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Interplay of kernel shape and surface
structure for NIR luminescence in atomically
precise gold nanorods

Xian-Kai Wan1,2,3, Xu-Shuang Han1,3, Zong-Jie Guan1, Wan-Qi Shi1, Jiao-Jiao Li1 &
Quan-Ming Wang 1

It is challenging to attain strong near-infrared (NIR) emissive gold
nanoclusters. Here we show a rod-shaped cluster with the composition of
[Au28(p-MBT)14(Hdppa)3](SO3CF3)2 (1 for short, Hdppa is N,N-bis(diphenyl-
phosphino)amine, p-MBT is 4-methylbenzenethiolate) has been synthesized.
Single crystal X-ray structural analysis reveals that it has a rod-like face-
centered cubic (fcc) Au22 kernel built from two interpenetrating bicapped
cuboctahedral Au15 units. 1 features NIR luminescence with an emission
maximum at 920 nm, and the photoluminescence quantum yield (PLQY) is
12%, which is 30-fold of [Au21(m-MBT)12(Hdppa)2]SO3CF3 (2, m-MBT is
3-methylbenzenethiolate) with a similar composition and 60-fold of
Au30S(S‑t‑Bu)18 with a similar structure. time-dependent DFT(TDDFT)calcu-
lations reveal that the luminescence of 1 is associated with the Au22 kernel.
The small Stokes shift of 1 indicates that it has a very small excited state
structural distortion, leading to high radiative decay rate (kr) probability. The
emission of cluster 1 is a mixture of phosphorescence and thermally acti-
vated delayed fluorescence(TADF), and the enhancement of the NIR emis-
sion ismainly due to the promotion of kr rather than the inhibitionof knr. This
work demonstrates that the metal kernel and the surface structure are both
very important for cluster-based NIR luminescence materials.

Because of the reduced photon scattering and minimal tissue auto-
fluorescence, fluorophores with emission at NIR area exhibit excellent
performance with regard to in vivo fluorescence imaging1–3. NIR
organic dyes often display poor stabilities in organism andmany other
inorganic NIR emissive materials such as quantum dots show notable
cytotoxicity4,5. Recently, gold nanoclusters (NCs) have emerged as
a promising class of NIR emissive materials that can be used in biolo-
gical applications after appropriate post-processing6–9, due to their
good biocompatibility10–14, reliable photostability5 and tunable
luminescence15–27. However, low PLQY of gold NCs impeded their
practical use, only a few has NIR PLQY exceeding 5% in solution at

room temperature21–24, due to energy gap law28. Therefore, it is highly
desirable to attain gold NCs with strong NIR emission, and it is quite
important to establish the structure-property relationships of lumi-
nescent gold NCs in terms of rational synthesis of high performance
NIR emitters.

Gold NCs have well-defined structures, which is beneficial to
the study of underlying luminescence mechanisms15,22,29–33. Generally,
the mechanisms of cluster luminescence can be simply categorized in
three types: 1) ligand-to-metal charge transfer6,18,34; 2) aggregation-
induced-emission35–37; 3) metal-centered emission19,38. Regarding gold
NCs with metal-centered emissions, it is difficult to map out the
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mechanism, because of their complex structures consistingmanymetal
and ligand components. In 2015, Gao et al.24 and we reported an NIR-
emissive alkynyl-protected gold nanocluster [Au24(PhC≡C)14(Ph3P)4]
(SbF6)2 with λemmax at 920 nm. The NIR emission was found to originate
from the gold kernel according to TDDFT calculations. Aikens et al.39–41

also came to a similar conclusion that the kernel emission plays an
important role in the luminescence of thiolate-protected gold
nanoclusters. Jin et al.29mappedout a kernel-originmechanism through
studyon a series ofmono-cuboctahedral kernel clusters, and elucidated
that the suppression of the ultrafast kernel relaxation via surface tai-
loring is important for attaining high PLQY in solution.

Since the energy gap between highest occupiedmolecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) decreases
as the number of kernel gold atoms increases42,43, it is envisioned that
gold nanoclusters with a big metal kernel may have better chance to
emit NIR light. However, many large gold nanoclusters have been
reported and they are weakly emissive or even nonemissive44. There-
fore, the determining factor is not simply about the size of the cluster
core. To investigate the factors affecting the NIR emission of goldNCs,
we have paid great effort in synthesizing NIR emissive gold NCs with a
mixed ligand strategy45–49. Our attempts have led to the discoveryof an
[Au28(p-MBT)14(Hdppa)3] (SO3CF3)2 (1) with enhancedNIR emission. In
this work, we demonstrate that the shape of the metal kernel and the
surface structure are both very important in terms of attaining bright
NIR luminescence in solution at room temperature. It is noteworthy
that the enhancement of the NIR emission of 1 is mainly due to the
promotion of kr rather than the inhibition of knr. It provides important
information for the rational design and synthesis of strong NIR-
emitting materials.

Results
Synthesis and characteration
The synthesis of 1 is based on a “halide ion-free strategy” that we
developed previously for preparing gold NCs co-protected by thio-
late and phosphine ligands45. To increase the rigidity of surface
ligand shell, we chose the combination of the biphosphine Hdppa
and thiolates to generate highly emissive gold nanoclusters. In
addition to 1, a closely related cluster [Au21(m-MBT)12(Hdppa)2]
SO3CF3 (2) also has been synthesized. Generaly, the chloride ion in
Me2SAuCl was removed in the presence of Hdppa by adding
AgSO3CF3 to form the gold precursor HdppaAu2(SO3CF3)2. The
reduction of a suspension containing HdppaAu2(SO3CF3)2 and RS-Au
by NaBH4 led to the formation of the clusters. It is important to
assure the precursors contain no halide, otherwise 1 and 2 could not
be obtained. In addition, the isolation of 1 or 2 depends on the steric
hindrance of the thiolate. The ligand m-MBT has a larger stereo-
specific resistance than p-MBT. Thiolates with larger steric hindrance
favor the formation of smaller metal clusters50. Therefore, m-MBT
gives Au21 while p-MBT affords Au28.

