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The geometries of gold clusters doped with two phosphorus atoms, AunP�2 (n = 1–8), were investigated
using density functional theory (DFT) methods. Various two-dimensional (2D) and three-dimensional
(3D) structures of the doped clusters were studied. The results indicate that the structures of dual-
phosphorus-doped gold clusters exhibit large differences from those of pure gold clusters with small
cluster sizes. In our study, as for Au6P�2 , two cis–trans isomers were found. The global minimum of
Au8P�2 presents a similar configuration to that of Au�20, a pyramid-shaped unit, and the potential novel
optical and catalytic properties of this structure warrant further attention. The higher stability of
AunP�2 clusters relative to Au�nþ2 (n = 1–8) clusters was verified based on various energy parameters,
and the results indicate that the phosphorus atom can improve the stabilities of the gold clusters. We
then explored the evolutionary path of AunP�2 (n = 1–8) clusters. We found that AunP�2 clusters exhibit
the 2D–3D structural transition at n = 6, which is much clearer and faster than that of pure gold clusters
and single-phosphorus-doped clusters. The electronic properties of AunP�2 (n = 1–8) were then investi-
gated. The photoelectron spectra provide additional fundamental information on the structures and molec-
ular orbitals shed light on the evolution of AunP�2 (n = 1–8). Natural bond orbital (NBO) described the charge
distribution in stabilizing structures and revealed the strong relativistic effects of the gold atoms.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Gold is an element whose unique properties are strongly influ-
enced by relativistic effects [1–3]. Haruta [4] first reported that
gold nano-clusters exhibit catalytic properties; since that report,
the structures of gold nano-clusters have received considerable
attention [1–3,5]. A series of experimental and theoretical studies
have examined the unique structures and exciting properties of
small-to-medium pure gold clusters [6–23]. Gold clusters doped
with metal/nonmetal species have also been widely investigated
based on the expectation that varying the dopant alters the size
and shape of the clusters in addition to tailoring the properties of
the nano-clusters [24–46].
Phosphorus-doped gold clusters have received significant atten-
tion, in part due to interest in understanding the fascinating prop-
erties of these materials, particularly their semiconductivity and
unique optical properties [47,48]. A number of experimental [49–
55] and theoretical [56–60] investigations have also been reported
on the reactivities of gold clusters doped with phosphorus.

Jeitschko and Moller [49] investigated the Au–Au interaction in
the crystal structure of the well-known Au2P3 structure. Eschen
and Jeitschko [50] reported the network crystal structure of
Au2MP2 (M = Pb, Tl, and Hg) in three dimensions with condensed
8-membered Au2P6 and 10-membered Au4P6 rings. Weizer and
Fatemi [51] reported the contact resistance of a Au2P3 layer, which
was found to be very sensitive to the growth rate of the interfacial
Au2P3 layer. Henkes et al. [52] reported on Au2P3 and other metal
phosphides synthesized using hot trioctylphosphine (TOP) as a sol-
vent. A study on the generation of AunP�m using a Nd:YAG (532 nm)
laser was reported by Zheng and co-workers [53]. Recently,
Panyala et al. [54] also studied AunP�m clusters with different m
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and n values using laser ablation coupled with TOF-MS, the new
gold phosphides generated might inspire synthesis of new Au–P
materials with specific properties. Carenco et al. [55] developed a
versatile route for investigating the formation of Au2P3

nanostructures.
In contrast, there have been few theoretical studies on the

structural and bonding properties of Au–P clusters using different
calculation methods based on density functional theory (DFT)
[57–60]. Theoretical studies on the electronic structures of
Au2MP2 (M = Pb, Tl, and Hg) have been undertaken by Wen et al.
[56]. Similar results have been reported by Eschen and Jeitschko
[50] for the network crystal structure of Au2MP2 (M = Pb, Tl, and
Hg). Li et al. [57] studied the geometries, stabilities, and electronic
properties of neutral AunP2 (n = 1–8) clusters, and Zhao et al. [58]
reported findings for neutral Au12 clusters doped with secondary
periodic elements based on DFT. The atomic and electronic struc-
tures of Au5M (M = Na, Mg, Al, Si, P, and S) [60] and M@Au6

(M = Al, Si, P, S, Cl, and Ar) [59] clusters have been investigated
using DFT with a scalar relativistic effective core potential basis
set. However, to the best of our knowledge, no systematic investi-
gations of anionic phosphorus-doped gold clusters have been
reported in the literature.

