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tigations on the structure–
property relationships of Au13 and AuxM13�x

nanoclusters†

Ying Lv, Xi Kang, Sha Yang, Tao Chen, Ao Liu, Haizhu Yu* and Manzhou Zhu *

As a fundamental building block in ultrasmall, noble metal nanoclusters, icosahedral AuxM13�x structures

have recently attracted extensive research interest. In this study, density functional theory (DFT) and

time-dependant DFT calculations have been carried out to investigate the structure–property (optical

and electronic) relationships of a series of Au13 and AuxM13�x (M ¼ Au, Ag, Cu, and Pd) nanoclusters co-

protected by phosphine and chloride ligands. It was found that the size of the peripheral ligands

significantly affects the geometric structure: the larger exterior ligands (with a larger cone angle) result in

relatively longer Au–M bond distances and weaker metallic interactions within the AuxM13�x core.

Therefore, the optical peak (in the UV-vis spectrum) corresponding to the HOMO / LUMO transition

red-shifts accordingly. When different foreign atom(s) are incorporated, the preferential doping site is

different, and the electronic and optical structures alter accordingly.
Introduction

In recent years, atomically precise ultrasmall gold nanoclusters
(NCs) with diameters of <2 nm have attracted intensive research
interest due to the promising applications in catalysis,1 biomi-
metic materials2,3 and biotherapy.4 Thanks to the atomic
precision, the icosahedral AuxM13�x building block has been
frequently observed in different sized NCs. Depending on the
chemical environment around the AuxM13�x structure, these
NCs could be roughly categorized into three groups. First, in
different AuxM13�x nanoclusters, the icosahedral AuxM13�x

framework is protected directly by organic ligands (such as
thiolate and phosphine). Second, the vertice- or face-sharing
assembly of several AuxM13�x structures might be responsible
for the metal framework of some relatively larger NCs, such as
Au25 (rod-like),5,6 Au38,7 and Au60.8 In the third group of NCs, the
icosahedral AuxM13�x core is protected by the exterior metal–
organic shell. Such a structure has been frequently observed in
NCs such as Au25 (spherical),9 Au19 (ref. 10) and Au20 NCs.11

According to the recent studies, the structure and property of
the metal core signicantly affect the electronic, catalytic, and
optical properties.12 Therefore, the systematic investigation on
the icosahedral AuxM13�x core will benet the future explora-
tion on the property of larger NCs.
Engineering of Advanced Materials, Anhui

Inorganic/Organic Hybrid Functionalized

230601, China. E-mail: yuhaizhu@ahu.

tion (ESI) available. See DOI:

5

Realizing the importance of the icosahedral core, chemists
have extensively studied the structure–property relationships of
the AuxM13�x NCs in recent years. For example, Kronik et al.
successfully synthesized Au13(PPh3)4(SC12H25)4, and found that
the co-protection of thiolates and phosphine ligands leads to
the slight distortion of the icosahedral structure.13 Similarly,
Wei and co-workers recently found that the framework of
Au13(PPh3)4(SC12H25)4 is signicantly disturbed by the solvent
environment. They found that changing the solvent from
ethanol to hexane induces the dissociation of the anionic SR
ligands, and the rearrangement of the icosahedral core struc-
ture to a face-centred cubic (FCC) structure.14 Resultantly, the
electronic structure remarkably changes from semiconducting
to metallic state. Of note, the inuence of the shell ligands on
the geometric and electronic structures have also been reported
elsewhere. For example, Konishi and co-workers successfully
synthesized a series of Au13 NCs co-protected by bidentate
phosphine (Ph2P–(CH2)m–PPh2, m ¼ 2–5) and chloride ligands.
They found that the P : Cl ratio varies from 10 : 2 to 8 : 4 whenm
changes from 2 to 3–5, and the optical properties also change
critically.15,16 Aer that, they further prepared another AuxM13�x

