resistance of a Au2P3 layer, found
to be very sensitive to the growth rate of the interfacial Au2P3
layer. Henkes et al.44 reported on Au2P3 and other metal phos-
phides synthesised using a hot solvent of trioctylphosphine
(TOP). The study of the generation of AunPm

� based on the use
of a Nd:YAG (532 nm) laser was reported by Zheng and co-
workers.45 Recently, Panyala et al.46 also studied AunPm

� clusters
using laser ablation coupled with TOF-MS.

In contrast, there have been relatively few theoretical studies
of the structural and bonding properties of Au–P clusters using
different calculation methods, such as ab initio and density
functional theory (DFT).48–51 Theoretical studies have been
undertaken by Wen et al. on the electronic structures of Au2MP2
(M¼ Pb, Tl, Hg).47 Similar results have been reported by Eschen
and Jeitschko42 on the network crystal structure of Au2MP2 (M¼
Pb, Tl, Hg). Li et al.48 studied the geometries, stabilities, and
electronic properties of neutral AunP2 (n ¼ 1–8) clusters using
an ab initiomethod based on DFT at the PW91PW91 level. Zhao
et al.49 reported ndings of neutral Au12 clusters doped with the
secondary periodic elements based on DFT. The atomic and
electronic structure of Au5M (M ¼ Na, Mg, Al, Si, P, and S)51 and
M@Au6 (M ¼ Al, Si, P, S, Cl, and Ar)50 clusters have been
investigated using DFT with the scalar relativistic effective core
potential basis set. However, to the best of our knowledge, there
have been no systematic investigations of anionic phosphorus-
doped gold clusters in the reported literature.

In the current article, we report a density functional study of
a series of small gold clusters doped with a single phosphorus
atom (AunP

� (n ¼ 1–8)). We chose this size range specically to
probe the manner in which isoelectronic substitutions affect
the structures of pure gold clusters. The low-lying structures of
Au3P

� and Au4P
� clusters are signicantly different with the
This journal is ª The Royal Society of Chemistry 2013
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pure gold clusters of Au4
� and Au5

�. Additionally, clusters with
an odd number of gold atoms tend to arrange in planar 2D
structures, while those with an even number of gold atoms tend
to form 3D structures.
2. Theoretical methods

The basin-hopping (BH) global searching method52–55 coupled
with DFT was employed to search for low-lying isomers of
phosphorus-doped clusters of the type AunP

� (n ¼ 1–8).
Randomly produced structures of each species were used as the
initial inputs for the BH search program, and 200 rudely low-
lying isomers were generated aer 200–300 BH moves.
Considering the inevitable errors of the DFT methods when
applied to total energy calculations, several addition techniques
were chosen for DFT optimisation, including generalised
gradient approximation (GGA) in the Perdue–Burke–Ernzerhof
(PBE),56 hybrid generalised gradient approximation (hybrid-
GGA) in the Becke 3-parameter exchange and Lee-Yang-Parr
correlation (B3LYP)57–59 functional forms coupled with four
basis sets, i.e., aug-cc-pVDZ, 6-311++G**, CRENBL ECP and
LANL2DZ ECP (PBE/aug-cc-pVDZ, PBE/6-311++G**, PBE/
CRENBL ECP, PBE/LANL2DZ ECP, B3LYP/aug-cc-pVDZ, B3LYP/
6-311++G**, B3LYP/CRENBL ECP and B3LYP/LANL2DZ ECP; 8
levels), respectively; all approaches were implemented in the
NWCHEM 5.1.1 soware package.60,61

The relative energy of the top-10 isomers was chosen for
single-point energy calculations at the PBE062/aug-cc-pVTZ,
PBE0/6-311++G(3df,3pd), PBE0/CRENBL ECP, PBE0/LANL2DZ
ECP, B3LYP/aug-cc-pVTZ, B3LYP/6-311++G(3df,3pd), B3LYP/
CRENBL ECP and B3LYP/LANL2DZ ECP levels of theory for the
phosphorus atom. By considering the strong relativistic effects
of the gold atom, CRENBL ECP basis set and the spin–orbit (SO)
effects63 were carefully selected for the gold atom to achieve
quantitative agreement between the experimental and theoret-
ical PES spectra.54,64–68

