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Abstract: Ligand-induced surface restructuring with heteroa-
tomic doping is used to precisely modify the surface of a pro-
totypical [Au25(SR1)18]

� cluster (1) while maintaining its ico-
sahedral Au13 core for the synthesis of a new bimetallic
[Au19Cd3(SR2)18]

� cluster (2). Single-crystal X-ray diffraction
studies reveal that six bidentate Au2(SR1)3 motifs (L2) attached
to the Au13 core of 1 were replaced by three quadridentate
Au2Cd(SR2)6 motifs (L4) to create a bimetallic cluster 2. Ex-
perimental and theoretical results demonstrate a stronger
electronic interaction between the surface motifs (Au2Cd-
(SR2)6) and the Au13 core, attributed to a more compact cluster
structure and a larger energy gap of 2 compared to that of 1.
These factors dramatically enhance the photoluminescence
quantum efficiency and lifetime of crystal of the cluster 2. This
work provides a new route for the design of a wide range of
bimetallic/alloy metal nanoclusters with superior optoelec-
tronic properties and functionality.

Introduction

Luminescent metal nanoclusters consisting of an atom-
ically precise metal core and ligand shell show size- and
composition-dependent optical and electronic properties with
a great potential to be used in optoelectronic and biomedical
applications.[1] However, the luminescence quantum yields

(QY) of metal nanoclusters are generally low.[2] Numerous
efforts have been devoted to develop various strategies for
the improvement of the light-emitting properties of metal
nanoclusters over the last two decades.[3] For instance, Wu
et al. reported that the ligands play a pivotal role in enhancing
the PL of Au25(SR)18 nanocluster attributed to the ligand-to-
metal charge transfer (LMCT).[2a] Pramanik et al. demon-
strated that metal-to-ligand charge transfer (MLCT) also can
be used to greatly increase the luminescence QY of gold na-
noclusters.[3a] Apart from ligand engineering, doping of metal
nanoclusters with heteroatom(s) offers a new approach for PL
enhancement. For example, a substitution of gold with silver
atoms for the Au25 nanocluster can drastically enhance the
intensity of its photoluminescence.[3b] Apart from this, ag-
gregation-induced emission (AIE) arising from the restriction
of intramolecular rotation has emerged as a highly promising
strategy to improve the PL of metal nanoclusters. For
example, Xie et al. reported a facile one-pot synthesis of
highly luminescent Au-thiolate nanocluster with a high QY of
about 15 % attributed to the AIE.[3c,d] Pyo et al. also reported
a gold nanocluster derived from Au22(SG)18 cluster with a QY
greater than 60 %, by rigidifying its gold shell with tetraoctyl-
ammonium (TOA) cations.[3e] Gan et al. also demonstrated
that Au24(SR)20 with rigid ligands shows a dramatically en-
hanced PL.[3f] The aforementioned strategies, including ligand
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engineering, heteroatom doping, and rigidification of ligand
shell and AIE mainly rely on the strong intramolecular in-
teractions. In contrast, non-covalent weak intermolecular in-
teractions, such as hydrogen bonding and C�H···p interaction,
also play important roles in regulating the light-emitting
properties of metal nanoclusters. Chen et al. reported that the
noble metal nanocluster (Au4Ag13) exhibits a crystallization
induced emission enhancement arising from non-covalent C�
H···p interactions. These weak interactions restrict the in-
tramolecular rotations and vibrations, which thus prompt the
radiative transitions in the crystalline state.[3g]

Herein, we develop a new surface-engineering approach
involving a combination of the strategies discussed above
towards a dramatic emission enhancement of a new bimetallic
nanocluster. We chose Au25(SR)18 (a well-studied nano-
cluster[4]) as precursor to prepare this bimetallic cluster with
enhanced light-emitting properties by ligand engineering
combined with heteroatom doping. Cd was used as a hete-
roatom dopant, together with a bulky ligand, p-toluenethiol,
for the ligand exchange with original one (2-phenylethane-
thiol). A core–shell structured Au25(SR1)18 (1) cluster (SR1 =