NC, i.e. [Au13(dppe)5(C^CPh)2]
3+ via the ligand exchange reac-

tion of [Au13(dppe)5Cl2]
3+ (dppe is short for PPh2CH2CH2PPh2),

and bore out the electronic coupling between the Au13 core and
the p-orbitals of acetylide.17 Aside from the mono-metallic Au13
NCs, the alloy AuxM13�x NCs have also been successfully
prepared in these years. For instance, Copley and Mingos
synthesized three NCs, i.e. [Au9M4(PPh2Me)8Cl4]

+ (M ¼ Au, Ag,
Cu), and found that the optical properties of these three NCs are
signicantly different. The characteristic peaks in the UV-vis
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The correlation of the experimental (from single-crystal X-ray
crystallography) and the calculated Au–M (M ¼ Au, Ag, Cu) bond
distances for [Au9Ag4(PPh2Me)8Cl4]

+ and [Au9Cu4(PPh2Me)8Cl4]
+.
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spectrum blueshi with the incorporation of the Ag dopants,
while were only slightly weakened when Cu atoms are doped.18

In addition to the experimental studies, theoretical methods
have also been used to study the structure and properties of
several Au13 NCs. For example, Remacle and co-workers recently
used density functional theory (DFT) calculations to study the
modeling Au13(SCH3)5(PH3)7 cluster, and found that the posi-
tions of the phosphines and thiolates signicantly affect the
geometric structure and electronic properties.19 In addition,
comparing the UV-vis spectra of a series of Au13, Au25 and Au28
NCs, they found that the increased charge density of the metal
core (Au13 for Au13, Au13 for Au25 and Au20 for Au28) is respon-
sible for the red-shi of the optical absorption bands.

Despite the aforementioned studies, the systematic under-
standing on the effect of different ligands (including both the
number and the structure of the protecting ligands), and
especially the doping effect in the alloy AuxM13�xNCs, are rarely
reported. In this study, we carried out theoretical investigation
on a series of icosahedral Au13 and alloy AuxM13�xNCs with DFT
and TD-DFT calculations to elucidate the structure–property
relationships. The monometallic Au13 NCs including [Au13-
(PR3)8Cl4]

+ and [Au13(PR3)10Cl2]
3+ (R ¼ Me, Ph) were chosen to

examine ligand effect of the phosphine and chloride ligands.20

Meanwhile, the doping effect was explored by comparing the
structure and property of the monometallic [Au13(PR3)8Cl4]

+

NCs with the alloy counterparts including [Au9Ag4(PPh2Me)8-
Cl4]

+, [Au9Cu4(PPh2Me)8Cl4]
+, and [Au12Pd(PPh3)8Cl4], whose

structures have been precisely elucidated by single X-ray crys-
tallography.18,20,21 This study can provide deep understanding
on the structure–property relationships in the icosahedral
metal NCs, and will also benet the future explorations on
larger NCs assembled with AuxM13�x.
Table 1 The average bond length (the data in parentheses are
experimental values) and the average Hirshfeld charge on selected
atoms in NC0–3 (Å)

Bond distance NC0 NC1 NC2 NC3

Aucenter–Aushella 2.813 3.012 (2.769) 2.822 2.845
Aucenter–AuCl 2.815 2.993 (2.715) 2.807 2.776
Aucenter–AuP 2.811 3.016 (2.780) 2.830 2.880
AuCl–Cl 2.372 2.362 (2.297) 2.394 2.406
AuP–P 2.310 2.342 (2.286) 2.335 2.372
Cone angle (PR3) 46.7� 60.9� 74.7� 76.4�

Hirshfeld charge
Aucenter �0.005 �0.021 0.000 0.000
Aushell 0.014 0.047 0.037 0.046
AuP 0.015 0.044 0.038 0.046
AuCl 0.012 0.061 0.035 0.053
Cl �0.337 �0.326 �0.281 �0.230

a Note: Aushell include both the AuCl and AuP atoms, while AuCl and AuP

denote the Au atoms connecting with Cl and P atoms, respectively.
Computational details

The geometry optimization of all NCs was carried out with the
ADF soware,22 using GGA: PBE/TZP method.23 The time-
dependent LB94/TZP method and the scalar relativistic were
used for UV-vis spectra calculation, and the lowest 150 singlet
excited states were calculated.24 The Kohn–Sham (KS) orbital
analyses were performed with Gaussian 09 suite of program,25

using the long-range corrected functional CAM-B3LYP func-
tional.26 The LanL2DZ basis set and the effective core potential
were used for the metal atoms (i.e. Au, Ag, Cu, Pd), and the total
electron basis set 6-31G(d) was used for all other atoms.

