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ABSTRACT: The luminescence property of thiolated
gold nanoclusters (Au NCs) is thought to involve the
Au(I)-thiolate motifs on the NC surface; however, this
hypothesis remains largely unexplored because of the lack
of precise molecular composition and structural informa-
tion of highly luminescent Au NCs. Here we report a new
red-emitting thiolated Au NC, which has a precise
molecular formula of Au22(SR)18 and exhibits intense
luminescence. Interestingly, this new Au22(SR)18 species
shows distinctively different absorption and emission
features from the previously reported Au22(SR)16,
Au22(SR)17, and Au25(SR)18. In stark contrast,
Au22(SR)18 luminesces intensely at ∼665 nm with a high
quantum yield of ∼8%, while the other three Au NCs
show very weak luminescence. Our results indicate that the
luminescence of Au22(SR)18 originates from the long
Au(I)-thiolate motifs on the NC surface via the
aggregation-induced emission pathway. Structure predic-
tion by density functional theory suggests that Au22(SR)18
has two RS-[Au-SR]3 and two RS-[Au-SR]4 motifs,
interlocked and capping on a prolate Au8 core. This
predicted structure is further verified experimentally by Au
L3-edge X-ray absorption fine structure analysis.

Thiolated Au nanoclusters (NCs) or Aun(SR)m
1 have drawn

increasing interest in the research community because of
their intriguing molecular-like properties, such as quantized
charging2 and strong luminescence.3 Being ultrasmall (with core
sizes below 2 nm), the physicochemical properties of Aun(SR)m
become highly sensitive to their atomic composition and
configuration; only one Au atom or one thiolate ligand difference
(the value of n and m) can lead to remarkable differences in their
physicochemical properties. Here we exemplify such a paradigm
by first identifying an unprecedented thiolated Au NC species
with a precise molecular formula of Au22(SR)18. Au22(SR)18 has
the same number of thiolates as the well-characterized
Au25(SR)18

4 but with a different number of Au atoms in its
core. Further, Au22(SR)18 has the same number of Au atoms as
the previously reported Au22(SR)16

5 and Au22(SR)17
5 but with a

different number of thiolates on the NC surface. Despite the
similarities in composition, Au22(SR)18 shows an unexpectedly
strong red emission under UV illumination, while the other three
Au NCs luminesce very weakly.

The red-emitting Au22(SR)18 NC with its precise molecular
formula provides a good opportunity for understanding
unresolved luminescence fundamentals of thiolated Au NCs,
such as the origin of the luminescence and the possible cluster
structure of luminescent Au NCs. Most reported atomically
precise Aun(SR)mNCs showed very weak luminescence in visible
to near-infrared (NIR) region with a typical quantum yield (QY)
of <0.1%.5,6 Recently, we contributed to the AuNC universe with
the synthesis of a new class of luminescent thiolated Au NCs,7

showing intense orange emission at ∼610 nm with a high QY of
∼15%. We systematically showed that the luminescence of such
thiolated Au NCs was generated by the aggregation-induced
emission (AIE) of Au(I)-thiolate complexes on the NC surface.
We reasoned from these data that the highly luminescent
thiolated Au NCs would adopt a distinctly different cluster
structure (e.g., different Au(I)-thiolate motifs) from the weakly
luminescent species. But the lack of an unambiguous molecular
formula for those highly luminescent Au NCs identified
previously greatly limits our understanding of the structure−
property relationship responsible for the high luminescence of
thiolated Au NCs.
This challenge is specifically addressed in the present work by

identifying and rigorously characterizing a new red-emitting
thiolated Au NC species, leading to a promising prediction of a
novel and unusual motif structure of luminescent Au NCs. The
red-emitting thiolated Au NCs were synthesized from a modified
carbon monoxide (CO)-reduction method8 using a natural thiol-
containing tripeptide, glutathione or GSH, as the protecting
agent. As shown in Figure 1a, the raw product was brownish in
aqueous solution (inset, item 1) and emitted intense red
luminescence under UV light (inset, item 2). The resulting
photoemission spectrum (Figure 1a, red line) shows a main peak
at 665 nm with a shoulder peak at ∼800 nm. In addition, the raw
product showed two excitation peaks at 450 and 520 nm in the
visible region (Figure 1a, blue line), which correspond well to the
two absorption peaks (450 and 515 nm) observed in its
absorption spectrum (Figure 1a, black line).
The as-synthesized red-emitting Au NCs were further