The theoretical photoelectron spectra of the selected low-
lying isomers were simulated for comparison with different
levels of functional and basic sets to further identify the AunP

�

(n ¼ 2–8) clusters. The rst vertical detachment energies (VDEs)
of the anion clusters were calculated as the difference between
the energies of the neutral and anion species of each isomer.
The binding energies of all deeper occupied orbits were then
added to the rst VDE to simulate the detachment features of
the inner electrons as a line spectrum. Each line of the spectrum
obtained was then tted with a Gaussian width of 0.04 eV to
yield the continuous spectra.
Fig. 1 The molecular geometry of AuP� and its bond lengths at 8 levels of
theory. All bond lengths are in Å.
3. Results and discussion

In this section, we focus on the structures of AunP
� (n¼ 2–8) at 8

levels of theoretical methods, in addition to the theoretically
simulated PES spectra, which show the VDEs and LUMO–
HOMO gaps for all the low-lying isomers of each species. For the
integrity of the species studied, AuP� is also discussed based on
the bond length at different levels of theory. Then, we try to give
the possible evolutionary process of the phosphorus-doped gold
This journal is ª The Royal Society of Chemistry 2013
clusters. Different theoretical methods were used for compar-
ison due to the lack of experimental data. We list the results
obtained at the PBE0/6-311++G(3df,3pd) SO//PBE/6-31++G**
level of theory, which was veried to be the best-suited for the
species in our study. Other results are listed in the ESI.†
3.1 Low-lying structures

AuP�. AuP� has only one dumbbell structure. Fig. 1 gives the
different bond lengths of the anionic Au–P cluster at 8 levels of
theory. The length of the Au–P bond in our study ranged from
2.288 Å (at B3LYP/aug-cc-pVDZ level) to 2.760 Å (at PBE/CRENBL
ECP level), which is consistent with the reports of former
work.49–51

Au2P
�. The 3 possible isomers of Au2P

� and its energy order
at the PBE0/CRENBL ECP level of theory are listed in Table 1,
while the results obtained from other levels of theory are pre-
sented in Table S1 (ESI†). The global minimum of Au2P

� is the
C2v symmetry conguration, which possesses the same
geometric structure as the water molecule and Au2X

� (X ¼ Mg,
Al, Si).69–72 The second isomer, a CNh structure with the phos-
phorus atom residing at the edge of a Au–Au bond, has a rela-
tively large energy difference relative to Isomer 1. However, for
the B3LYP/CRENBL ECP and B3LYP/LANL2DZ ECP levels of
theory, the energy difference is only 0.077 eV and 0.064 eV
within an “isomer-coexistence interval” of 0.1 eV, which coin-
cides with an estimate of the accuracy of the DFT method for
gold clusters (deduced from a comparison between the recent
mobility measurements and theoretical calculations7). The DNh

isomer exhibits a large energy difference, given by the PBE0/aug-
cc-pVTZ, B3LYP/aug-cc-pVTZ, B3LYP/6-311++G(3df,3pd) and
B3LYP/CRENBL ECPmethods, and has little possibility of being
the most stable isomer.

Au3P
�. The isomers of Au3P

� are shown in Table 1 at the
PBE0/CRENBL ECP level of theory, and the results from other
levels of theory are shown in Table S2 (ESI†). The global
minimum is an axe-like structure (Cs) with an additional gold
atom added to the gold atom of either side of Au2P

�. Isomer 2 is
a triangular pyramidal structure (C3v) at all levels of theory
investigated except for the B3LYP/CRENBL ECP level, and its
RSC Adv., 2013, 3, 24492–24502 | 24493
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energy difference compared with Isomer 1 is a little larger,
exceeding the “isomer-coexistence interval” of 0.1 eV. The
zigzag isomer and tower isomer, both of which are possible low-
lying isomers for the Au4

� cluster (Fig. S1†), also were found,
but the conformations are not the global minima in our
study.7,8,73
Table 1 The possible structural isomers, relative energies and molecular geometry
level of the theorya

Species

Structures, energies (eV) & geometric symmetries

Isomer 1 Isomer 2

AuP�

Au2P
�

Au3P
�

Au4P
�

Au5P
�

Au6P
�

Au7P
�

Au8P
�

a The top-5 isomers are ranked according to their relative energies for AunP
top-3 isomers for Au2P

� and the only isomer of AuP�.