Herein, we report a density functional theory study of a series of
small gold clusters doped with two phosphorus atoms (AunP�2
(n = 1–8)). This study is a follow-up to our previous work which
focused on single-phosphorus-doped gold clusters [61]. We
selected this size range to probe how isoelectronic substitutions
affect the structures of pure gold clusters. We observed the two–
three dimensional (2D–3D) structural transition at n = 6, which is
earlier than that of pure gold clusters and much clearer than that
of single-phosphorus-doped gold clusters (AunP�), which show
an even–odd oscillation in 2D/3D transition. The unique pyra-
mid-shaped structure substitutes the planar Au�10 cluster to afford
the global minimum of Au8P�2 .
2. Theoretical methods

The basin-hopping (BH) global search method [62–66] coupled
with DFT was employed to search for low-lying isomers of phos-
phorus-doped clusters of the type AunP�2 (n = 1–8). The original
BH algorithm fundamentally combined the Metropolis random
sampling technique and local optimization procedures. Two steps
were included in this method: a new structure was generated via
the random displacement of atoms and then optimized to the local
minimum; this local energy minimum was used as a criterion to
accept the initial generated structure spaces with the Boltzmann
weight at a finite temperature. In our study, randomly produced
structures of each species were used as the initial inputs for the
BH search method, and 200 initial low-lying isomers were gener-
ated after 200–300 BH moves. Considering the inevitable errors
of DFT methods when applied to total energy calculations, several
additional techniques were chosen for the DFT optimization,
including the generalized gradient approximation (GGA) in the
Perdew–Burke–Ernzerhof (PBE) [67], hybrid generalized gradient
approximation (hybrid-GGA) in the Becke 3-parameter exchange
and the Lee–Yang–Parr correlation (B3LYP) [68–70] functional
forms coupled with four basis sets [61]. As shown the selection
and verification on the functional and basis set for Au/P systems,
PBE functional coupled with CRENBL basis set used for Au and P
was selected for the optimization calculations; all approaches were
implemented in the NWCHEM 5.1.1 software package [71,72].

The top 10 isomers with relatively low energies were then
selected for single-point energy calculations at the PBE0
[73]/CRENBL level of theory. Because of the strong relativistic
effects of the gold atom, the spin orbit (SO) coupling effect [74] also
must be considered for heavy atoms such as gold. The
PBE0/CRENBL level and SO effects were carefully selected for the
gold atom to achieve quantitative agreement between the experi-
mental and theoretical PES spectra [64,75–79].

Simulated photoelectron spectra of the selected low-lying iso-
mers were generated for comparison with the experimental data
to further identify the AunP�2 (n = 1–8) clusters. The first vertical
detachment energies (VDEs) of the anion clusters were calculated
as the difference between the energies of the neutral and anionic
species of each isomer. The binding energies of all deeper occupied
orbitals were then added to the first VDE to simulate the detach-
ment features of the valence electrons as a line spectrum. Each line
in the obtained spectra was then fitted with a Gaussian width of
0.04 eV to obtain continuous spectra.
3. Results and discussion

This section consists of two parts: the geometric structures and
the electronic properties. In the first part, we focus on the geomet-
ric structures of AunP�2 (n = 1–8) at the PBE0/CRENBL
SO//PBE/CRENBL level of theory. The global minima of the species
are explored. Next, we discuss the stabilities of these lowest-
energy isomers. We also attempt to describe the possible evolu-
tionary process of dual-phosphorus-doped gold clusters. In the
second part of this section, the theoretically simulated photoelec-
tron spectra of the low-lying isomers and the corresponding
HOMO–LUMO gaps are discussed to support the first part of this
section and the molecular orbital analysis. Finally, natural bond
orbital (NBO) [80,81] provides intuitive information of the natural
population analysis (NPA) [82] assigning atomic charge and the
natural electron configuration (NEC) in the clusters.