2-phenylethanethiol)[4] can be readily converted into a new
bimetallic Au19Cd3(SR2)18 (2) cluster (SR2 = p-toluenethiol)
via the surface engineering that involves the doping with Cd
in combination with the ligand induced surface reconstruc-
tion. In this process, the surface motifs (Au2(SR1)3) attached
to a metal core (Au13) are replaced by Au2Cd(SR2)6, while the
structural integrity of metal Au13 core are maintained. Here,
this new motif (Au2Cd(SR2)6) contain AuI and CdII species.
The Au13 core as a superatom[5] shows a much stronger elec-
tronic mixing with new motifs Au2Cd(SR2)6, compared to
Au2(SR1)3, resulting in a wider energy gap with dramatically
enhanced stability and light emission of the bimetallic cluster
2. Both experimental data and quantum-chemical calcula-
tions reveal that 2 undergoes a significant structural con-
traction upon surface engineering as compared to that of the
precursor 1. This further suggests the existence of a stronger
core–shell electronic interaction in 2, which accounts for the
emission enhancement.

Results and Discussion

A typical synthesis process of 2 involves two critical steps:
1) crystals of 1 were first dissolved in toluene and then mixed
with an aqueous solution of cadmium acetate; 2) subse-
quently, excess p-toluenethiol was added in the above solu-
tion. The reaction was aged for 1 hour at 60 8C (see the Sup-
porting Information for more details). To better understand
the cluster conversion process, we performed time-dependent
UV/Vis/NIR spectroscopic measurement of reaction mixtu-
res. The reaction occurs very rapidly as evidenced by the di-
sappearance of the characteristic adsorption features of the
precursor 1 (Supporting Information, Figure S1). The emer-
gence of completely new absorption features in UV/Vis/NIR
spectrum suggests a successful synthesis of a new cluster with
distinct electronic and optical properties.

To determine its precise structure, we attempted the cry-
stallization of the as-synthesized cluster using a typical recipe

involving the diffusion of methanol into a toluene-based
cluster solution. Red block crystals were obtained after two
weeks with a yield of about 90% (Supporting Information,
Figure S2). Single-crystal X-ray diffraction (SXRD) analysis
reveals that the unit cell of the crystal contains two enantio-
mer of 2 (Supporting Information, Figure S3) packed under
a space group of P2/c (see the Supporting Information) and 2
consists of three Au2Cd(SR)6 motifs (L4; Figure 1a) attached
to an Au13 icosahedron core (Figure 1 b) in a quadridentate
coordination configuration, whereas six bidentate Au2(SR)3

motifs staple on the Au13 core of 1 (Figure 1c). For 2, each
surface motif (Au2Cd(SR)6) is composed of a blende struc-
tured Cd(SR)4 subunit (Figure 1a) which has not been ob-
served in other AuCd bimetallic clusters before.[6] We note
that both the precursor 1 and 2 contain a nearly identical Au13

core, which suggests the mother cluster is transformed into
a new cluster by surface engineering (Figure 1b,c). We also
found that a positively charged counter ion, [N(C8H17)4]

+, is
associated with each cluster in the single crystal (Supporting
Information, Figure S4). This indicates that cluster 2 bears
one negative charge, as evidenced by the electrospray ioni-
zation mass spectrometry (ESI-MS) analysis (Supporting In-
formation, Figure S5). Such a negative charge state is consi-
stent with the AuI and CdII valence state in the L4 ligand, thus
rendering a closed-shell electronic configuration[4d, 7] of Au13

5+

(8e�) for 2 with a high chemical stability, as will be further
discussed below.