24494 | RSC Adv., 2013, 3, 24492–24502
Isomer 1 shows the same geometry as Au3S
�, while the global

minima of Au3X
� (X ¼ Na, Mg, Al, Si) are similar to Isomer 3 of

Au3P
�; additionally, these structures all vary from the low-lying

isomers of pure Au4
�.7,8,38,69–74

Au4P
�. The low-lying isomers of Au4P

� are shown in Tables 1
and S3 (ESI†). For Au4P

�, the global minimum is a “rake-shaped”
symmetries of the low-lying isomer of AunP
� (n ¼ 1–8) at the PBE0/CRENBL ECP

Isomer 3 Isomer 4 Isomer 5

� (n ¼ 5–8), while the top-4 isomers for AunP
� and AunP

�, as well as the

This journal is ª The Royal Society of Chemistry 2013
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structure (Cs). This structure can be envisioned by the addition of
an additional gold atom to the triangular pyramidal structure of
Au3P

�. As seen in Table S3,† the second isomer obtained using
the aug-cc-pVTZ and 6-311++G(3df,3pd) basis sets differs from
that using the CRENBL ECP and LANL2DZ ECP basis sets. A
high-symmetry structure (Td) of Au4P

� with lower energies is
found at the PBE0/aug-cc-pVTZ, PBE0/6-311++G(3df,3pd),
B3LYP/aug-cc-pVTZ, B3LYP/6-311++G(3df,3pd) levels of theory,
although this structure still shows a signicant energy difference
(greater than 0.7 eV) relative to the global minimum. In contrast,
a “L-shaped” structure occupies the second place at the levels of
PBE0/CRENBL ECP, PBE0/LANL2DZ ECP, B3LYP/CRENBL ECP,
and B3LYP/LANL2DZ ECP. Both the Td and C2v structures have
relatively higher energy values than the lowest-energy rake-like
structure (Cs). A structure similar to that of the pure Au5 anionic
cluster8 was found only at the PBE0/CRENBL ECP level and was
not identied as the most stable isomer for Au4P

�.
It is an intriguing result that the low-lying isomers of

secondary periodic elements doped with 4 gold atoms vary
among each other and differ from the pure Au5

� cluster, as
well.38,68–71,73

Au5P
�. The top-5 low-lying structures of Au5P

� are shown in
Tables 1 and S4 (ESI†), respectively. The global minimum is a
planar-quasi-triangular structure (C2v) with a phosphorus atom
substituting the vertex gold atom of the Au6

� cluster, which was
previously reported by Häkkinen.8,73 As seen in Table S4,† two
isomers are placed in the second order, which is a C1 structure
with one dangling gold atom bonded to a phosphorus atom at
the PBE0/CRENBL ECP and PBE0/LANL2DZ ECP levels and a
quasi-planar structure (Cs) at the remaining 6 levels. The Cs

isomer has a relative small energy difference relative to Isomer
1. They are 0.031 eV at the B3LYP/aug-cc-pVTZ level and 0.032
eV at the B3LYP/6-311++G(3df,3pd) level, respectively. The Cs

isomer has not been reported for pure gold clusters but may be
the possible stable isomer for Au5P

�. Isomer 2 of Au5P
�, as

shown in Table 1, has a higher energy relative to Isomer 1,
indicating the low possibility for this to be the most stable
structure in our study.