3.1. Geometric structures

3.1.1. Low-lying structures
AuP�2 : Two low-lying isomers of AuP�2 at the PBE0/CRENBL SO

level of theory are presented in Fig. 1. The global minimum
(Isomer 1) of AuP�2 is a Cs structure with a middle-positioned P
atom, and the isomer prefers an obtuse angle \Au–P–P. The other
isomer is an acute-triangle-shaped structure with a relatively high
energy of 1.645 eV, which has a low probability of being the global
minimum.

Au2P�2 : The global minimum of the Au2P�2 cluster (Fig. 1) is an
axe-like structure (Cs), the same configuration of the major isomer
of Au3P� in our previous study [61]. Isomer 2 (D2h) is a high-
symmetry structure with a 0.929 eV higher energy than the Isomer
1. The difference between Isomers 3 (Cs) and 4 (C2v) lies in the
Au–Au bond of Isomer 3. Isomer 5, as well as Isomers 2–4, with a
greater energy difference than Isomer 1, shows a low probability
of being the global minimum. The global minimum of the anion
(Au2P�2 ) differs somewhat from the neutral configuration (Au2P2)
reported by Li et al. [57], which is expected because of the interac-
tion of an additional electron in the structures [40,57,83,84].

Au3P�2 : The first five low-lying isomers of which possess a P–P
bond are presented in Fig. 1. The lowest-energy isomer (Isomer
1) is a pentagon structure with an inner Au–Au bond. Isomer 2 is
a zigzag structure evolved from the global minimum of Au2P�2 by
bonding an additional Au atom to the edge-positioned P atom.
However, the energy of this isomer is considerably higher than
Isomer 1. Different with Isomer 2, Isomer 3 evolves from the global
minimum of Au2P�2 by adding the extra Au atom on the same side
of the P–P bond with its energy a slightly higher than Isomer 2.
Isomer 4 has an hourglass-like structure, and the energy of this iso-
mer is 0.677 eV greater than that of Isomer 1. Additionally, the
energy of Isomer 5, in which all 3 gold atoms are linearly bonded,



AuP2‾

0.000 Cs 1.645 C2v

Au2P2‾

0.000 Cs 0.929 D2h 0.995 Cs 1.138 C2v 1.367 Cs

Au3P2‾

0.000 C2v 0.549 Cs 0.589 Cs 0.677 C2v 0.907 C1

Au4P2‾

0.000 Cs 0.133 C1 0.263 C1 0.281 Cs 0.287 Cs

Au5P2‾

0.000 C2v 0.138 Cs 0.306 C1 0.451 Cs 0.471 C1

Au6P2‾

0.000 Cs 0.053 C2 0.055 C2v 0.129 C1 0.208 C1

Au7P2‾

0.000 C2v 0.388 C1 0.561 C2v 0.624 C1 0.847 C1

Au8P2‾

0.000 Cs 0.398 Cs 0.483 Cs 0.540 C1 0.676 C1

Fig. 1. The possible structural isomers, relative energies and molecular geometry symmetries of the low-lying isomers of AunP�2 (n = 1–8) at the PBE0/CRENBL level of theory.1

K.-M. Xu et al. / Chemical Physics 456 (2015) 13–21 15
is 0.907 eV greater than that of Isomer 1. Isomers 2–5 are also unli-
kely to be the global minimum. The low isomers of Au3P�2 are much
different with that of the meta-stable phase of Au2P�3 [84].