characterized by native polyacrylamide gel electrophoresis
(PAGE, 30%). We have synthesized a family of GSH-protected
Au NCs with different sizes by using a protocol reported by
Negishi et al.5 and used this Aun(SG)m family as a reference in the
PAGE separation. As shown in Figure 1b, lane I, at least 9 discrete
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bands have been identified, and they were labeled as bands 1′−9′
in the order of NC mobility (the size increases from band 1′ to
9′). The color and optical property of each band were identical to
those reported by Negishi et al.,5 where bands 1′−9′ were
determined to be Au10−12(SG)10−12, Au15(SG)13, Au18(SG)14,
Au22(SG)16, Au22(SG)17, Au25(SG)18, Au29(SG)20, Au33(SG)22,
and Au38(SG)24, respectively. In stark contrast, the PAGE
analysis of the as-synthesized red-emitting Au NCs (Figure 1b,
lane II) revealed only four closely spaced bands showing different
colors, referring to bands 1−4 in the order of NCmobility. More
interesting (though unexpected) observation is that only one
band (4) showed strong red luminescence under UV light
(Figure 1c, lane II), indicating that 4 was the only luminescent
species in our raw product.
The mobility of band 4 was similar to that of band 6′

[Au25(SG)18] in the reference lane I, which suggests that species
4 and 6′ [Au25(SG)18] have a similar charge-to-mass ratio.
However, 4 and 6′ showed distinctively different optical
properties: 4 emitted intense red luminescence under UV light,
while 6′ did not (Figure 1d, inset). In addition, the photo-
emission spectrum of 4 (Figure 1d, red line) was almost the same
as that of the raw product (Figure 1a, red line), with a distinct
peak at 665 nm. By comparison, 6′ only showed a weak
luminescence at ∼700 nm (Figure 1d, blue line). The QY of 4
and 6′ calibrated with Rhodamine 6G were ∼8 and ∼0.2%,
respectively. The photoexcitation spectrum of 4 (Figure 1d,
green line) also resembled that of the raw product, further
indicating that the red luminescence of the raw product was
contributed predominantly by 4. The solution color and
absorption spectra of 4 and 6′ were also distinctly different.
The absorption spectrum of 4 (Figure 1e, red line) showed two
obvious peaks at 450 and 515 nm, while the absorption spectrum
of 6′ (Figure 1e, blue line) showed four distinct peaks at 400, 445,
670, and 780 nm, which are the characteristic absorption of
Au25(SG)18.

8a Taken together, the PAGE and spectroscopic
analysis suggest that 4 had a similar size as Au25(SG)18 but
possessed distinctively different optical properties.
Electrospray ionization mass spectrometry (ESI-MS)9 was

then used to determine the molecular formula of 4. As shown in
Figure 2b (top panel), only one set of intense peaks at m/z
∼1970 is present in the m/z 1200−3000 range. The base peak
(peak #1) was at m/z 1968.47 in the resulting zoomed-in
spectrum (middle panel). Isotope pattern analysis of the 1968.47
peak is shown in the bottom panel of Figure 2b (black
(experimental) and red (simulated) line), indicating that the
ionized NCs carried five units of negative charge (isotope peak
spacing = 0.2). Hence, the molecular weight of the NCs was
9842.35 Da (1968.47 × 5), which is consistent with the
molecular formula of [Au22(SG)18

0 − 5H]5− (molecular weight

of 9841.6 Da). The above base peak was accompanied by two
series of similar-looking but less-intense peaks (set a: #2 and #3;
set b: #1′−#3′, Figure 2b, middle panel), which could also be
assigned as Au22(SG)18 carrying the same charge but with
different proportions of adducts (Figure S1, Supporting
Information (SI)).
The newly identified Au22(SG)18 has three Au atoms less than