The low-lying isomer of Au5P
� is similar to the global

minimum of the pure Au6
� cluster, which also shares similar-

ities with Au5S
�, and the same structure of Au5Mg� with the

single Mg atom locating the impurity on one side of the equi-
lateral triangle structure shows a relative 2.46 eV higher than
the low-lying isomer of the species.38,69

Au6P
�. For Au6P

�, the global minimum is Isomer 1, as shown
in Table 1, with a Au atom dangling at the location of the phos-
phorus atom of the Au5P

� planar structure. This Cs structure is
similar to the minor isomer of Au7

�, which consists of a trian-
gular Au6 unit and a dangling Au atom reported by Huang et al.,54

who conrmed the existence of this isomer using experimental
and theoretical methods. The same structure was not found in
gold clusters doped with the same periodic elements of
phosphorus.69,70,75

A saddle-like structure at the PBE0/aug-cc-pVTZ, PBE/6-
311++G(3df,3pd), B3LYP/aug-cc-pVTZ, B3LYP/6-311++G(3df,3pd),
B3LYP/CRENBL ECP, B3LYP/LANL2DZ ECP six levels is placed in
the second rank, while the global minimum difference to Isomer
This journal is ª The Royal Society of Chemistry 2013
1 is the C2v structure at the PBE0/CRENBL ECP, PBE0/LANL2DZ
ECP levels with 0.171 eV and 0.173 eV, respectively (see Table S5
(ESI†)). The energy difference between Isomer 1 and Isomer 2
exceeds the “isomer-coexistence interval,” thus Isomer 1 is the
most stable structure of Au6P

� and may be the only structure.
Another unique structure that should be mentioned is the

hexagonal structure (C2v) listed in Table 1 at the PBE0/CRENBL
ECP level with an energy value that is 0.875 eV higher than that
of Isomer 1. This signicant energy difference indicates that the
structure is unlikely to be the most stable structure.

The global minimum of anionic Au6P
� cluster differs from

the neutral one.50 It also should be noted that the anion and
neutral structures may be signicantly different from each other
due to the interaction of one more electron with respect to the
stability of the cluster.38,73

Au7P
�. As seen in Table 1, the global minimum (Isomer 1) is

a planar C2v structure at the PBE0/CRENBL ECP level, as well as
at other levels of the theory (see Table S6 (ESI†)). Isomer 1 is a
“kite-like” structure, similar to the “star-like” structure of Au8

�

in which one gold atom is substituted by a phosphorus
atom.7,8,54

A structure (Cs) with two gold atoms dangling on the trian-
gular Au6 unit also can be found in Table S6 (ESI†). The energy
difference between the structure mentioned relative to Isomer 1
is 0.081 eV at the B3LYP/aug-cc-pVTZ level and 0.095 eV at the
B3LYP/6-311++G(3df,3pd) level. This conformation also might
be the stable isomer of Au7P

� due to the energy difference
within an “isomer-coexistence interval” of 0.1 eV. Another
phenomenon should be noted here, namely, that Isomer 2 of
Au7P

� (Table 1) has a mirror structure with the dangling gold
atoms bonded to the right side of the 1st gold atom (the number
of gold atoms is labelled in Fig. 10). Isomers 3–5 in Table 1 are
unlikely to be the stable isomer in our study because each has a
signicant energy difference relative to Isomer 1.

Au8P
�. In contrast to the clusters discussed previously, Au8P

�

may have 3 distinct minima at the different levels, as shown in
Table S7 (ESI†). To describe the structure more clearly, we label
the gold atoms of Au8P

� as shown in Fig. 9. As shown in Table
S7,† when coupling the B3LPY hybrid functional theory with the
four selected basis sets (aug-cc-pVTZ, 6-311++G(3df,3pd),
CRENBL ECP and LANL2DZ ECP), the global minimum can be
considered as a structure in which one extra gold atom dangles
off the phosphorus atom of the planar Au7P