Au4P�2 : For Au4P�2 in Fig. 1, the global minimum for the species
is a planar structure (Cs). The isomer can clearly be envisioned as
resulting from the attachment of an additional gold atom to the pen-
tagon structure of Au3P�2 . Isomer 2 is 0.133 eV higher than Isomer 1
as a result of moving the Au atom from the upper right corner to the
lower right corner. Isomers 3, 4, and 5 are unlikely to be the global
minimum structures due to their relatively high energies. Isomer 5
and Isomer 1 differ by only one Au–Au bond; however, the
0.287 eV energy difference affords Isomer 5 with a low probability
of being the most stable structure.
1 The top-5 isomers are ranked according to their relative energies for AunP�2
(n = 2–8), whereas the top-2 isomers are ranked for AuP�2 .
Au5P�2 : The global minimum is a planar structure (C2v) with an
additional Au atom added to the upper left corner of Au4P�2 shown
in Fig. 1. Isomer 2 can be viewed as a P–P bond dividing the 5 gold
atoms into two parts. Isomer 3 differs from the other four top-5
isomers in the separation of the two phosphorus atoms of the
structure. Isomer 3 is very similar to the global minimum of
Au6P�, and the only difference is that a phosphorus atom substi-
tutes a gold atom on the vertex. Isomers 4 and 5 can easily evolve
from the first two low-lying isomers of Au4P�2 .

Au6P�2 : As shown in Fig. 1, there are two co-existing low-lying
isomers for Au6P�2 . Two dangling Au atoms bond with one phos-
phorus atom. The difference between the two isomers lies in the
relative position of the two dangling gold atoms. We refer to
Isomers 1 and 2 as the ‘‘cis-isomer’’ and ‘‘trans-isomer’’, respec-
tively, borrowing from the molecular naming rules of organic
chemistry. The energy of the cis-isomer is slightly lower than that
of the trans-isomer. Seven other density functional theory methods



Fig. 2. Comparison of binding energies per atom Eb (a), dissociation energies D1E
(b), and the second-order difference of energies D2E (c) of AunP�2 and Au�nþ2 as a
function of cluster size. The results are obtained at the PBE/CRENBL level. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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also confirm the energy rankings of the two isomers (Table S1,
Supplementary material). Isomer 3 is a C2v structure, and its energy
is also within 0.1 eV. Thus, it may be a local minimum. Isomers 4
and 5 exhibit a unique phenomenon in which one gold atom inter-
acts with different phosphorus atoms of the quasi-planar Au5P2

base. The energy difference between Isomer 4 and Isomer 5 is large
due to the different positions of the gold atoms.

Au7P�2 : The global minimum is a C2v structure at the
PBE0/CRENBL level in our study (Fig. 1). It is an irregular olive-
shaped structure with a 1–2–3–2–1 formation ranked according
to the number of atoms from the top to the bottom of the structure.
Two phosphorus atoms are separated by a gold atom. Isomer 2 is a
sailboat-type structure with two phosphorus atoms located at both
ends of the sailboat. The structure is slightly distorted, and its
energy is somewhat higher than that of Isomer 1. Isomer 3 is a
quasi-tetrahedron-type structure, and the clear 3-layer structure
makes it highly symmetrical. Isomers 4 and 5 are somewhat disor-
dered structures.

Au8P�2 : It is very interesting that the global minimum of Au8P�2
in our study is a pyramid-shaped structure, as shown in Fig. 1. The
structure will exhibit very high symmetry if the two phosphorus
atoms are substituted by gold atoms. Unfortunately, previous stud-
ies [7,8,11] have already reported that the global minimum of the
Au�10 cluster is a planar structure, whereas the Au�20 cluster was
confirmed to be a 4-layer pyramid-shaped (Td) structure with high
chemical inertia and potential novel optical and catalytic proper-
ties [11]. This structure may be a basic unit for a large cluster con-
figuration, which requires further exploration. Isomers 2 and 3 can
be easily envisioned as resulting from substituting one gold atom
for the phosphorus at the corresponding position. Both Isomer 4
and Isomer 5 have a relatively large energy difference from the
lowest-energy isomer and are not common structures of Au8P�2 .