The compositions of the clusters were determined by high reso-
lution electro-spray ionization time of flight mass spectrometry (ESI-
TOF-MS) in positive mode (Fig. 1). The peaks at m/z 4197.40 in Fig. 1a
and 6384.85 in Fig. 1b are corresponding to molecular ions [Au28(p-
MBT)14(Hdppa)3]

2+ and [Au21(m-MBT)12(Hdppa)2]
+, respectively. The

observed isotopic patterns are in good agreement with the simulation
(inset in Fig. 1). The 31P NMR spectrum of 1 shows two singlets at
δ = 70.22 and 73.53ppm in a ratio of 2:1, indicating that the phosphines
are in two kinds of chemical environment in 1 (Suppl. Fig. 1a). 1H NMR
analysis of 1 was carried out (Suppl. Fig. 1b). We attribute the peaks at
δ = 1.82–2.31, 5.58–5.59, and 6.21–8.09 ppm to the CH3 of p-MBT, NHof
Hdppa and H on the aromatic ring of p-MBT and Hdppa in 1, respec-
tively. As shown in Suppl. Fig. 3a, the 14 p-MBT on the surface of 1
include 6 bridged p-MBT (highlighted in turquoise) and 8 p-MBT in the
trimeric staples (highlighted in yellow) with a ratio of 3: 4, indicating
that peaks at δ = 2.15–2.19 ppm correspond to CH3 of 6 bridged p-MBT
and δ = 1.82, 2.07 and 2.31 ppm correspond to CH3 of 8 p-MBT in the
trimeric staples. The integration ratio of phenyl H in the p-MBT and
Hdppa ligands and methyl H in p-MBT is calculated to be 2.77:1, which
is consistent with the theoretical value of 2.76:1 in 1. 13C NMR spectrum
of 1 (Suppl. Fig. 1c) shows peaks at δ = 21.08 and 128.10–137.90 ppm
correspond to the methyl C in p-MBT and phenyl C of the p-MBT and
Hdppa ligands in 1, respectively, and the integration ratio is 1:11.06,
which is consistentwith the theoretical valueof 1:11.10 in 1. Similarly for
2, 31P NMRspectrum shows two singlets at δ = 69.24 and 71.70 ppm in a
ratio of 1:1, suggesting that the numbers of phosphines in two different
chemical environments are the same (Suppl. Fig. 2a). The 1H NMR
spectrum (Suppl. Fig. 2b) and crystal structure (Suppl. Fig. 3b) analysis
of 2 show that the peaks at δ = 2.02–2.38, 4.01, and 6.00–8.00 ppm
correspond to theCH3ofm-MBT,NHofHdppa andphenylHofm-MBT
and Hdppa in 2 respectively, δ = 2.36–2.38 ppm corresponds to CH3 of
4 bridged m-MBT (Suppl. Fig. 3b highlighted in turquoise) and
δ = 2.02–2.12 ppm corresponds to 8 m-MBT in the trimeric staples
(Suppl. Fig. 3b, highlighted in yellow). The integration ratio of phenyl H
in them-MBT and Hdppa ligands andmethyl H inm-MBT is calculated
to be 2.44:1, which is consistent with the theoretical value of 2.42:1 in 2.
13C NMR spectrum of 2 (Suppl. Fig. 2c) shows peaks at δ = 21.45 and
128.92–138.48 ppm correspond to the methyl C inm-MBT and phenyl
C of the m-MBT and Hdppa ligands in 2 respectively, and the integra-
tion ratio is 1:10.23, which is consistent with the theoretical value of
1:10.00 in 2. It is notable, in the 1H (13C) NMR spectra of 2 at δ =0.88,
1.27 and 30.12 ppm correspond to vacuum grease51, which was intro-
duced during the purification of 2. Thermogravimetric analysis (TGA)
reveals that 1 and 2 have similar thermostability, and they are stable
below 190 °C (Suppl. Fig. 4).

Molecular structure
The structures of 1 and 2 have been determined with single-crystal X-
ray diffraction52 (Suppl. Tables 3, 4) and their molecular structures are
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Fig. 1 | High resolution mass spectra of 1 and 2 in CH2Cl2. a [Au28(p-MBT)14(Hdppa)3]
2+ in 1. b [Au21(m-MBT)12(Hdppa)2]