Au25(SG)18, but they have the same number of thiolate ligands
(m = 18), which could be the reason for their similar mobility in
the PAGE gel (Figure 1b). The new Au22(SG)18 species is also
different from two previously reported Au22 species, Au22(SG)16
and Au22(SG)17. For example, Au22(SG)16 and Au22(SG)17
showed a distinct absorption peak at 560 and 540 nm,
respectively, and both NCs emitted very weak luminescence
with an emission wavelength at ∼720 nm and a low QY of
<0.5%.5 The absorption peak of Au22(SG)18 was further blue-
shifted to 515 nm (Figure 1e, red line) compared to that of
Au22(SG)16 and Au22(SG)17. Such a blue-shift in the absorption
was also consistent with the trend observed in Au22(SG)16 and
Au22(SG)17, where an obvious blue-shift of∼20 nmwas observed
for Au22(SG)17 compared to Au22(SG)16.
The other three smaller AuNC species (bands 1−3) in the raw

product were also characterized by UV−vis absorption and ESI
mass spectra. As shown in lane I of Figure 2a (or lane II of Figure
1b), band 1 appeared yellow in the PAGE gel and it shared the
samemobility as band 2′ [Au15(SG)13] in lane I of Figure 1a. The
absorption spectrum of band 1 (Figure 2a, black line) showed
two distinct peaks at 375 and 410 nm, which corresponded well
with the characteristic absorption of Au15(SG)13.

8c,10 ESI mass
spectra of band 1 (Figure S2 (SI)) confirmed its formula of
Au15(SG)13. Similarly, band 2 appeared murky green in the
PAGE gel (Figure 2a, lane I, or Figure 1b, lane II), and it had the
same mobility as band 3′ [Au18(SG)14] in lane I of Figure 1b.
Band 2 showed two absorption features at 560 and 620 nm

Figure 1. (a) UV−vis absorption (black line), photoemission (red line, λex = 520 nm), and photoexcitation (blue line, λem = 665 nm) spectra of the raw
red-emitting Au NCs. (Insets) Digital photos of the raw product dissolved in water under (1) visible and (2) UV light. (b and c) PAGE gels of (lane I)
mix-sized Aun(SG)m prepared according to a published protocol, and (lane II) the raw red-emitting Au NCs; under (b) visible and (c) UV light. (d)
Photoemission spectra of 4 (red line) and 6′ (blue line) (λex = 520 nm), and the photoexcitation spectrum of 4 (green line, λem = 665 nm). (Insets)
Digital photos of 4 and 6′ under UV light. (e) UV−vis absorption spectra of 4 (red line) and 6′ (blue line). (Insets) Digital photos of 4 and 6′ under
visible light.

Figure 2. (a) UV−vis absorption spectra of Au NCs separated from
bands 1−4 in the native PAGE gel (insets). (b) ESI mass spectra of
species 4. The red lines are the simulated isotope pattern of
[Au22(SG)18

0 − 5H]5−.
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(Figure 2a, red line), which are characteristic absorptions of
Au18(SG)14.

8c,10 ESI mass spectra (Figure S3 (SI)) also
confirmed its formula of Au18(SG)14. Band 3 has a NC size
between Au18(SG)14 and Au22(SG)18 (Figure 1b, lane II or
Figure 2a, lane I). Its absorption spectrum (Figure 2a, blue line)
showed two distinct peaks at 440 and 480 nm, but we failed to
determine its molecular formula by using ESI mass spectrometry.
Taken together from the ESI-MS analysis, the raw product
synthesized via the CO-reduction method was a NC mixture of
four different sizes (1−4), among which only Au22(SG)18 (4)
showed strong red emission under UV light. In addition,
Au22(SG)18 was also the dominant NC species in the raw product
with a typical yield of ∼32.6% based on the amount of Au atoms
in the starting precursors according to inductively coupled
plasma mass spectrometry (ICP-MS) measurements (inset of
Figure 2a).
The molecular composition of Au22(SG)18 reflects its high