� structure, making
it a 3D structure. The global minimum with the PBE functional
varies from the structure obtained with the B3LYP hybrid func-
tional. For example, in the global minimum at the PBE0/aug-cc-
pVTZ and PBE0/6-311++G(3df,3pd) levels, the dangling gold
atom (5th) bonds with inner-ring gold atoms (1st and 3rd);
however, for that at the PBE0/CRENBL ECP and PBE0/LANL2DZ
ECP levels, the 5th gold atom also connects with the 4th gold
atom of Au8P

�. The global minimum in Table 1 is similar with
the structure of the pure gold Au9

� cluster in which a phos-
phorus atom substitutes one outer-ring gold atom of the “star-
like” structure and bonds with the central gold atom.7,8

Isomer 3 of the PBE0/CRENBL ECP functional/basic set also
could be the stable structure of the species because the energy
of the structure is 0.057 eV at the PBE0/aug-cc-pVTZ theory level.
RSC Adv., 2013, 3, 24492–24502 | 24495



Fig. 2 Simulated photoelectron spectra of Au2P
� at the PBE0/CRENBL ECP SO//

PBE/CRENBL ECP level of theory.

Fig. 4 Simulated photoelectron spectra of Au4P
� at the PBE0/CRENBL ECP SO//

PBE/CRENBL ECP level of theory.
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3.2 Simulated photoelectron spectra

Fig. 2 shows the simulated photoelectron spectra of Au2P
�. The

global minimum (Isomer 1) species a lower vertical detach-
ment energy (VDE) and a larger LUMO–HOMO gap than that of
the other two isomers. This suggests that the neutral structure
of Au2P

� (C2v) is more stable than the anionic structure.
Isomer 1 of Au3P

� has three adjacent peaks at the PBE0/
CRENBL ECP SO//PBE/CRENBL ECP level (Fig. 3). Isomer 2 has
a lower VDE than the other structures but is not the global
minimum. Isomer 3 has a relatively higher rst VDE and
LUMO–HOMO gap; similar ndings were recorded for Isomer 4.

The simulated photoelectron spectra of Au4P
� are shown in

Fig. 4. The VDE of Isomer 1 of Au4P
� is 3.42 eV at the PBE0/
Fig. 3 Simulated photoelectron spectra of Au3P
� at the PBE0/CRENBL ECP SO//

PBE/CRENBL ECP level of theory.

24496 | RSC Adv., 2013, 3, 24492–24502
CRENBL ECP SO//PBE/CRENBL ECP level. The high detachment
energy indicates that the global minimum can exist stably.
Isomer 2, which exhibits a signicant energy difference of 0.727
Fig. 5 Simulated photoelectron spectra of Au5P
� at the PBE0/CRENBL ECP SO//

PBE/CRENBL ECP level of theory.

This journal is ª The Royal Society of Chemistry 2013



Fig. 6 Simulated photoelectron spectra of Au6P
� at the PBE0/CRENBL ECP SO//

PBE/CRENBL ECP level of theory.

Fig. 7 Simulated photoelectron spectra of Au7P
� at the PBE0/CRENBL ECP SO//

PBE/CRENBL ECP level of theory.

This journal is ª The Royal Society of Chemistry 2013
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eV, also has a high VDE, while Isomer 3 and Isomer 4 have lower
VDEs than the two isomers mentioned above. Isomer 4, which is
a high-symmetry structure (Td), yields a simpler spectrum than
those of the other isomers. Additionally, the signicant LUMO–
HOMO gap of Isomer 4 indicates that Isomer 4 has a stable
ground state.

Fig. 5–8 show the simulated photoelectron spectra of the top-
5 isomers of AunP

� (n¼ 5–8) at the PBE0/CRENBL ECP SO//PBE/
CRENBL ECP level of theory. Fig. S5–S8† compare the spectra of
the global minimum of AunP

� (n ¼ 5–8) obtained at all 8 levels
of theory, while the corresponding simulated VDEs are listed in
Table 2. As seen, different levels show almost the same peak
shape, although they present different VDEs. The rst peak of
Isomer 1 of Au5P

� varies at different levels of the theory
(Fig. S5†). The VDE of Isomer 1 is in the range from 3.41 eV to
3.50 eV. The VDE of Isomer 2 is signicantly lower than that of
Isomer 1, which means that the structure more easily loses an
electron relative to Isomer 1. Isomer 3 varies from Isomer 4 due
to the additional bond connecting two gold atoms. This creates
the distinct electron distribution of the structure, as well as its
unique photoelectron spectra. Fig. 6 and 7 show the spectra of
the top-5 low-lying isomers of Au6P

� and Au7P
�, respectively.