+ in 2. Inset: The measured (black trace) and
simulated (red trace) isotopic patterns. c Chemical structures of p-MBT, m-MBT and Hdppa. Source data are provided as a Source Data file.
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shown in Fig. 2. As shown in Fig. 2a, 1 consists of a Au22 kernel sur-
rounded by two trimeric staples (RS-Au-SR-Au-SR-Au-SR), threeHdppa
and six p-MBT ligands. This Au22 kernel can be viewed as two inter-
penetrating bicapped cuboctahedral Au15 units (Fig. 2c) sharing eight
Au atoms (Fig. 2d, highlighted in green). The remaining six Au atoms
form two trimeric Au3(SR)4 staples in two ends of the Au22 kernel
(Fig. 2e, highlighted in blue). The other six thiolates and three Hdppa
arebound to theAu22 kernel asbridges (Fig. 2f highlighted in turquoise
and pink). The Au22 kernel exhibits layer-by-layer fcc packing with A-B-
C layers being planes (Fig. 2e). The Au-Au bond lengths in Au22 kernel
are divided into two groups with shorter ones 2.660(4)–2.917(3) Å and
longer ones 2.928(3)–3.359(3) Å. The Au-Au distances between the
trimeric Au3(SR)4 staples and Au22 kernel are in the range of
2.939(4)–3.378(3) Å, indicating strong interactions between the sta-
ples and Au22 kernel. The Au-Au distances of those Au atoms bridged
by thiolates and Hdppa ligands have average values of 3.225(3) and
2.941(3) Å, respectively.

Cluster 2 contains a Au15 kernel consisting of a cuboctahedral Au13
(Fig. 2g highlighted in orange) and two capping Au atoms (Fig. 2g,
highlighted in violet) on two opposite square faces. There are two
trimeric staples (Fig. 2g, highlighted in blue), four simple bridging
thiolates (Fig. 2g, highlighted in turquoise) and two bridging Hdppa
surrounding the Au15 kernel. The Au-Au bond lengths in Au13 cuboc-
tahedron canbedivided into shorter ones 2.6447(13)–2.8746(12) Å and
longer ones 2.9048(12)–3.3737(12) Å. However, the Au-Au distances
between the two capped Au atoms and Au13 core are
2.6447(13)–3.1582(14) Å, indicating the two capping Au atoms are truly
a part of the Au15 kernel. The Au-Au bond lengths between the trimeric
Au3(SR)4 staple-like motifs and Au15 kernel are
2.8879(13)–3.3680(13) Å, which is similar to that of 1 (2.939(4)–
3.378(3) Å.

Electronic spectra and theoretical calculations
Clusters 1 and 2 are brown and green in CH2Cl2, respectively (Fig. 3,
inset). As shown in Fig. 3, the UV–vis spectrumof 1 has four absorption
peaks at 430, 543, 650, and 760nm, and 2 has a prominent absorption
peak at 612 nm and twoweak shoulders at 320 and 415 nm. The optical
energy gaps of 1 (Suppl. Fig. 5a, inset) and 2 (Suppl. Fig. 5c, inset) are
determined to be 1.51 and 1.87 eV, respectively. The absorptions are
intense, as indicated by their molar extinction coefficients, for 1 at
760 nm (ε = 21688.1M−1cm−1, Suppl. Fig. 5b) and 2 at 610 nm
(ε = 39878.6M−1 cm−1, Suppl. Fig. 5d). These two nanoclusters are quite
stable, as monitored by UV–vis spectroscopy. The initial and final
spectra are almost identical, indicating that no decomposition occur-
red after the solution of 1or 2was stored under ambient conditions for
four weeks and that the title nanoclusters have good stability in solu-
tion (Suppl. Fig. 6).

TDDFT calculation on simplified 1, [Au28(SH)14(H2PNHPH2)3]
2+,

was carried out to understand the electronic structure of 1. As shown in
Fig. 4a, the calculated absorption spectrum agrees well with the
experimental, and the absorption peak at 760 nm was attributed to
HOMO- LUMOtransition accordingly. From theKohn–Shammolecular
orbitals (Fig. 4b) we can see that HOMO-LUMO transition has sig-
nificant metal centered transition. The main component is Au sp←sp
transition, and the secondary component is Au sp← d transition. The

Fig. 2 | StructureofAu28dications andAu21 cationand their structureanatomy.
a [Au28(p-MBT)14(Hdppa)3]

2+ in 1. b [Au21(m-MBT)12(Hdppa)2]
+ in 2. c Bicapped

cuboctahedra Au15 at different viewpoint. d The model of interpenetrated bi-
bicapped-cuboctahedron Au22. e The Au22 kernel capped with two trimeric staple-
like motifs and ABC denotes the fcc packing form. f The Au22 kernel capped with

three Hdppa and six bridging p-MBT. g The structure construction of [Au21(m-
MBT)12(Hdppa)2]

+ cation. Phenyl groups were omitted for clarity. Color labels:
orange/green/violet/blue, Au atoms; yellow/turquoise, S atoms; pink, P atoms; dark
blue, N atoms. Source data are provided as a Source Data file.

Fig. 3 | The optical absorption spectra of 1 and 2 in CH2Cl2. Red and black lines
represent 1 and 2 respectively. Inset: their photos of solutions. Source data are
provided as a Source Data file.
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molecular orbitals distribution for ground state in Fig. 4c directly
reflect the HOMO-LUMO transition of the Au22 kernel.