We rst compared the calculated Au–M bond distances with
the experimental ones obtained from the single crystal X-ray
crystallography to examine the reliability of theoretical calcu-
lations.18,20,21 As shown in Fig. 1, despite the Au–M bond
distances are slightly overestimated by theoretical methods, the
overall correlation between the calculated and experimental
bond distances are acceptable: the linear coefficient (R) is
0.9045 for the 84 data, and the square deviation (SD) is 0.0467 Å
(Fig. 1). The good correlation of the experimental and calculated
Au–M (M ¼ Au, Ag, Cu) bond distances veries the theoretical
methods.
This journal is © The Royal Society of Chemistry 2017
Results and discussions
The ligand effect in Au13 NCs co-protected by phosphine and
chloride ligands

In the past decades, a series of Au13 NCs co-protected by
phosphine and chloride ligands have been synthesized. For
example, Mingos and co-workers used the in situ reduction of
Au(PR3)Cl (with Ti(h-C6H5Me)) to prepare the Au NC, and
determined the atomic structure to be [Au13(PMe2Ph)10Cl2]

3+

with the single crystal X-ray analysis.20 Aer that, they also
prepared [Au13(PMePh2)8Cl4]

+ via the reaction of [Au11-
(PMePh2)10]

3+ with AuCl(PMePh2) in CH2Cl2.18 Recently,
Konishi and co-workers prepared the [Au13(POct3)8Cl4]

+ (Oct ¼
octyl) by reducing Au(POct3)Cl with NaBH4 in aqueous THF.15

In accordance with the aforementioned studies, the struc-
tures, UV-vis spectra and KS-orbitals of the four Au13 NCs co-
protected by chloride and phosphine ligands, i.e.
RSC Adv., 2017, 7, 51538–51545 | 51539
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Fig. 2 Theoretical UV-vis spectra of NC0, NC1, NC2 and NC3.
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[Au13(PMe3)8Cl4]
+, [Au13(PPhMe2)10Cl2]

3+, [Au13(PPh2Me)8Cl4]
+,

and [Au13(PPh3)8Cl4]
+ were calculated. Note that [Au13(PMe3)8-

Cl4]
+ was used to model the experimentally characterized

[Au13(POct3)8Cl4]
+, so as to reduce the computational cost. For

clarity, these four NCs are designated as NC0, NC1, NC2, and
NC3, respectively. The 0–3 here denote the number of phenyl
groups on the PR3 ligand in each NC.

Comparing the selected structural parameters of the opti-
mized geometries (Table 1), we found that the average Au–P and
Au–Cl distances are comparable in different NCs. By contrast,
the Au–Au bond distances change remarkably. The average
Aucenter–Aushell bond distance in NC1 is signicantly longer
than those in NC0/NC2/NC3. The phenomenon is mainly
caused by the stronger steric repulsion between the 10 phos-
phine ligands in NC1 (compared to that between the 8 phos-
phine ligands in all other NCs). For the same reason, the
average Aucenter–AuP bond distance in NC1 is also relatively
longer than those in NC0/NC2/NC3 (Table 1).