3.1.2. Relative stabilities
To predict the relative stabilities of the AunP�2 (n = 1–8) clusters,

the average atomic binding energies Eb, dissociation energies D1E,
and the second-order difference of energies D2E for the global min-
ima are examined. The global minima of Au�nþ2 (n = 1–8) (Fig. S1,
Supplementary material) are used for comparison. For the AunP�2
clusters, Eb, D1E, and D2E are defined as functions of the number
of gold atoms n as follows:

EbðnÞ ¼ ðn� 1ÞEðAuÞ þ 2EðPÞ þ EðAu�Þ � EðAunP�2 Þ
� ��

ðnþ 2Þ ð1Þ

D1EðnÞ ¼ EðAun�1P�2 Þ þ EðAuÞ � EðAunP�2 Þ ð2Þ

D2EðnÞ ¼ EðAun�1P�2 Þ þ EðAunþ1P�2 Þ � 2EðAunP�2 Þ ð3Þ

where E(Au), E(P), E(Au�), E(Aun�1P�2 ), E(AunP�2 ), and E(Aunþ1P�2 )
denote the total energies of the Au, P, Au�, Aun�1P�2 , AunP�2 , and
Aunþ1P�2 clusters, respectively. For the Au�n clusters, Eb, D1E, and
D2E are defined as functions of the number of gold atoms n as
follows:

Ebðnþ 2Þ ¼ ðnþ 1ÞEðAuÞ þ EðAu�Þ � EðAu�nþ2Þ
� ��

ðnþ 2Þ ð4Þ

D1Eðnþ 2Þ ¼ EðAu�nþ1Þ þ EðAuÞ � EðAu�nþ2Þ ð5Þ

D2Eðnþ 2Þ ¼ EðAu�nþ1Þ þ EðAu�nþ2Þ � 2EðAu�nþ3Þ ð6Þ

where E(Au), E(Au�), E(Au�nþ1), E(Au�nþ2), and E(Au�nþ3) denote the
total energies of the Au, Au�, Au�nþ1, Au�nþ2, and Au�nþ3 clusters,
respectively.

The Eb, D1E, and D2E values of the lowest-energy structures for
the AunP�2 and Au�nþ2 (n = 1–8) clusters versus the corresponding
cluster size n are plotted in Fig. 2(a–c), respectively.
As shown in Fig. 2(a), Eb of the AunP�2 clusters (red triangles) are
higher than those of the Au�nþ2 clusters (blue blocks) at the same n
value, indicating that the substitution of Au by P could improves
the overall stability. The binding energy of two species of clusters
generally increases with increasing cluster size (n), which could
explain for the stabilities increase as the clusters size increasing.

D1E represents the difficulty with which one Au atom is
removed from the clusters, the higher the value is, the more stable
the structure will be. Fig. 2(b) shows that D1E of the AunP�2 (n = 1–8)
clusters exhibits an odd–even oscillation as well as pure gold clus-
ters [42,85]. It is more difficult to remove one gold atom from
AunP�2 (n = 1, 3, 5, 7) than from AunP�2 (n = 2, 4, 6, 8) or Au�nþ2. This
should be due to the clusters with odd n values have an even num-
ber of electrons, forming a closed-shell configuration affected by
the odd–even electron pairing effect. Therefore, removing one Au
atom from closed-shell structure is more difficult than the corre-
sponding open-shell structure.

The odd–even effect considering the second-order difference in
energies D2E is also illustrated in Fig. 2(c). For clarity, we denote
n + 2 by m; thus, formula (6) can also be presented as (7) based
on formula (5).

D2EðmÞ ¼ D1EðmÞ � D1Eðmþ 1Þ ðm ¼ nþ 2Þ ð7Þ

From formula (7), we can see that D2E is the dissociation energy
difference between the corresponding cluster and its next order by
the sharp oscillation. This parameter provides information about
the values evenly distributed on both sides of the zero axis.



Fig. 3. Structural evolution of AunP�2 (n = 1–8). Digits represent different gold atoms, and letters of the alphabet represent different phosphorus atoms. Capital Roman
numerals represent different isomers in the figure.
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Odd-numbered Au atomic clusters possess positive values,
whereas even-numbered clusters possess negative values. The def-
inition illustrated in Eqs. (6) and (7) indicates that clusters with
positive D2E values are more stable.
3.1.3. Evolution of the structures
Fig. 3 shows a possible evolutionary path from AuP�2 to Au8P�2 to

identify a rule that governs the growth of small-to-medium dual-
phosphorous-doped gold clusters.