NIR Luminescence
The luminescenceproperties of 1 and2havebeen studied inCH2Cl2. The
excitation and emission spectra of 1 and 2 were shown in Fig. 5a,b. The
excitation spectra of 1 and 2 are similar to their absorption spectra.
Clusters 1 and 2 show NIR emissions at about 920 and 860nm, respec-
tively. According to the research of luminescent quantum dots, the full-
width at half-maximum (FWHM, �υ1=2) is related to electron–phonon
coupling which has connection with structural vibration and
distortion53,54. Considering that electron-phonon coupling exists in Au
NCs55,56, we attribute thebroadeningPLbandsof 1 and2 to the structural
distortion of excited state. The FWHM of 1 and 2 in UV–vis absorption
spectra is 1688 and 2575 cm−1 respectively. The FWHM of 1 and 2 in
emission spectra is 1947and2987 cm−1. Thebroadening fromabsorption
bands to PL bands of 1 (259 cm−1) is smaller than that of 2 (412 cm−1),
indicating that structural distortion of the excited state in 1 is smaller
than that of 2. The PLQYs of 1 and 2were 12% and0.4% asmeasuredwith
integrating sphere. The PL lifetime at 920nm of 1 has two components,
0.40μs (67%) and 1.43 s (33%), and the τavg (average lifetime) is 1.05 μs
(Suppl. Fig. 7a). 2 shows a three components PL lifetime for 860nm,
77ns (58%), 0.301μs (16%) and 1.55μs (26%), and the τavg is 1.30 μs
(Suppl. Fig. 7b).Wedonot rule out the possibility of themixing of S1 and
T1 states in terms of the broadening PL bands of 1 and 2.

To confirm the origin of the luminescence of 1, we measured the
emission spectra of 1 under different excitations (Suppl. Fig. 8), and
found that the emission is excitation independent (Kasha’s rule). As
shown in Suppl. Fig. 9a, the emissionwavelength of 1 shifts from920 to
890nm with the increase of the solvent polarity. The NIR emission of
the cluster 1 was enhanced as the temperature decreased. When the
temperature was lowered from 300 to 190K, the main emission
wavelength shifts from 890 to 920nm (Suppl. Fig. 9b). The NIR
emission wavelength of the crystal of 1 is red-shifted from 920 to

1000 nm in comparison to its dichloromethane solution (Suppl.
Fig. 9c). These facts indicate that the NIR emission of cluster 1 is highly
sensitive to surrounding environments. We futher carried out TDDFT
calculations on 1 without simpilification, and found that the phenyl
groupsof ligandsdonot participate inHOMOandLUMOstates (Suppl.
Fig. 10). We also found that both phosphorescence and TADF are
present in cluster 1. As shown in Fig. 4c, the frontier orbitals of the
HOMO and LUMO distributions for the excited states (S1 and T1) of
[Au28(SH)14(H2PNHPH2)3]

2+ are similar each other, and they are mainly
distributed on themetal kernel. The energy gaps of S1 to S0 andT1 to S0
are 1.13 and 1.09 eV respectively, and the gap between S1 and T1 is
0.04 eV, which favors the reverse intersystem crossing57. The small gap
between S1 and T1 and the redshift and enhancement of the NIR
emission with decreasing temperature (Suppl. Fig. 9b) suggest the
presence of TADF in cluster 1. In addition, when the solution was
saturated with O2, the PL intensities of cluster 1 was somewhat sup-
pressed compared to N2 (Suppl. Fig. 11a), implying the existence of a
triplet state in cluster 1. As shown in Suppl. Fig. 7a, the PL lifetime at
920 nm of 1 includes 0.40μs (67%, τ1) and 1.43μs (33%, τ2), and the τ1
and τ2 can be assigned as TADF and phosphorescence (Suppl. Fig. 11b).
As shown in Suppl. Fig. 16 and Table 1, the average Aucenter–Aushell,
Aushell–Aushell andAushell–Austaple bond lengths of the S0 state structure
decrease by 0.085/0.089Å, 0.091/0.089Å and 0.228/0.239Å upon
formation of the optimized S1/T1 state geometry, respectively. The
average Aushell–P, Aushell–Sbridge and Austaple–Scentral/terminal bond
lengths of the S0 state structure decrease by 0.040/0.040Å, 0.020/
0.017 Å and 0.014/0.011 Å upon formation of the optimized S1/T1 state
geometry, respectively. In contrast, the average Aushell–Sterminal bond
lengths of the S0 state structure increased by 0.079/0.071 Å upon
formation of the optimized S1/T1 state geometry. These data indicate
that the excited state dynamics of cluster 1 are likely due to the
shrinkage of the Au-Au bonds within the whole structure during exci-
ted state relaxation, suggesting that the NIR luminescence of cluster 1
is metal core related emission.

a b

HOMO

LUMO

c Ground state S0 Excited state S1 Excited state T1

Fig. 4 | TDDFT calculation results of cluster 1. a Experimental absorption spec-
trum of 1 and simulated spectrum of [Au28(SH)14(H2PNHPH2)3]

2+, I/II/III correspond
to the absorption peaks of 543, 650 and 760nm. b Kohn–Sham molecular orbital
energy levels diagram and the associated populations of atomic orbitals in each KS

molecular orbital for [Au28(SH)14(H2PNHPH2)3]
2+. c Frontier orbitals including

HOMO and LUMO distribution for ground state (S0) and the excited states (S1 and
T1) of [Au28(SH)14(H2PNHPH2)3]

2+. Source data are provided as a Source Data file.
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Wemeasured the PLQY of 1 relative to IR-125 (Indocyanine green).
The value was determined to be 10.0%, which is close to 12% as mea-
sured by the absolute method. It is quite surprising to see that 1 has a
PLQY nearly 30-fold that of 2. They have similar ligand shells including
Au3SR4 staples, but their kernel structures are quite different, that is,
rod shaped Au22 for 1 and cuboctahedral Au13 for 2. Therefore, we
believe that the Au22 rod plays a key role in having high PLQY. It is
important to have identical ligands even the R group of the SR ligand,
as proved by Jin et al.58 that the surface ligand significantly affects the
NIR PLQY of Au52. To illustrate the effect of the rod-shaped structure
on cluster luminescence, we chose a series of clusters with the same
surface ligands but different metal-core structures for comparison. As
shown in Suppl. Fig. 12, when the surface ligands and coordination
structures are the same, the nanoclusters with rod-shapedmetal cores
havehigher PLQY than thebasic units, indicating the importance of the
rod-shaped structures. We believe that this type of rod-shaped mole-
cule is prosperous NIR emitters.