To comprehend why [Au13(PMe2Ph)10Cl2]
3+ (NC1) is prefer-

entially formed over [Au13(PMe2Ph)8Cl4]
+ (analogue of NC0/

NC2/NC3), we analysed the cone angle of the phosphine ligands
in all these Au13 NCs. According to the previous studies, the
cone angle of the surface ligands directly correlates with the
composition and size of the nanoclusters.27,28 As shown in Table
1, the cone angle of PMe2Ph in NC1 is signicantly smaller than
the those of PPh2Me in NC2 and PPh3 in NC3. The smaller cone
angle of PMe2Ph enables the incorporation of more phosphine
ligands in NC1. Herein, it is noteworthy that the theoretical
modelling of POct3 with PMe3 in NC0 signicantly underesti-
mate the cone angle. The small cone angle of PMe3 might
strongly disfavours the small cluster sizes, and this is also the
reason why only large sized NCs (with metal atoms >32)29,30 have
been reported when PMe3 are dominant ligands. We suppose
that the relatively larger cone angle of the PPh3 ligand also
explains why PPh3 is observed as a successful ligand for
[Au11(PPh3)xCly]

q synthesis,31 but not yet for [Au13(PPh3)xCly]
q.

According to the aforementioned discussions, the cone angle
of the phosphine ligands determines the ratio of the phosphine
and chloride ligands, as well as the Au–Au bond distances in the
51540 | RSC Adv., 2017, 7, 51538–51545
Au13 core. This conclusion is also supported by the Hirshfeld
charge analysis (Table 1). The charge on the Aushell atoms of
NC1 is slightly more positive than those of the other NCs,
predominantly due to the weakened s-donating ability of the
phosphine ligand therein. Meanwhile, the center Au atom in
these NCs is all nearly charge neutral (Table 1).

Regarding the optical properties, the absorption peaks are
systematically overestimated by 100 nm due to the deciency of
DFT methods in treating the excited states. The similar obser-
vation was also reported in previous studies.32 Nevertheless,
comparing the curves of different NCs (Fig. 2), we found that the
UV-vis absorption spectra of NC1, NC2, NC3 are similar, while
the peak splitting was observed in the spectrum of NC0. Similar
separation of the optical bands induced by methyl groups has
also been reported in Sun's recent study.33 As shown in Fig. 2,
the rst band of NC1, NC2 and NC3 appear at�720 nm, 650 nm
and 685 nm, respectively. All these bands correspond to the
HOMO / LUMO transition, and the weakness of the peaks
implies that the transition is optically forbidden. In addition to
the HOMO / LUMO transition, the prominent absorption
peak of NC2 at 540 nm mainly arises from the transition from
the 3-fold quasi-degenerate HOMO manifold to the LUMO+9,
LUMO+10 and LUMO+11 set. For NC3, the prominent peak at
520 nm is mainly caused by the transition from the doubly
degenerate HOMO and HOMO�1 set to the LUMO+4, LUMO+5
and LUMO+6 set. For NC0, the HOMO / LUMO transition
appears at �640 nm, and the prominent peak (�580 nm)
corresponds to HOMO�1, HOMO�2 / LUMO+3, +4, +5
(Fig. 2).

Fig. 3 shows the KS-orbital analysis of all these NCs. The
discrete energy levels of NC0 correlates with its separate and
weak optical bands (Fig. 2 & 3a). By contrast, the introduction of
phenyl substituent in the phosphine ligands results in the
degeneracy of the energy levels (Fig. 3b–d). The degenerate
orbitals explain the peak broadening in the UV-vis spectra of
NC1, NC2 and NC3.

Aside from the energy levels, the atomic contributions of the
frontier orbitals of all these Au13 NCs are similar. As shown in
Fig. 3, Au(6sp) and Au(5d) are mainly responsible for all the
HOMOs (highest occupied molecular orbitals) and LUMOs
(lowest unoccupied molecular orbitals). Therefore, the active
electronsmainly locate in the Au13 core. In addition, the Au(6sp)
orbitals make major contribution to the higher HOMOs and
LUMOs, while the Au(5d) orbitals contribute predominantly to
the lower HOMOs (Fig. 3a, c and d). To this end, the rst band of
all the Au13 NCs correspond to interband transition of d / sp.
This conclusion is consistent with the recent theoretical studies
on the electronic and optical analysis of the small sized NCs
(such as Au18 NC).34