For the Au8P
� cluster, the simulated photoelectron spectra of

the 3 global minima discussed in Section 3.1 are listed in Fig. 8.
Isomer 1 has one more bond than Isomer 2, which leads to
splitting of the second peak of Isomer 1 into two peaks.

As seen from Fig. S2–S8,† except for Au2P
�, the VDEs are all

larger than 3 eV, for clusters of Au3P
� through Au8P

�.
Fig. 8 Simulated photoelectron spectra of Au8P
� at the PBE0/CRENBL ECP SO//

PBE/CRENBL ECP level of theory.

RSC Adv., 2013, 3, 24492–24502 | 24497



Table 2 The theoretical simulated VDEs from the anion photoelectron spectra of
the low-lying isomers of AunP

� (n ¼ 2–8) at the 8 levels of theorya

Species Isomers

VDE (eV)

a b c d e f g h

Au2P
� 1 1.67 1.65 1.47 1.49 1.81 1.79 1.59 1.61

Au3P
� 1 3.49 3.47 3.56 3.57 3.52 3.50 3.57 3.58

Au4P
� 1 3.37 3.37 3.42 3.41 3.48 3.48 3.50 3.51

Au5P
� 1 3.43 3.41 3.47 3.48 3.46 3.45 3.49 3.50

Au6P
� 1 3.49 3.73 3.73 3.51 3.62 3.85 3.85 3.63

Au7P
� 1 3.55 3.53 3.61 3.61 3.58 3.57 3.63 3.63

Au8P
� 1 3.68 3.59 4.08 3.74 3.79 3.80 4.18 3.85

2 3.89 3.70 3.94 3.73 3.80 3.80 4.04 3.83
3 3.59 3.59 3.65 3.65 3.95 3.87 3.74 3.75

a a: PBE0/aug-cc-pVTZ SO//PBE/aug-cc-pVDZ; b: PBE0/6-311++G(3df,3pd)
SO//PBE/6-31++G**; c: PBE0/CRENBL ECP SO//PBE/CRENBL ECP; d:
PBE0/LANL2DZ ECP SO//PBE/LANL2DZ ECP; e: B3LYP/aug-cc-pVTZ SO//
B3LYP/aug-cc-pVDZ; f: B3LYP/6-311++G(3df,3pd) SO//B3LYP/6-31++G**;
g: B3LYP/CRENBL ECP SO//B3LYP/CRENBL ECP; h: B3LYP/LANL2DZ
ECP SO//B3LYP/LANL2DZ ECP.

RSC Advances Paper
Additionally, it can be seen that each cluster with even numbers
of gold atoms (AunP

�, n ¼ 2, 4, 6, 8) exhibits a single rst peak
and a relative larger LUMO–HOMO energy gap. The gaps tend to
become smaller while the VDEs become larger, as the number
of gold atoms increases. The clusters with odd numbers of gold
atoms (AunP

�, n¼ 3, 5, 7) have more complicated photoelectron
spectra than the even-numbered clusters: the rst peak of each
odd-numbered cluster splits into double or triple peaks. This
result may be due to the differences in the electron multiplicity
of the species, i.e., AunP

� (n¼ 2, 4, 6, 8) is a singlet and AunP
� (n

¼ 3, 5, 7) is a doublet.
3.3 Evolution of the structures

To identify a rule that governs the growth of single phosphorus-
doped gold clusters from small to medium sizes, we investi-
gated the evolution of the clusters by choosing the most likely
isomers of the AunP

� (n ¼ 1–8) species, as calculated by the 8
levels mentioned above. Fig. 9 shows the possible evolutionary
path from a small cluster to a medium cluster.