content of thiolates on the NC surface. The thiolate-to-Au or
SR/Au ratio of Au22(SG)18 was 0.82, which was also supported
by X-ray photoelectron spectroscopy (XPS) analysis. As shown
in Figure S4 (SI), the Au 4f7/2 binding energies of Au22(SG)18
(black line) were intermediate between those of Au(0) foil (red
line) and Au(I)-SG complexes (blue line). Further deconvolu-
tion of the Au 4f7/2 spectrum into Au(0) and Au(I) components,
with a binding energy of 83.9 and 84.3 eV, respectively,
determined ∼67% Au(I) component of all Au atoms in
Au22(SG)18. Luminescence lifetime measurements provided
another line of evidence for the predominance of Au(I)
component in Au22(SG)18. Analysis of the luminescence decay
profile (Figure S5 (SI)) revealed that the microsecond lifetime
components (1.37 μs (57.4%) and 0.46 μs (35.4%)) were
predominant in Au22(SG)18. These values were also similar to the
lifetimes of the reported orange-emitting Au NCs (Table S1
(SI)) with the aggregation-induced emission (AIE) feature.7

Taken together, the high content of thiolates (∼0.82), the large
Stokes shift (145 nm), and the microsecond-scale lifetime
suggest that the emission from the atomically precise Au22(SG)18
was also derived from the AIE of Au(I)-thiolate complexes on the
NC surface, similar to that reported in the orange-emitting Au(0)
@Au(I)-thiolate NCs.
The determination of the unambiguous formula of the red-

emitting Au22(SG)18 is the major contribution of this study. The
precise molecular composition of Au22(SG)18 provides a key
piece of information to predict the geometric structure of
luminescent Au NCs, with the help from detailed analyses of the
reported structures of thiolated Au NCs in both experimental
and theoretical studies. The key hypothesis for structure
prediction of thiolated Au NCs is that a Aun(SR)m cluster has a
gold core protected by [RS(AuSR)]x motifs and that clusters
with higher SR/Au ratios (m/n) need longer staples (or greater
x).11 Recently solved structures of Au102(SR)44,

12 Au25(SR)18,
4b,d

Au38(SR)24,
13 and others14 all showed this core-staple con-

struction (see Table S2 (SI) for a summary of their structures).
Similarly, the staple hypothesis can be applied to predict the

structure of Au22(SG)18. Table S2 (SI) also includes all possible
combinations of Au(0) core and staple motifs for Au22(SR)18.
Compared to Au25(SR)18, Au22(SR)18 has a higher SR/Au ratio
(0.82 vs 0.72), and it should adopt a cluster structure with a
smaller Au(0) core and several relatively longer motifs. In
addition, Au22(SR)18 forms a nice sequence with three previously
indentified clusters by a progressive difference of Au2(SR)2:
Au18(SR)14,

15 Au20(SR)16,
11c,d Au24(SR)20.

16 The SR/Au ratios
of these four thiolated Au NCs were similar (∼0.80), and they all

adopt the same 4e− electron shell configuration. This
configuration is also consistent with the anisotropic manner of
the Au8 core according to the superatom model.17 From the
above analyses, we conclude that the most reasonable strucure
for Au22(SR)18 is a Au8 core protected by two trimeric and two
tetrameric staple motifs; in other words, Au22(SR)18 = Au8 +
2[RS(AuSR)3] + 2[RS(AuSR)4]. Given this construction,
density functional theory (DFT) was then used to predict the
most stable isomer of Au22(SG)18. Twelve isomers were
explored, and the most stable isomer is shown in Figure 3a.

Like Au18(SR)14,
15 Au20(SR)16,

11c,d and Au24(SR)20,
16 it has a

prolate Au8 core. In addition, its four staple motifs can be divided
into two groups, each of which consists of one trimer (RS-[Au-
SR]3) motif and one tetramer (RS-[Au-SR]4) motif intercaten-
ated. This interlocked configuration is a common feature of
Aun(SR)m clusters with high SR/Au ratios, such as Au24(SR)20