Combining the key structural parameters and the optical &
electronic properties of different Au13 NCs, we found that the
cone angle of the PR3 ligands dominates the composition and
structure of the Au13 NCs. The larger PR3 ligand encourages the
structure of [Au13(PR3)8Cl4]

+, while the PR3 with small cone
angle facilitates the formation of [Au13(PR3)10Cl2]

3+. The average
Aucenter–Aushell bond distance of [Au13(PR3)10Cl2]

3+ is relatively
longer than that of [Au13(PR3)8Cl4]

+, and the weakened bonding
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The HOMO, LUMO plots and KS orbitals of NC0 (a), NC1 (b), NC2 (c) and NC3 (d).
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strength in the former case further results in the lower HOMO
/ LUMO transition.

For in-depth understanding on the orbital distributions of
Au13 NCs, we referred to the superatom models.35 According to
this model, all these Au13 NCs are 8-electron clusters with 1S2,
1P6 jellium orbitals (S, P and D orbitals in superatom corre-
spond to the atomic s, p and d orbitals, respectively). The
HOMOs of all these Au13 NCs feature the characteristic of P
orbital,36,37 while the LUMOs of all these Au13 NCs feature the D
orbital characteristics (Fig. 3).37
The doping effect of the foreign (Ag, Cu, and Pd) atom(s)

According to the recent experimental studies, different foreign
metal (Ag, Cu, and Pd) atom(s) with the electronic structures
similar to Au could be doped into the Au13 NCs.18,21 Interest-
ingly, thesemetals were preferentially doped into different sites.
For example, Mingos and co-workers synthesized the shell
doped [Au9M4(PMePh2)8Cl4]

+ (M ¼ Cu, Ag) NCs via the reaction
of [Au11(PMePh2)10]

3+ with MCl(PMePh2).18 Recently, the core
doped [PdAu12(PPh3)8Cl4] has been synthesized by photolysis of
(Ph3P)2Pd(N3)2, Ph3PAuN3 and Ph3PAuCl in THF solvent.21 To
This journal is © The Royal Society of Chemistry 2017
understand the doping preference for different metal atoms, we
rst examined the relative energy of the AuxM13�x structures
with the foreign atom doping at different site. The 13 possible
doping sites on Au13 were roughly categorized into six groups:
the metal center atom, the shell atom coordinating with the
phosphine ligand (adjacent to three Au–Cl bonds for shell-a and
adjacent to two Au–Cl bonds for shell-b/c), and the shell atom
connecting with chloride (adjacent to one Au–Cl bond for shell-
d, and adjacent to none Au–Cl bond for shell-e). The details are
given in Fig. 4b, and the typical positions of 7, 9, 6, 11, 3, and 13
are used for the following discussion. For clarity reasons, the
core-doped alloy NCs were taken as the reference, and the
energy difference between the other structures and the core-
doped one is used to evaluate their relatively stability. From
Table 2, it can be seen that the relative energies of the shell-a/b/c
doped products are comparable for each type of alloy system
(note: these positions correspond to the different shell AuP sites,
see Fig. 4b). Similarly, the relative energies of the shell-d and
shell-e doped products are also alike (note: both positions
correspond to the AuCl sites). The results imply that the differ-
ences in the adjacent atomic environment (such as the shell-a/b/
RSC Adv., 2017, 7, 51538–51545 | 51541
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Fig. 4 The UV-vis spectra of Au9Cu4, Au13 and Au9Ag4 (a); the component of KS orbitals of Au13 (b), Au9Cu4 (c) and Au9Ag4 (d).