The AuP� cluster, as the initial unit, has only one dumbbell
(CNh) structure. This dumbbell structure adds a Au atom to the
side at which the phosphorus atom side is bonded, forming a
Fig. 9 Structural evolution of AunP
� (n ¼ 1–8).

24498 | RSC Adv., 2013, 3, 24492–24502
C2v structure, which is the most stable structure for Au2P
�,

according to our study.
Two possible paths from Au2P

� to Au3P
� arise. Au2P

� (I)
tends to add a 3rd gold atom to the gold atom side to form
Au3P

�. Alternatively, the gold atom can combine with the
phosphorus atom of Au2P

� (II) to form Au3P
�.

The axe-like isomer of Au3P
� can be envisioned as the

rhombus isomer of Au4
�, where one gold atom is replaced by

one phosphorus atom, while a Au–Au bond is simultaneously
broken.

Two isomers of Au4P
� are shown in Fig. 9. Au4P

� (I), which
has a 3D structure, is formed by the addition of another initial
gold atom to the phosphorus atom of Au3P

� (Cs). In contrast,
Au4P

� (II) is obtained by the addition of one more gold atom to
Au3P

�; this atom binds with each of the gold atoms already
present, forming a 2D planar structure.

Intuitively, Au5P
� appears difficult to obtain from Au4P

� (I),
but can easily be achieved by the addition of another 2nd gold
atom to Au4P

� (II). Here, although Au4P
� (II) has a signicant

energy difference (0.821 eV) relative to Au4P
� (I) and is not the

stable structure of Au4P
�, it is a possible precursor for the

formation of Au5P
�.

The Cs structure of Au6P
� (I) is obtained by the addition of a

4th gold atom to the phosphorus atom of Au5P
�. Simulta-

neously, a small amount of Au6P
� (II) in which the 4th gold atom

binds with the 2nd and 3rd gold atoms also could be formed, as
shown in Fig. 9. Similar to the Au5P

� cluster, Au7P
� does not

evolve directly from the global minimum (Isomer I) of Au6P
�

but instead from Au6P
� (II), with one more gold atom bonding

with the 1st and 2nd gold atoms of Au6P
� (II). Further, to do so,

both the 1st–1st and 1st–3rd Au–Au bonds must be broken,
because of the molecular interaction forces present between the
phosphorus atom and the gold atoms.

As discussed in Section 3.1, three possible stable isomers are
obtained for the Au8P

� cluster. In Fig. 9, the isomer with the
simplest structure was chosen for better observation of the
evolutionary process. This structure is formed by the addition of
a 5th gold atom to the phosphorus atom of Au7P

�. Both other
stable isomers of Au8P

�, which are not shown in Fig. 9, can be
easily obtained from this isomer by atomic interaction alone.

For the AunP
� clusters studied, a phenomenon that also

should be considered is the alternating 2D–3D geometric
symmetry of the globalminimum structures. As seen from Fig. 9,
clusters with odd numbers of gold atoms tend to yield planar 2D
This journal is ª The Royal Society of Chemistry 2013



Fig. 10 The frontier molecular orbitals of (a) AunP
� (n ¼ 1–7) and (b) Au8P

� with three isomers. The figures in brackets represent the number of molecular orbitals.
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structures, while clusters with even numbers of gold atoms tend
to give 3D structures. It also can be seen that clusters in which
phosphorus bonds with two gold atoms exhibit 2D congura-
tions with the anion owning an even number of electrons (i.e.,
obtaining a closed shell); in contrast, the clusters tend to form
3D congurations (i.e., open shells) when the phosphorus bonds
with three gold atoms. For Au3P

� / Au4P
�, Au5P

� / Au6P
�,

and Au7P
� / Au8P

�, as an additional gold atom is added to the
phosphorus atom of the former cluster in each group, the
structure of the cluster transforms from a 2D planar structure to
a 3D conguration. The reason for this parity phenomenon may
reside in the difference between the outer-shell electrons, for
which AunP