By comparing the Stokes shifts of 1 and 2, we found that 1 has
much smaller value of 0.28 eV versus 0.59 eV of 2 (Table 1). This indi-
cates that the elongated close packing kernel in 1 results in smaller
excited state deformation 124,41. As the kernel is elongated from 2 to 1,
the delocalization system is expanded, leading to the smaller energy
gap and reduced excited state distortion, that is, the smaller excited
state distortion leads to higher radiative decay rates (kr) (1.2 × 105 for 1,
3.1 × 103 for 2), the kr and non-radiative decay rates (knr) are calculated
according to Eqs. (1) and (2). According to energy gap law, knr is related
to energy gap term (E0) and excited state distortion, and the distortion

is related to γ28,59,60. The simplified form of energy gap law is shown in
Eq. (3), and expressions for the related parameters are shown in Eqs.
(4)–(6).

τ = 1= kr + knr

� � ð1Þ

PLQY= kr= kr + knr

� � ð2Þ

knr / exp �SM
� �

exp �γE0=ð_ωMÞ
� � ð3Þ

γ = ln E0=ðSM_ωMÞ
� �� 1 ð4Þ

SM =
1
2

MωM=_
� �

ΔQe

� �2 ð5Þ

ðΔQeÞ2 =bΔ�r2 ð6Þ

Here, Δ�r is average bond displacement, which represents the distor-
tion of excited state. E0 is energy gap term which is related to the
energy difference between the ground and excited state in their υ = 0
vibration level. ħ is the reduced Planck constant. ωM is angular fre-
quency of medium vibration. ħωM usually ranges from 1000 to
1600 cm−1. SM is electron-vibrational coupling constant also called
Huang-Rhys factors, and it is related to equilibriumdisplacement (ΔQe)
by Eq. (5).M is reducedmass.ΔQe is equilibriumdisplacement between
the ground state and excited state, it is related to average bond
displacement Δ�r by Eq. (6). b is the number of bonds with medium
vibration. Parameter γ is defined by Eq. (4), which reflects the
distortion of the excited state.

With the elongation from 2 to 1, the delocalization system is
expanded. This elongation makes energy gap term of 1 smaller than
that of 2 (E01 < E02). This elongation also makes the average bond dis-
placement of 1 smaller than that of 2 (Δ�r1 <Δ�r2). According to Eqs. (5)
and (6), SM is proportional to the square ofΔ�r. SinceΔ�r1 is samller than
Δ�r2, the SM of 1 smaller than that of 2 (SM1 < SM2). According to the Eq.
(3), the decrease of E0 and SM shall result in the increase of knr. As
shown in Table 1, the experimental results show that the knr of 1 is
larger than that of 2 (8.3 × 105 for 1, 7.7 × 105 for 2). However, 1 has a
higher PLQY than 2. According to energy gap law, we find that elon-
gating Au NCs with expanded delocalization system can suppress the
excited state distortion, thus keeping kr in amuchhigher level (1.2 × 105

for 1, 3.1 × 103 for 2). In other words, knr1 and knr2 are in the same order
of magnitude, but kr1 is two orders of magnitude greater than kr2,
which leads to much larger PLQY of 1 than 2.

Discussion
The Au22 kernel in 1 is similar to the Au22 core in Au30S(S-t-Bu)18 (3, t-
BuSH is tert-butylthiol)61,62. These two Au22 kernels are almost identical
and the ligand shells are also quite similar. The structure of 1 can be
virtually generated from Au30S(S‑t‑Bu)18 via the replacement of two
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Fig. 5 | Excitation and emission spectra of different clusters in CH2Cl2. a Cluster
1. b Cluster 2. Black and red lines represent excitation and emission spectra,
respectively. Source data are provided as a Source Data file.

Table 1 | Optical parameters of gold NCsa

Cluster PLQY τavg
(μs)

kr (s−1) knr (s−1) Longest
excitation
peak (nm)

Emission
peak
(nm)

Stokes
shift
(eV)

1 0.12 1.05 1.2 × 105 8.3 × 105 760 920 0.28

2 0.004 1.30 3.1 × 103 7.7 × 105 612 860 0.59

3 0.002 4.09 4.9 × 102 2.4 × 105 630 860 0.53
a1, 2, 3 stand for [Au28(p-MBT)14(Hdppa)3](SO3CF3)2, [Au21(m-MBT)12(Hdppa)2]SO3CF3, and
Au30S(S‑t‑Bu)18 respectively. PLQY is photoluminescence quantumyield. τavg is average lifetime.
kr is radiative decay rate, knr is non-radiative decay rate. kr and knr are calculated according to
Eqs. (1) and (2).
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Au(S-t-Bu)2 staples and a S2− ion with three Hdppa ligands (Fig. 6b).
Therefore, 1 and 3 are a pair of ideal analogs for investigating the role
of surface structures on luminescence. We measured the absorption
and emission spectra of 362.