We then investigated the electronic and optical properties
of 2 in comparison with that of the precursor 1. It is found that
optical adsorption spectrum of 2 is distinct from that of
1 (Figure 2). The absorption peaks of 1 are observed at
3.08 eV, 2.74 eV, 1.79 eV with a shoulder peak at 1.59 eV
(Figure 2a). Extrapolation of the absorption spectrum to zero
absorbance yields a HOMO–LUMO gap of about 1.35 eV, in
good agreement with a previous report.[8] The UV/Vis spec-
trum of 2 exhibits three absorption features peaked around

Figure 1. Structure analysis of clusters 1 and 2. a) Surface motifs of
Au2Cd(SR)6 (left) and Au2(SR)3 (right); b) structure analysis of 2 ;
c) structural anatomy of 1. Au magenta/gold, Cd green, S yellow; C and
H atoms and the counter ion, [N(C8H17)4]

+, are omitted for clarity.
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3.42 eV, 2.75 eV, and 2.24 eV. The HOMO–LUMO gap of 2 is
determined to be 1.92 eV based on its optical adsorption edge
(Figure 2b). The electrochemical gaps of these two clusters
are evaluated using differential pulse voltammetry (DPV).[8]

The energy difference between the first oxidation (O1) peak
and the first reduction (R1) peak yields the electrochemical
gap of the cluster. As shown in Figure 2c, the electrochemical
gap of 1 is measured to be 1.61 V, consistent with a previous
report.[8] In contrast, the electrochemical gap of 2 is enlarged
to 2.12 V (Figure 2 d). Hence, both optical adsorption and
DPV measurement reveal that 2 exhibits a larger energy gap
upon surface engineering as compared to that of the mother
cluster 1.

The oxidation of 2 occurs at a more positive potential
(0.56 V) compared to that of 1 (�0.1 V), indicating a higher
oxidation barrier for 2 (Figure 2c,d). We further probed the
stability of these two clusters against the chemical oxidation
using a typical oxidation agent, tert-butyl hydroperoxide
(TBHP). Upon adding TBHP in the solution, a dramatic
change of the absorption spectrum of 1 occurs in a few mi-
nutes, attributed to a rapid chemical oxidation and de-
composition of 1. In contrast, the optical absorption spectra of
2 remain nearly constant for more than 48 h, validating a su-
perior stability of the cluster 2 (Supporting Information,
Figure S6).

As mentioned above, the bimetallic cluster 2 can be
viewed as a core–shell structured gold cluster integrated with
CdS4 subunits on the surface. Such a unique structure mo-
tivates us to probe its light emission properties. As shown in
the Supporting Information, Figure S7, cluster 2 dispersed in
dichloromethane shows an emission peak at about 1.6 eV,
while 1 dispersed in the same solvent exhibits a broader peak
ranging from 1.53 to 1.66 eV. The PL quantum yields (QY) of
2 in the solution phase is about 10-fold higher than that of 1.
More interestingly, the single crystal of 2 shows a dramatically

enhanced emission as shown in Figure 3a. The PL quantum
yield of the single crystal of 2 is determined to be 9.8%,
whereas the PL quantum yield of the single crystal of 1 is
extremely low, being virtually below the detection limit.
Furthermore, the spatial PL map of the crystals of 2 (excited
by a 532 nm laser) also reveals a strong emission over the
whole crystal (Figure 3b). In contrast, PL map of the crystal
of 1 appears dark and featureless at the similar conditions, due
to an extremely low PL quantum efficiency (Figure 3d). All of
these observations suggest a remarkable crystallization-in-
duced emission enhancement (CIEE)[3g,10] for cluster 2. Fur-
thermore, temperature-dependent PL measurement reveals
that the emission peak of 2 is measured to be 1.64 eV at 77 K
and gradually increases to 1.72 eV at 297 K (Figure 4a). Such
a temperature-dependent blue-shift in the emission of the
single crystal of 2 is distinct from the majority of metal clu-
sters reported such as Au25 and Au38.