16

and Au15(SR)13.
18 DFT analysis of relative stability (Table S3

(SI)) indicates that this model of Au22(SR)18 is significantly more
stable than the optimized models of Au18(SR)14 and Au20(SR)16,
though slightly less stable than that of Au24(SR)20. The computed
optical absorption spectrum for this model of Au22(SR)18 also
shows reasonable agreement with the experimental one (Figure
S6 (SI)).
X-ray absorption fine structure (XAFS) was then used to

further probe the electronic structure and local environment of
Au22(SG)18. As shown in Figure 3b, the X-ray absorption near-
edge structure (XANES) spectrum of Au22(SG)18 (red line)
shows a shift in the absorption edge to higher energy and a
slightly more intense white-line compared to a Au foil reference
(Figure 3b, black line), indicating a significant contribution of
Au(I) electronic character, consistent with the Au(I)/Au(0)
composition determined from XPS (Figure S4 (SI)). The
extended X-ray absorption fine structure (EXAFS) spectrum was
fitted to quantitatively examine the Au local structure (Figure
3c). Both Au−S and Au−Au scattering paths were used to fit the
experimental data with results tabulated in Table S4 (SI). First,
the Au−SCN value of 1.7 obtained fromEXAFS fitting is in good
agreement with the predicted model (Figure 3a), which has 8 Au
bonded to 1 S (purple atoms) and 14 Au bonded to 2 S (yellow
atoms), leading to a theoretical Au−S CN of 1.64. The Au−S
bonding length of 2.314(4) Å from EXAFS (Table S4 (SI)) is
also typically observed for Au(I)-thiolate semiring structures.19

The local structure of Au22(SG)18 was further compared to that
of the well-studied Au25(SR)18 (Figure S7 (SI)).4d,19 A higher
frequency of Au−S bonding and lower contribution fromAu−Au
core bonding was observed for Au22(SG)18, which corroborate

Figure 3. (a) The ball stick structure model of Au22(SR)18 predicted by
DFT. The purple balls represent the eight Au atoms in the core, and the
yellow balls represent the Au atoms in the staple motifs, while the red
balls represent S atoms. All other atoms (carbon, hydrogen) have been
omitted for clarity. (b) Au L3-edge XANES spectra of Au22(SG)18 (red
line) and Au foil (black line). (c) Experimental (red solid line) Au L3-
edge FT-EXAFS spectrum of Au22(SG)18 and the best fit (black dotted
line).
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the longer Au(I)-thiolate motifs and smaller core in Au22(SG)18
(Figure 3a).
The predicted isomer was further confirmed by inspecting the

site-specific Au−Au bonding with EXAFS. Examining the site-
specific bonding environments with EXAFS is useful to verify the
most stable structural isomer predicted by DFT calculations,
since the Au−Au bonding environment in different structural
isomers varies considerably. From the EXAFS fitting results, a
very short Au−Au bond length of 2.67(1) Å has been identified
and can be attributed to the unique Au8 core structure. A close
inspection of the DFT-predicted model (Figure 3a) points to a
theoretical Au−Au CN of 0.64 when considering the number of
Au−Au bonds in the Au8 core that are much shorter than a
typical face-centered cubic (fcc) Au−Au bond length (<2.88 Å).
This theoretical value is also in good agreement with the first-
shell Au−Au CN value of 0.7 obtained from our experimental
EXAFS result.
In conclusion, a red-emitting thiolated Au nanocluster was

discovered, and it has a precise composition of Au22(SG)18
identified by isotope-resolved ESI-MS. This newly identified
Au22(SG)18 cluster showed unique absorption peaks at 450 and
515 nm and, more interestingly, emitted intense red
luminescence at 665 nm with a high QY of ∼8%. Such optical
properties were distinctively different from its neighboring NCs,
including Au22(SG)16, Au22(SG)17, and Au25(SG)18. In addition,
Au22(SG)18 features with a high SR/Au ratio (0.82), a large
Stokes shift (145 nm), and a predominant microsecond-scale
lifetime, which strongly suggest that the luminescence of
Au22(SG)18 was originated from the AIE of the long motifs on
the NC surface. A core-staple structure consisting of a prolate
Au8 core protected by two pairs of interlocked RS-[Au-SR]3 and
RS-[Au-SR]4 motifs was predicted for Au22(SG)18 by DFT and
further supported by experimental EXAFS analyses. The strong
luminescence, the precise composition, the proposed structure of
long motifs coupled with the Au8 core, and the local bonding
from the EXAFS analyses, afforded by the present discovery of
Au22(SG)18, now provide important hints to understand the
luminescent properties of thiolated Au NCs in aqueous solution.
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