� (n ¼ 3, 5, 7) has an odd number of electrons while
This journal is ª The Royal Society of Chemistry 2013
AunP
� (n¼ 2, 4, 6, 8) owns an even number. The similarity of PES

for even and odd numbers of gold atoms also indicates that two
branches of structural evolution paths exist.
3.4 Molecular orbital analysis

To understand further the evolution of AunP
� (n ¼ 1–8), several

molecular orbitals of the species were investigated. Fig. 10
shows the frontier molecular orbits of the global minimum of
each species of AunP

� (n ¼ 1–7) (a) and the LUMO and the rst
three molecular orbits of the three low-lying energetic isomers
of Au8P

� (b). Some of the information gleaned from the gures
is listed below.
RSC Adv., 2013, 3, 24492–24502 | 24499
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(1) AuP� & Au2P
�, Au3P

� & Au4P
�, Au5P

� & Au6P
�, Au7P

� &
Au8P

� can be treated as four groups, because each has similar
LUMO and HOMO values (more orbital information can be
obtained from Fig. S9†). This indicates that the clusters of each
group have similar orbital types. The precursor cluster to each
group is an open shell, and the latter has an additional gold
atom and is a closed shell, which has additional outer electrons.
Hence, it is straightforward to evolve from an open-shell cluster
to a closed-shell cluster with minimal changes identied using
molecular orbital theory.

(2) It was found that open-shell clusters, such as AunP
� (n ¼

1, 3, 5, 7), add 9molecular orbits to the closed-shell clusters, i.e.,
AunP

� (n¼ 2, 4, 6, 8). In contrast, 10 orbits are added when from
a closed-shell transitions to an open-shell structure. It is known
that gold atoms share the 6s1 atomic orbital. The single outside
electron can combine with the open-shell orbital to form a
close-shell orbital when a gold atom is added to the open-shell
cluster, achieving AunP

� (n ¼ 1, 3, 5, 7). This reduces one
occupied molecular orbital.

The LUMO and rst three molecular orbitals of the three
isomers of Au8P

� are plotted in Fig. 10b. The three isomers show
similar orbital character. However, comparing the rst four MOs
of Au7P

� (see Fig. S9†) to that of Au8P
�, two different bonding

characters can be associated with the occupied HOMO and
HOMO�1, causing the HOMO of Au8P

� (1) (as well as that of
Au8P

� (2) and Au8P
� (3)) to differ from the HOMO of Au7P

�, as
exhibited by the former three groups. This may be due to the
relativistic effects of gold atoms, which inuence the hybrid-
isation orbits of Au8P

� relative to that of Au7P
�, as a result of the

increase of one gold atom. The relativistic effects lower the energy
of the 6s orbital of the gold atom, bringing it closer to the energy
of the 5d orbital. With an increasing number of gold atoms, the
relativistic effects nally cause a distinguishable difference in the
MO reversion.
4. Conclusion

We presented a theoretical study of the structural and electronic
effects of doping clusters in the size range of 1–8 atoms. It was
found that the structures of AunP

� clusters have one global
minimum structure for n # 7, while Au8P

� gives 3 global
minima, based on the different theoretical methods used. The
principle of evolution of the AunP

� clusters showed different
growth paths relative to that of pure gold clusters or gold clus-
ters doped with other elements because of the unique character
of triple outer 3p electrons in phosphorus. Clusters with odd
numbers of gold atoms tend to yield planar 2D structures, while
clusters with even numbers of gold atoms tend to give 3D
structures. This study elucidates the structures of AunP

� clus-
ters and gives the theoretical simulated photoelectron spectra.
The phosphorus dopant used can modify the structure of the
clusters, and shows parity on the evolutionary path from a small
cluster to a medium cluster.

Experimental knowledge of phosphorus-doped clusters
remains necessary for determining their sizes and shapes. In
our future work, we will investigate medium- to large-size
phosphorus-doped clusters.
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