[11]

To gain a better understanding of the electronic and op-
tical properties of 2, we performed quantum chemical calcu-
lations using density functional theory (DFT) to study its
energy-level correlation diagram of Kohn–Sham molecular
orbitals (MO) between Au13 icosahedron and the [Au2Cd-
(SR)6]3 shell (note: R = H is used to reduce the computational
cost). As shown in Figure 5b and the Supporting Information,
Figure S8, the HOMO and LUMO orbitals of Au13@[Au2Cd-
(SH)6]3

� are mainly derived from 5d atomic orbitals (AOs)
and of 6s AOs of Au atoms in the Au13 icosahedron, respec-
tively. The calculation yields a HOMO–LUMO gap of
2.06 eV (Figure 5b), in a reasonably good agreement with the
energy gap (1.92 eV) determined from optical absorption
spectrum. As can be seen from the energy-level correlation
diagram shown in the Supporting Information, Figure S9, the
Au13 core of Au13@[Au2Cd(SH)6]3

� cluster has a pseudo-ico-
sahedral structure. The superatom Au13

5+ unit will be extre-
mely stable, with a 1S21P61D0 configuration for atomic 6s

Figure 2. Optical properties and differential pulse voltammetry (DPV)
analysis of clusters 1 and 2. a),b) UV/Vis/NIR spectra of a) 1 and b) 2
clusters. Insets: photographs of the 1 and 2 clusters dissolved in dich-
loromethane. c),d) DPV of c) 1 and d) 2.

Figure 3. Probing the light emitting properties of the crystals of 2.
a) Photoluminescence (PL) emission spectra of 1 and 2 crystals; b) PL
image of 2 ; c) PL decay curve of 2. The PL image of the crystals of 1 is
shown in (d) for comparison.
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group orbitals in the spherical jellium model.[12] A direct
comparison of calculated MO energy-level diagrams of the
model clusters Au13@[Au2(SH)3]6

� and Au13@[Au2Cd(SH)6]3
�

provides interesting insights into their different HOMO–
LUMO gap sizes. Like the orbital distributions of 1, the D
orbitals of 2 split into five degenerate orbitals (LUMO, LU-
MO + 1, LUMO + 2) considering the ligand field ef-
fect,[1d, 4c,13] as shown in Figure 5a,b and the Supporting In-
formation, Figure S8. Compared with Au13

5+ of D3-Au13@-
[Au2Cd(SH)6]3

� , the HOMO–LUMO gap of Au13
5+ of Ci-

Au13@[Au2(SH)3]6
� is slightly smaller due to its expanded size

of the icosahedron core and the decreased symmetry. Smaller
ligand-field splitting of the LUMOs of Au13

5+ will contribute
to a larger HOMO–LUMO gap of Au13@[Au2Cd(SH)6]3

� .
Furthermore, the LUMO of Au13@[Au2(SH)3]6

� is des-
tabilized by interactions between the LUMO of Au13

5+ and
a low-lying filled orbital of the Au2(SR)3 shell (Figure 5a).
Owing to a large energy separation of these two weakly in-
teracting orbitals, the LUMO of cluster 1 is not destabilized as
much as in 2, which reduces the HOMO–LUMO gap of clu-
ster 1 to 1.26 eV. Comparably, a smaller separation of two
interesting orbitals including LUMO of the Au13 core and
high-lying Au2Cd(SH)6 orbital leads to a stronger shell-metal
core interaction in Au13@[Au2Cd(SH)6]3

� , which gives rise to
the increased HOMO–LUMO gap and stability.

The last question remaining to be addressed is the physical
origin of the dramatically enhanced PL of cluster 2. Such an
effect can be ascribed to its unique core–shell structure with
a strong core–shell electronic mixing. Au13 kernel of 2 is
contracted compared to that of 1 as revealed by SXRD data
(Supporting Information, Figure S10). The averaged Au�Au
distance between center (Aui) and vertices (Auc) Au atoms of
icosahedron in 2 is 2.750 �, shorter than that of 1 (2.775 �;
Supporting Information, Figure S10c); Furthermore, the Au�
S bond between the vertices Au atoms (Auc) of Au13 core and
S atom of ligand are shortened from 2.37 � (for 1) to 2.34 �
for 2 (Supporting Information, Figure S10d), indicating
stronger binding. Very recently, Liu et al. also found that
a change of Au�S bond length can dramatically affect the
luminescence of the complexes. A decrease of the Au�S bond
length was associated with an increase of the luminescence
intensity,[14] similar to our observations. Apart from the
change of Au�S bond length, the size of Au13 core (Aui�Auc

distances) also plays an important role in the emission en-
hancement observed here. A more compact core–shell