As mentioned above, AuP�2 , a C2v symmetric structure, can
easily evolve into Au2P�2 by bonding an additional gold atom
(labeled No. 2) to the original gold atom. The pentagon-shaped
structure of Au3P�2 can be obtained by attaching an additional Au
(1) atom to Au (2) and P (a), forming a closed-loop structure. The
global minimum of Au4P�2 is also a planar structure, and it can be
envisioned as the pentagon structure of Au3P�2 with a Au (3) atom
added at the corner of the isomer. The Au (3) atom bonds with Au
(2) and one Au (1). The evolution path from Au4P�2 to Au5P�2 is
apparent. An additional Au (3) atom is added to the upper left cor-
ner of Au4P�2 , yielding a C2v symmetric structure. Noting that the
Au (1)–Au (1) bond breaks due to the atomic interaction caused
by the two Au (3) atoms at each side bonding with two Au (1)
atoms, the interaction pulls the two Au (1) atoms away, breaking
the Au (1)–Au (1) bond.

Beginning with Au6P�2 , a different path appeared to explain the
evolutionary progress of the AunP�2 species. As shown in Fig. 3, the
global minimum of Au6P�2 is a 3D structure with two separated P
atoms. The evolutionary path may trace back to the precursor,
which is not the global minimum. Isomer (II) of Au5P�2 is a dangling
structure that is similar to the global minimum of Au7P� [61]. The
isomer is 0.305 eV higher than the global minimum of Au6P�2 . This
high-energy isomer may also evolve from Au4P�2 (II) with a
0.405 eV energy difference, as shown in the figure. Unfortunately,
the possible precursor for Au4P�2 (II) (labeled A in Fig. 3) was not
observed in our study, which may be responsible for the high insta-
bility of the desired structure. In this case, the P–P bond can lower
the energies of the isomers for small AunP�2 clusters (n 6 5). When
n is small, phosphorus plays a significant role in the cluster. It is
considerably easier to form a P–P double bond to stabilize the
structure. As the cluster size increases, the isomer including sepa-
rated P atoms gradually decreases in energy to reach the global
minimum.

Au6P�2 evolves into Au7P�2 by the combination of two dangling
gold atoms with one additional gold atom to form a quasi-
dihedral-angle structure. With continued growth, Au7P�2 bonds
with an additional gold atom to transform the quasi-planar struc-
ture into a regular 3D structure. The global minimum of Au8P�2 is
an exciting pyramid-shaped structure, and it can be envisioned
as the positioning of an additional Au (4) atom between the two
Au (1) atoms, linking the quasi-dihedral structure to form a 3-layer
pyramid-shaped structure. In general, the structure with higher
symmetry will be more stable.

The global minimum of the pure Au�10 cluster is a planar struc-
ture; however, two phosphorus dopant atoms provide this cluster
with a 3D pyramid-shaped structure. This stable and small unit
may exhibit some unique physical and chemical properties that
require further investigation.

It is clear that the 3D global minimum appears from n = 6, after
which the P–P bond breaks and each P atom bonds with three Au
atoms. Compared with pure anionic gold clusters (Au�n ), in which
the 3D configuration appears at n = 12, and with single phosphorus
gold clusters AunP�, which exhibit the even–odd effect, the 2D–3D
structural transition of AunP�2 is much clearer and faster, and the
structure is more stable.
3.2. Electronic properties