As shown in Fig. 6c, the first absorption band (760nm) of 1 is in
much lower energy region in comparison to 630nmof 3. The emission
spectrum of 3 is shown in Fig. 6d, the emission peak at 860nm is
energetically higher than that of 1 (920 nm). PL lifetime at 860 nm of 3
has three components, 0.144 μs (18%), 0.842 μs (16%) and 4.28 μs
(66%), and the τavg is 4.09μs (Suppl. Fig. 13). The PLQYof 3 is only 0.2%,
which is 60-fold lower than that of 1, despite their quite similar kernels.
This fact indicates that the surface structure is also very important for
PLQY in addition to the kernel structure. It was argued that the kernel
relaxation of mono-cuboctahedral clusters can be suppressed via the
replacement of Au(SR)2 staples with PCP ligands as demonstrated in
[Au21(SC6H11)12(PCP)2]

+ (C6H11SH = cyclohexanethiol, PCP =
PPh2CH2PPh2)

29. However, in the present work the replacement of
Au(S-t-Bu)2 staples with Hdppa ligands plays a different role, it is not
about suppressing kernel relaxation, it is about the enhancement of
radiative decay.

The kr and knr of 1, 3 and other related clusters are summarized in
Table 1. The knr values of 1 and 3 are in the same order of magnitude,
whichmeans that the change of surface structure from 3 to 1 does not
suppress the kernel relaxation. However, the kr of 1 is three orders of
magnitude higher than 3, which indicates that the high PLQY of 1 is
mainly attributed to its fast radiative decay process. Replacing nega-
tive staples with neutral Hdppa ligands from 3 to 1 lead to the big
difference in electronic structures. According to TDDFT calculations,
the HOMO to LUMO transition in 3 is forbidden43, but the HOMO-
LUMO transition of 1 is allowed. Due to the different electronic
structures of 1 and 3, their PLQYs are differentiated by two orders of
magnitude. As shown in Suppl. Table 2, compared to Au28(CHT)20 and
Au28(TBBT)20, the knr of 1 is of the same order of magnitude, but the kr
is one and two orders of magnitude larger, respectively. Compared to
Au28(TBPT)22, the kr of 1 is of the sameorder ofmagnitude, but its knr is
one order of magnitude smaller. Cluster 1 hasmuch higher PLQY than
the thiolated Au28 clusters. In addition, the emission wavelength of 1 is
longer than thiolated Au28 clusters but similar to Au29. All these

comparisons demonstrate that the surface structure can deeply
influence the electronic structure of the cluster, that is, one can
modulate the luminescence behavior of a nanocluster through con-
trolling the surface structure.

Due toquantumsize effects, goldNCswith similar number of gold
atoms but different structures display significantly different electronic
structures and optical properties. The enhanced NIR emission of 1
draws our attention to rod-shaped molecule. Rod-shaped gold NCs
usually are NIR emissive21,63. For example, [Au24(C≡CPh)14(PPh3)4]
(SbF6)2

24 (4) has a Au22 core consisting of two cuboctahedral Au13
sharing a square face. [Au25(PPh3)10(SC2H4Ph)5Cl2]

2+ (5)21 possesses a
Au25 kernel which is constructed by two icosahedral Au13 sharing a
vertex atom. Clusters 1, 4 and 5 (Fig. 7) are all rod-shaped and all have
enhanced NIR emission of 12%, 12%, and 8%, respectively. However, as
shown in Suppl. Fig. 14, the phosphine/thiolate-protected rod-shaped
[Au24(PPh3)10(SC2H4Ph)5Cl2]

+(6)47 shares a similar structure to 5 except
for the absence of a sharing vertex shared, but the PLQY of 6 (1%) is
eightfold lower than that of 5 (8%)21. Due to the absence of a sharing
vertex in 6, the two Au12 units forming the Au24 core are bridged by
thiolate ligands, and the distance between the two Au12 units is 2.93,
resulting in the electrons being localized in each Au12 unit rather than
delocalized in the rod-shaped Au24 kernel. On the contrary, since the
two Au13 units in 5 form the final rod-shaped Au25 kernel through the
shared vertex (Suppl. Fig. 14, highlighted in turquoise), the distance
between the two Au13 units is zero, which favors electron delocaliza-
tion throughout the rod-shaped Au25 kernel rather than in each Au13
unit. Comparing clusters 5 and 6, the extended electron delocalization
system favors the reduction of excited state distortion to suppress knr
(2.9 × 105s−1 for 5, 3.3 × 106 for 6) and thus enhanced PLQY are attained.
Although the phosphine/thiolate-protected rod-shaped Au37 has a
similar structure to 5, its electrons are not delocalized throughout the
rod-shaped structure (Suppl. Fig. 15)64, which leads to its low PLQY.
This suggests that the rod-shaped structure is insufficient for a high
PLQY; it also requires that the electrons in the cluster can be deloca-
lized throughout the rod-shaped structure.

Here, we have synthesized a rod-shaped gold nanocluster 1 using
the combination of thiolate and biphosphine ligands. This cluster
shows enhanced NIR luminescence quantum yield compared to

Fig. 6 | Comparison of 1 and 3 in structure, absorption and emission spectra. a,
b are the structure of [Au28(p-MBT)14(Hdppa)3]

2+ and Au30S(S-t-Bu)18, respectively.
The phenyl and alkyl group of thiolate and phosphenlate ligands are omitted to
clarify. Color labels: orange/green, Au atoms; yellow, S atoms; pink, P atoms; dark

blue, N atoms. c The optical absorption spectra of 1 (red trace) and 3 (blue trace) in
CH2Cl2. d The emission spectrum of 3 in CH2Cl2. Source data are provided as a
Source Data file.
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nanocluster with similar composition or structure. We demonstrate
that the shape of the metal kernel and the surface structure are both
very important in terms of attaining bright NIR luminescence, i.e., rod-
shaped metal kernel with expanded electron delocalization systems
and rigid surface structures contribute to increase the NIR PLQY of
metal nanocluster-based materials. Due to the good biocompatibility
of gold nanoclusters, 1 with enhanced NIR emission will be very pro-
mising in biological applications. We are taking the halide ion-free
strategy to synthesize nanoclusters with various ligand combinations
to attain highly NIR emissive materials.