Table 2 Comparison on the site preference of different doping sites
for Ag, Cu, and Pd (in eV)

DE(Au12M
shell–Au12M

center)

M ¼ Ag M ¼ Cu M ¼ Pd

Shell-a �0.56 �0.18 0.97
Shell-b �0.51 �0.12 0.87
Shell-c �0.45 �0.09 0.90
Shell-d �0.83 �0.51 1.02
Shell-e �0.86 �0.58 1.06

Table 3 The selected average bond length of Au9Cu4, Au13 and
Au9Ag4 (the data in parenthesis are experimental value)

Bond distance Au9Ag4 Au13 Au9Cu4

Aucenter–Mshell 2.821(2.773) 2.822 2.728(2.686)
MCl–Cl 2.414(2.378) 2.395 2.164(2.134)
Aucenter–MCl 2.849(2.828) 2.807 2.595(2.584)
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c positions of AuP) hardly affect the doping facility. However, for
each doping system (with specic foreign atom), the relative
energy of the Aucenter doped one is distinct from that of the AuP

or AuCl doped structure. Therefore, the doping easiness is
mainly determined by the chemical environment (Aucenter or
AuP or ACl).

According to Table 2, Ag and Cu atoms preferentially locate
on the shell sites, and especially the AuCl positions (shell-d/e). By
contrast, the doping of Pd occurs preferentially on the core site,
while all the shell-doping modes are thermodynamically dis-
favoured. The theoretical results are in good agreement with the
51542 | RSC Adv., 2017, 7, 51538–51545
experimental characterization.21 The distinct doping preference
of Ag, Cu and Pd is mainly determined by the Au–M interac-
tions. The intermetallic interaction of Au with different metal
atoms follows the order of Cu < Ag < Au < Pd,38,39 and thus the Ag
and Cu atom(s) tend to be doped in the shell while Pd tends to
be doped in the center.
The geometric and electronic structure of the surface doped
[(AuxM13�x)P8Cl4]

+

In our study, the aforementioned four AuxM13�x NCs were
selected for discussions on the doping effect of the foreign
atoms, and they are labelled as Au9M4 (M ¼ Cu, Ag), Au13 (i.e.
NC2) and Au12Pd, respectively. Comparing the key structural
This journal is © The Royal Society of Chemistry 2017
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Table 4 The average bond length (the data in parenthesis are
experimental value) and the average Hirshfeld charge on selected
atoms in Au12Pd and NC3 (Å)

Bond distance Au12Pd NC3

Mcenter–Aushell 2.880(2.745) 2.845
Mcenter–AuCl 2.801(2.728) 2.776
Mcenter–AuP 2.920(2.754) 2.880
AuCl–Cl 2.438(2.385) 2.406
AuP–P 2.356(2.299) 2.372

Hirshfeld charge
Mcenter 0.121 0.002
Aushell 0.020 0.050
AuP 0.023 0.046
AuCl 0.018 0.053
Cl �0.265 �0.230
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parameters in the Au9M4 NCs (Table 3), we found that the
average Aucenter–Mshell distances in Au13 and Au9Ag4 NCs are
very close, while the related bond distance in Au9Cu4 is rela-
tively shorter. This phenomenon is mainly attributed to the
smaller atomic radii of Cu compared with those of Au and Ag
atoms (Cu: 1.28 Å, Au/Ag: 1.44 Å). For this reason, the average
Aucenter–CuCl bond distances in Au9Cu4 is signicantly shorter
than that of the Aucenter–AgCl in Au9Ag4 and Aucenter–AuCl in Au13
(Table 3).

The theoretical UV-vis spectra of Au9M4 (M ¼ Cu, Ag) and
Au13 were given in Fig. 4a. Compared with the lowest-energy
optical band of Au13 (�650 nm), the HOMO / LUMO transi-
tion of Au9Ag4 red shis to 675 nm. In contrast, the HOMO /

LUMO transition of Au9Cu4 is retained at 650 nm. Therefore,
the Cu dopants make little perturbation to the energy of the
lowest-energy optical band.