Figure 4. a) Temperature-dependent emissions of the crystal of 2.
b) Structure of Au19Cd3S18 framework in cluster 2, where the center
(Aui), vertices (Auc), and S atoms are indicated. c) Aui�Auc distances
of Au13 core at 100 K and 302 K, respectively. d) Auc�S distances at
100 K and 302 K, respectively.

Figure 5. a) Kohn–Sham molecular orbital (MO) energy-level correlation diagram of Au13@[Au2(SH)3]6
� and b) Au13@[Au2Cd(SH)6]3

� . Blue and red
lines represent occupied and empty orbitals, respectively. Wide and thin dashed lines represent the primary and secondary contributions. Elec-
trons on the occupied MOs are marked as dots. c) Electron excitations of Au13@[Au2Cd(SH)6]3

� , with the excitation energies obtained from
TDDFT calculations. S0 represents the ground state and Sn (n = 1–7) shows the excited singlet state. Red arrows indicate the excitations from S0 to
Sn and blue arrows indicate the phosphorescence emission from the first excited triplet state (T1).
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structure of 2 can be attributed to the enhanced shell–metal
core interaction and boosted PL intensity. We also compare
the detailed structure of 2 at 100 K and 302 K. The results
show that the Au13 core became even smaller at low tempe-
rature (Figure 4b,c), whereby the higher PL intensity can be
obtained. However, the distances between Au13 core to shell
(Auc�S bond length) at 100 K are larger than that at higher
temperature (Figure 4d). This indicates that the core–shell
interaction of 2 is weakened as the temperature decreases,
leading to the reduction of the energy gap, attributed to the
red-shift of PL emission as the temperature decrease ob-
served experimentally.

A dramatic PL enhancement of single crystal of cluster 2
can be associated with the rigidity of ligands and the unique
packing of clusters in the crystal. First, individual cluster 2
adopts a propeller shape configuration with a relatively rigid
ligand (p-toluenethiol), which reduces non-radiative decay of
photoexcited electrons via restricting the vibration-assisted
relaxation channels.[3g] Second, the distances of adjacent clu-
ster–cluster separation in crystal of 2 is 15.500, 17.197, and
17.907 �, which is shorter than that of 1 (16.156, 17.388, and
18.641 �, respectively), resulting in a denser cluster packing
in the crystal of 2 (Supporting Information, Figure S11).
Furthermore, the clusters are further locked by intra-cluster
C�H···p as well as inter-cluster p···p interactions (Supporting
Information, Figure S12) in the crystalline state. Hence, the
compact packing combined with the presence of ligand–li-
gand interactions effectively increases the energy barrier re-
quired to excite the vibration/rotations of ligands, whereby
the PL quantum efficiency can be increased by suppressing
the non-radiative channels. Moreover, crystals of 2 show
a remarkably increased mono-exponential PL lifetime up to
about 1.04 ms (Figure 3c). In contrast, the crystal of 1 shows
a biexponential PL decay dynamics (0.8 ns and 2.3 ns).[9] This
suggests that the electron relaxation pathway from excited
state to ground state of 2 is different from that of 1. To elu-
cidate the micro-second lifetime of 2, we performed time-
dependent DFT (TDDFT) calculations to simulate the elec-
tron excitations from the ground state (S0) and the emission
peak position (Figure 5c; Supporting Information, Table S1).
We can see that the lowest excitation energy from S0 to the
first excited singlet state (S1) is about 2.22 eV. According to
the excitation energy, the PL measured by a 532 nm (2.33 eV)
laser can afford to the transitions including S0!S1, S0!S2,
and S0!S3 excitation, despite the approximation of TDDFT
method. These transitions involve the electronic excitations
from the 5d (Au) dominated MOs to the 6s (Au) dominated
MOs of the Au13 core, while the excitations to the ligand
dominated MOs (S0!S7) require much higher energy pho-
tons. Single-point TDDFT emission energy calculations in-
cluding spin–orbit coupling (SOC) for 2 at the optimized S1