3.2.1. Simulated photoelectron spectra and HOMO–LUMO gap
Fig. 4 shows simulated photoelectron spectra of the global min-

imum (Isomer 1) of AunP�2 (n = 1–8) at the PBE0/CRENBL
SO//PBE/CRENBL level of theory. The global minimum of AuP�2
exhibits low vertical detachment energy (VDE) and a large
HOMO–LUMO gap. Isomer 1 of Au2P�2 also exhibits a relative low
VDE and a larger HOMO–LUMO. Isomer 1 of Au3P�2 has three dis-
tinct isolated peaks, predicting the change of the configuration
which is different from the formers mentioned above. Isomer 1
of Au4P�2 shown in figure presents a scaled-down three peak com-
pared with Au3P�2 and suggests the internal relation on the config-
urations. Isomer 1 of Au5P�2 has a somewhat large HOMO–LUMO
gap, and the neutral structure of this complex is a high-stability
candidate for the species. Different from above, Au6P�2 have two
co-existed lowest-lying isomers as the simulated photoelectron
spectra are shown in Fig. 4 (Au6P�2 (I) & (II)). Although the struc-
tures have only a slight difference in cis–trans location of one Au
atom, the VDE values, HOMO–LUMO gaps are large differences
for obvious distinction. Additionally, this result also confirms that
the PES is sensitive function to the configuration. The global mini-
mum of Au7P�2 has a large VDE (4.04 eV, Table S2, Supplementary
material) and five single peak indicating the high stability and dif-
ferent-typed atoms of the configuration, respectively. The PES of



Fig. 4. Simulated photoelectron spectra of the global minimum of AunP�2 (n = 1–8) at the PBE0/CRENBL SO//PBE/CRENBL level of theory.

18 K.-M. Xu et al. / Chemical Physics 456 (2015) 13–21
global minimum of Au8P�2 shows a little complicated shape and the
experimental PES data is necessary for confirming the global min-
imum of clusters.

3.2.2. Molecular orbital analysis
Fig. 5 shows the frontier molecular orbitals of the global mini-

mum of each species of AunP�2 (n = 1–8). Selected information
obtained from the figures is summarized below.

(1) Au2P�2 & Au3P�2 , Au4P�2 & Au5P�2 and Au6P�2 & Au7P�2 can be
treated as distinct groups because of their similar HOMO
and LUMO values. This result indicates that the clusters of
each group have similar orbital types. The precursor of each
group is an open shell, whereas the later structure with an
additional gold atom yields a closed shell with an even num-
ber of valence electrons. Hence, it is straightforward to
transform from an open-shell cluster to a closed-shell clus-
ter, with slight changes identified using molecular orbital
theory. Meanwhile, a very large change is required to trans-
form from the closed-shell structure of Au5P�2 to the open-
shell structure of Au6P�2 . The results of orbital hybridization
indicate that the global minimum of Au6P�2 does not have
the lowest-energy isomer as its processor. This finding helps
explain the change from Au5P�2 to Au6P�2 .

(2) It was observed that closed-shell clusters, such as AunP�2
(n = 1, 3, 5, 7), add 10 molecular orbitals to the open-shell
clusters, i.e., AunP�2 (n = 2, 4, 6, 8). In contrast, 9 orbitals were
added when an open-shell structured transitioned to a
closed-shell structure. It is also known that gold atoms share
the 6s1 atomic orbital. The single valence electron can com-
bine with the open-shell orbital to form a closed-shell orbi-
tal when a gold atom is added to the open-shell cluster,
affording AunP�2 (n = 1, 3, 5, 7). This removes one occupied
molecular orbital.

3.2.3. Natural bond orbital (NBO) analysis
We have summarized Natural population analysis (NPA) and

natural electron configuration (NEC) from NBO [80,81] analysis of
the global minima within the low-lying isomers of the AunP�2
(n = 1–8) clusters in Fig. 6. The atomic charge is labeled in square
brackets above the atom, and the electron configuration of each
atom is provided below the atom. Atoms are also labeled in proper
sequence.

Structures with high symmetry have some of the same types
of gold or phosphorus atoms. The classification is shown in the
figure. The species have 1, 2, 2, 4, 3, 4, 4, 3, and 4 types of Au
atoms from n = 2 to 8, respectively (two isomers for n = 6).
When n is less than or equal to 5, the two bonded phosphorus
atoms share no more than 0.5 units of charge, except for AuP�2 .
When n is greater than 5, the two phosphorus atoms separated
from each other share more charge than all of the other gold



Fig. 5. Frontier molecular orbitals of AunP�2 (n = 1–8).