According to the KS-orbital analysis (Fig. 4b–d), the highest
occupied orbitals are predominantly constituted by Au(6sp)
orbitals, which also make the major contributions to the
LUMOs. Therefore, the HOMO/ LUMO transitions in all these
NCs correspond to the sp / sp transitions. In addition, in the
Fig. 5 The UV-vis spectra of Au12Pd and Au13-1 (a), the component of K

This journal is © The Royal Society of Chemistry 2017
UV-vis spectra of Au9Cu4, the prominent shoulder peak at
�550 nm is mainly induced by the mixed transition of HOMO,
HOMO�1 to the LUMO+6, +7, +8, +9 set (component mainly
composed by ligands). The atomic contribution for such tran-
sitions is in accordance with the metal to ligand charge transfer
(MLCT). With respect to the superatom model, the HOMOs of
all these NCs show the P feature, while the HOMO of Au9Ag4 is
slightly different (Fig. 4b) due to the electron density overlap
between the two adjacent Ag atoms. Meanwhile, the LUMO of
each NC gures the D orbital characteristic.

The geometric and electronic structure of the core doped
Au12Pd NC

Comparing the optimized geometries of Au12Pd and its mono-
metallic counterpart NC3, the average Aucenter–Aushell bond
length in NC3 is shorter than the average Pdcenter–Aushell bond
distance in Au12Pd. In addition, both the average Mcenter–AuP

and Mcenter–AuCl bond length in Au12Pd are relatively longer
than the related ones in NC3 (Table 4). Similar to the afore-
mentioned discussions, the relatively longer Au–Pd distances
result in weakened intermetallic interactions and the signi-
cant red shi of the rst band (685 nm for NC3 to 835 nm for
Au12Pd in Fig. 2 and 5a). For Au12Pd, the peak at 740 nm and the
shoulder peak at 640 nm mainly arise from the transition of
HOMO�1, 2 / LUMO+3, 4 and HOMO�1, 2 / LUMO+7, 8,
respectively. From KS-orbital in Fig. 5, the HOMO of Au12Pd is
mainly composed by Pd(4p), Au(6sp) and Au(5d) orbitals, while
the Pd(4p) and Au(5d) atomic orbitals make almost no contri-
bution to the LUMOs (Fig. 5b). Therefore, the mismatched
orbital character of HOMO and LUMO results in the weakness
of the rst band.

Examining the charge distribution of Au12Pd, it can be seen
that the electron density on the core Pd atom is signicantly
more positive than the core Au atom in NC3 (Table 4). Mean-
while, the electron density on the shell Au atoms are all
increased in Au12Pd. Therefore, the results unambiguously
show the charge transfer from Pd to Au. This conclusion is
similar to the XPS characterization on the recently reported
Au24Pd alloys.40
S orbitals of Au12Pd (b).
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Conclusions

In this study, DFT and TD-DFT calculations were carried out to
obtain the geometric and electronic structures of a series of Au13
and AuxM13�x (M ¼ Au, Ag, Cu, Pd) NCs. It was found that PR3

ligands play the prominent role in the geometric structure in
Au13 NCs due to the steric bulkiness. The bulkier PR3 with
relatively larger cone angle favours the structure of [Au13-
(PR3)8Cl4]

+ (and even smaller-sized NCs such an M11), while the
PR3 with smaller cone angle encourages the formation of
[Au13(PR3)10Cl2]

3+ (or larger-sized NCs). The incorporation of
more phosphine ligands results in the weaker Au–P and Au–Au
interactions, associated with lowered HOMO–LUMO gap and
the red shi of the related peak on UV-vis spectra. In addition,
when different foreign atoms are doped into the Au13 NCs,
preferential sites might be totally different. Ag and Cu atoms
prefer the shell sites of the AuxM13�x core, and especially in the
sites connecting with Cl atom. By contrast, Pd prefers the
central site of the icosahedral core. The doping preference
signicantly affects the geometric structure and the frontier
orbitals. The Pd dopant leads to relatively longer Au–M
distances within the icosahedral core, while the Au–M bond
distances are signicantly shorter when Cu atoms are incor-
porated. The relative energy of the HOMO / LUMO transition
of different AuxM13�x NCs follows the order of Au12Pd < Au9Ag4
< Au13 � Au9Cu4. The present study provides deep under-
standing on the ligand and doping effect in the icosahedral
NCs, and will hopefully benet the future investigation on
structure–property correlations of larger NCs.
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