and T1 geometries were performed, as shown in the Suppor-
ting Information, Table S2. Since the optimized S1 and T1

geometries are similar, the excitation energies and oscillator
strengths are close. SOC-state 4 can be assigned to the S1 state
while SOC-states 1–3 are mainly derived from T1 state. SOC-
states 5–10 correspond to the components of the T2 state. The
excited state energies of S1 and T1 states are all lower than the
experimental emission energy of 1.65 eV but within the error

margin considering the typical underestimation of DFT exci-
tation energy.[4c,15] Meanwhile, the calculated radiative life-
times for T1 states are about 300 times longer than for S1 state,
although the values are all larger than the experimental data
due to approximation and simplification in the calculations.
The calculated long lifetime of T1 state further confirms the
phosphorescence emission. Spin-flip TDDFT calculations of
the first excited triplet state (T1) show that the emission from
T1 to S0 state will release about 1.67 eV, in good agreement
with the experimental value (1.65 eV). It is also noted that the
contribution of Cd atomic orbitals (AOs) to the LUMO and
LUMO + 1 of T1 state is non-negligible, presumably at-
tributed to the long PL lifetime observed. To further prove
this, we also carried out additional experiment to measure the
PL emission of Au19Cd3 cluster single crystals in vacuum and
in air. The results show that the emission intensity acquired in
vacuum is much higher than that in air. This indicates a higher
O2 concentration tends to quench the PL emission of solid-
state clusters. The new results further confirm a triplet emis-
sion of single crystal Au19Cd3 cluster (Supporting Informa-
tion, Figure S13). Therefore, the surface engineering of 1 via
Cd doping not only significantly boosts the PL quantum ef-
ficiency of 2 but also dramatically increases its PL lifetime due
to the contribution of Cd 4d orbitals in the emission states.

Conclusion

We have demonstrated a new strategy for the surface
engineering of metal clusters to tune their electronic and
optical properties with atomic precision. Our approach in-
volving the metal doping and ligand-induced structure re-
construction allows for the precise surface engineering of the
metal cluster while keeping its superatom core unchanged for
the synthesis of a bimetallic cluster with desired electronic
and optical properties. By a judicious choice of both hete-
roatom dopant and rigid organic ligand, we have managed to
replace the surface of a Au25 cluster of [Au13@(Au2(SR1)3)6]

�

(1) with a unique surface motif consisting of blende structured
CdS4 subunit, whereby the chemical stability and light emis-
sion properties can be dramatically enhanced in the resulting
Au19Cd3 core–shell cluster of [Au13@(Au2Cd(SR2)6)3]

� (2).
Such a surface reconstructing not only results in a stronger
orbital interaction between surface and metal core but also
a denser packing of individual clusters in the single crystal,
leading to a novel crystallization-induced emission enhance-
ment (CIEE). Our findings may open up a new avenue for the
surface engineering of metal clusters with precisely tunable
chemical and physical properties.
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Giant Emission Enhancement of Solid-
State Gold Nanoclusters by Surface
Engineering

Mehr Schein : Eine ligandeninduzierte
Umgestaltung der Oberfl�che durch
Dotierung mit Heteroatomen wurde ge-
nutzt, um die Oberfl�che eines pro-
totypischen [Au25(SR1)18]

�-Clusters pr�-

zise zu modifizieren und dabei dessen
ikosaedrischen Au13-Kern zu bewahren.
Dies f�hrte zu dem neuen Dimetallcluster
[Au19Cd3(SR2)18]

� .
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