Methods
Chemicals and materials
4-methylbenzenethiol (p-MBT, 98%), 3-methylbenzenethiol (m-MBT,
98.0%) and sodium trifluoromethanesulfonate (NaSO3CF3, 98%) were
purchased from Energy Chemical Inc., N,N-bis(diphenylphosphino)
amine (Hdppa, 98%), and silver trifluoromethanesulfonate (AgSO3CF3,
98.0%) were purchased from J&K; sodium borohydride (NaBH4, 98%)
and other reagents employed were purchased from Sinopharm Che-
mical Reagent Co. Ltd. (Shanghai, China). tert-Butylthiol (t-BuSH,
99.0%) were purchased fromMeryer (Shanghai) Chemical Technology
Co., LTD. All reagents were used as received without further purifica-
tion. TLC plates were purchased from Yantai Jiangyou Silicone Devel-
opment Co., LTD (silica gel, 0.4–0.5mm). Me2SAuCl was prepared
according to ref. 65

Synthesis of p-MBT-Au45

To 15.0mL of acetone solution containing Me2SAuCl (294.6mg,
1.0mmol), 5.0mL of acetone solution containing p-MBT (149.0mg,
1.2mmol) and NEt3 (166.5 µL, 1.2mmol) were added under vigorous
stirring. The mixture was stired for 0.5 h at room temperature in air in
the dark. Then the solution was evaporated as dryness as possible to
give a white solid, which was washed with water (3 × 10mL), ethanol
(3 × 10mL) and ether (2 × 10mL). Then thewhite solidwas dried up in a
vacuum oven to give 281.3mg white power of p-MBT-Au (88% yield
based on Au).

Synthesis of m-MBT-Au
The reaction conditions are the same as the synthesis of p-MBT-Au,
except the thiol used here is m-MBT.

Synthesis of [Au28(p-MBT)14(Hdppa)3](SO3CF3)2 (1)66

3.0mL CH2Cl2 solution containing Me2SAuCl (14.8mg, 0.05mmol)
and Hdppa (9.7mg, 0.025mmol) was stirred for 3min and then 0.1mL
of methanol solution containing AgSO3CF3 (12.8mg) was added under

vigorous stirring, and the solution immediately appeared as a white
precipitate. The reaction continued for 20min at room temperature in
air in the dark. The resulting solution was centrifuged for 4min at
10,280 × g, the supernatant was filtered, and the filtrate was evapo-
rated to dryness and washed with ether (2 × 5mL). The white solid was
obtained by removing the washing solution ether, then mixed with
p-MBT-Au (32.1mg, 0.10mmol) and CH2Cl2 (4.0mL) to obtain a white
turbid solution, to which 1.0mL freshly prepared ethanol solution
containing NaBH4 (1.42mg) was added drop-wise under vigorous
stirring, during this process, the color of the solution changed from
white to pale brown and finally to brown, and the mixture was stirred
for 24 h at room temperature in air in the dark. Stop stirring, a small
amount of black precipitate appeared at the bottom of flask, and the
mixture was evaporated to dryness to give a dark solid, which was first
washed with pentane (2 × 5mL) then dissolved in CH2Cl2 (1.6mL),
followed by centrifugation at 10,280× g for 4min. The supernatant
solution was subject to diffusion of ether to afford 14.2mg black
crystals after 15 days (31% yield based on Au).

Synthesis of [Au21(m-MBT)12(Hdppa)2]SO3CF3 (2)
The reaction conditions are the same as the synthesis of [Au28(p-
MBT)14(Hdppa)3](SO3CF3)2, except the thiolate-Au used here is
m-MBT-Au. Unfortunately, the crystallization of Au21 is always
accompanied by a small amount of Au28 and further purification is
required to obtain pure Au21. Therefore, Thin-layer chromatography
(TLC) was used for the isolation and purification of Au21. The mixture
of Au NCs was first dissolved in a small amount of CH2Cl2, and then
pipetted on the TLC plate, and the separation was conducted in a
developing tank (developing solvent 30:1 (v/v) CH2Cl2: methanol). The
green band corresponding to Au21 was cut off and dissolved in CH2Cl2/
methanol (v/v = 20/1). To easily wash off Au21 from the silica gel a small
amount of NaSO3CF3 was added. Centrifugation at 10280× g for 3min,
filtration of the supernatant to obtain a green solution. Repeat the
washing, centrifugation, and filtration several times until the silica gel
is white. The collected green solution was evaporated to dryness to
give a dark solid 12.3mg that is pure Au21 (26% yield based on Au).

Anal for 1. UV–vis (λ, nm): 250nm; 330 nm; 435 nm; 550 nm;
650 nm; 760nm Eg = 1.51 eV. NMR: 31P NMR (δ, ppm): δ = 70.22 ppm;
73.53 (d, J = 97.5Hz)ppm (external reference85%H3PO4). ESI-MS (m/z):
4197.4 ([Au28(p-MBT)14(Hdppa)3]

2+). NIR-PL (λ): 920 nm (Exc: 436nm)
in CH2Cl2, PLQY, 0.12. Molar extinction coefficient (ε) at peak 760 nm,
21688.1M−1cm−1.