Fig. 6. Natural population analysis (NPA) (a.u.) and natural electron configuration (NEC) of AunP�2 at the PBE/CRENBL level.
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atoms. In addition, the overall negative charge distribution of
clusters prefers to localize on the apex atoms rather than the
edge atoms. One possible explanation is that the repulsive inter-
action of the outside valence electrons stabilizes the structures
with the weakest repulsive interaction. Au6P�2 is unique because
it possesses two global minima that are mutual cis–trans isomers.
We searched for insights to better understand the difference
between these isomers. The steric hindrance effect of Au6P�2 (II)
is smaller than that of Au6P�2 (I), and the phosphorus atoms share
more natural charge. In Au7P�2 , 5 of the 7 gold atoms are adjacent
to phosphorus and have a positive natural charge. This result
means that the gold atoms act as an electron donor, losing an
electron to their surrounding environment. Additionally, the other
four electron acceptors are in apex positions. Au8P�2 , a 3D pyrami-
dal configuration with C2v symmetry, as mentioned above, has 4
types of Au atoms, 5–6–7–9, 3–8, 4 and 10. As shown, the four
apex atoms of the pyramidal structure possess a higher charge
than the edge atoms. Au10 possesses a positive charge of 0.030,
indicating that it is an electron donor.

To better understand the above phenomenon, the NEC is also
considered. As shown in Fig. 6, the electrons on the phosphorus
atom are mainly in the 3s and 3p orbitals; the 4p orbital also
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accepts small amount of charge. The electrons on the gold atoms
are mainly concentrated in the 5d and 6s orbitals. Due to the strong
relativistic effects of the heavy gold atoms contracting the 6s orbi-
tal, the energies of the 5d and 6s orbitals reverse as the valence
electron configurations of gold atom is 5d106s1, and these orbitals
hybridize with each other on gold atoms. Au5 of Au3P�2 and Au4 of
Au4P�2 also have electrons that localize due to the explicit interac-
tion of the repulsive interactions of electrons and the attractive
interactions of nuclei.

4. Conclusions

In conclusion, we have presented a theoretical study on the
structural and electronic properties of AunP�2 clusters in the size
range of 1–8 atoms. The results indicate that the structures of
AunP�2 clusters have one clear global minimum structure, with
the exception of Au6P�2 due to its two cis–trans isomers of similar
energies. In particular, the global minimum of Au8P�2 is a pyramid-
shaped structure that is similar to that of Au�20 and with potential
novel optical and catalytic properties, providing a possible new
direction for materials synthesis and catalysis. Relativistic stability
analysis testifies that the P atom impurity can in fact enhance the
stabilities of pure gold clusters. The dual-phosphorus dopants,
which are quite different from the pure clusters, exhibit preference
in the evolutionary path for small to medium-sized clusters. The
mechanism for the evolution of the AunP�2 clusters shows different
growth paths than pure gold clusters or single-phosphorus-doped
gold clusters. The 2D–3D structural transition of AunP�2 is much
clearer and faster than that of the pure gold clusters. The transition
of the structure of the species (AunP�2 ) from 2D to 3D occurs at
n = 6, while the corresponding value is 12 for pure anionic gold
clusters (Au�n ). Meanwhile, single-phosphorus-doped gold clusters
(AunP�) exhibit an even–odd oscillation in their 2D/3D transition.
Molecular orbital analysis was used to identify open- and closed-
shell rules for studying the evolution of AunP�2 . NPA suggests that
the atoms at the apex have more anionic electrons than the atoms
at the edges for stabilizing the structures with the weakest repul-
sive interactions. Separated phosphorus atoms possess more elec-
trons than connected phosphorus atoms and higher charge than
the corresponding gold atoms. All electrons localize in the 3s and
3p orbitals of phosphorus and the 6s and 5d orbitals of gold atoms.
The level inversion and orbital hybridization of the 5d and 6s orbi-
tals shown in NEC evidence the relativistic effects of the gold
atoms.

Experimental studies of phosphorus-doped clusters remain
necessary to determine their sizes and shapes, as our study pro-
vides only theoretically simulated photoelectron spectra. In our
future work, we will investigate medium- to large-sized phospho-
rus-doped clusters and pay more attention to possible notable
characteristics of the phosphorus dopants.
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