Anal for 2. UV–Vis (λ, nm): 315 nm; 380nm; 415 nm; 490nm;
610 nm; Eg = 1.87 eV. NMR: 31P NMR (δ, ppm): δ = 69.24 (d, J = 95.6Hz)
ppm; 71.70 ppm (external reference 85%H3PO4). ESI-MS (m/z): 6384.85

Fig. 7 | Structure comparison of 1, 4, and 5. a The structure of [Au28(p-
MBT)14(Hdppa)3]

2+, [Au24(C≡CPh)14(PPh3)4]
2+ and [Au25(PPh3)10(SC2H4Ph)5Cl2]

2+

respectively. The phenyl and alkyl group of thiolate, phosphenlate and alkyne
ligands are omitted to clarify. b The gold kernel of [Au28(p-MBT)14(Hdppa)3]

2+,

[Au24(C≡CPh)14(PPh3)4]
2+ and [Au25(PPh3)10(SC2H4Ph)5Cl2]

2+ respectively. Color
labels: orange/green/light blue, Au atoms; yellow, S atoms; pink, P atoms; indigo, N
atoms; gray, C atoms. Source data are provided as a Source Data file.
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([Au21(m-MBT)12(Hdppa)2]
+). NIR-PL (λ): 860 nm (Exc: 335 nm) in

CH2Cl2, PLQY, 0.004. Molar extinction coefficient (ε) at peak 610 nm,
39878.6M−1 cm−1.

Physical measurements
UV-vis-NIR absorption spectrum was recorded on cary5000. Mass
spectrum was recorded on a Waters Synapt G2-Si mass spectrometer.
31P NMR data were recorded on a Bruker Avance II spectrometer
(500MHz). 1H and 13C NMR data were recorded on a JNM-ECA600
spectrometer (600MHz). TGA was recorded on STDQ600. Near-
infrared photoluminescence (NIR-PL) spectra and absolute PLQY tests
were recorded on an Edinburgh Analytical Instruments FLS980
equipped with an integrating sphere (150mm, PTFE inner surface),
with a PMT R5509-73 detector for NIR emission and a PMT R928 for
visible emission. PLQYs were determined with the FLS980 were eval-
uated according to Eq. (7):

PLQY=
Aem

Aref
scatter � Asample

scatter

� �
× kR928=R5509

ð7Þ

whereAem is the integrated area of the sample’s emission (the emission
spectral of CH2Cl2 was tested and was set as baseline); Aref

scatter and
Asample
scatter are the integrated areas under the Rayleigh scattering peaks of

the reference sample (CH2Cl2) and the sample under study; and
kR928=R5509 is the ratio of the sensitivities of the two detectors. The
value of kR928=R5509 was determined by testing the scattering peak
within the range of 700-800nm and calculating using Eq. (8):

kRed�PMT=NIR�PMT = SignalRed�PMT=SignalNIR�PMT ð8Þ

Before the PLQY test of 1, the kR928=R5509 was determined as 0.11.
After that the excitation wavelength was set at 382 nm according to
excitation spectral of 1 and emission detection was arranged from 650
to 1200nm (the integration of emission was arranged from 750 to
1050 nm). A 10%neutral densityfilter (NDF)was usedduring detection.
The sensitivities of NIR and visible PMT detector wasmeasured before
testing as mentioned above. And to identify the reliability of visible
PMT detector, we use rhodamine B as a standard. The emission decay
curves were recorded using the time-correlated single-photon count-
ing (TCSPC)method. The phosphorescence decay curves of 1, 2, and 3
were collected using a 447.2 nm Spectra LED laser as the light source.
Temperature-dependent PL measurements of cluster 1 were carried
out with an Edinburgh spectrofluorimeter (FLS980) and the solvent
used was 2-methyltetrahydrofuran (2-Me-THF). The fluorimeter is
coupled with an Optistat DN cryostat (Oxford Instruments), and the
ITC temperature controller and apressure gaugewereused to conduct
the temperature-dependent experiments from 80 to 300K. The
vacuum in the cryostat wasmaintained with a leybold turbomolecular
pump. Spectrawere taken at different temperatures after await period
of 10min. The error in temperature setting is ± 0.5 K.

X-ray crystallography
Intensity data of compounds 1 and 2 were collected on an Agilent
SuperNova Dual system (Cu Kα). Absorption corrections were applied
by using the program CrysAlis (multi-scan). The structures of 1 and 2
were solved by directmethods, all non-hydrogen atomsexcept solvent
molecules and counteranions were refined anisotropically by least-
squares on F2 using the SHELXTL program. The diffuse electron den-
sities resulting from the residual solvent molecules were removed
from the data set using the Olex2 solvent mask.

Computational methods
Density functional theory (DFT) calculations were performed with the
quantum chemistry programGaussian 1667. The 6-31 G(d) basis set was
used for N, H, P, and LANL2DZ for Au68,69. Geometry optimizations

were performed with the B3LYP functional, and time-dependent DFT
calculations of the UV-vis absorption spectrum were performed with
the PBE functional. One hundred singlet states (nstates = 100, singlet)
are chosen in the calculations of the UV-vis absorption spectra. The
molecular orbitals were visualized via the Multiwfn software and the
VMD package70,71.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request. The X-ray crystallographic data
for the structures reported in this article have been deposited at the
Cambridge Crystallographic Data Centre (CCDC) under deposition
numbers CCDC 2181997 to 2181998. Source data are provided with
this paper.
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