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ABSTRACT: The 18-electron shell closure structure of
Au nanoclusters protected by thiol ligands has not been
reported until now. Herein, we synthesize a novel
nanocluster bearing the same gold atom number but a
different thiolate number as another structurally resolved
nanocluster Au,,(TBBT),; (TBBTH = 4-tert-butylbenze-
nelthiol). The new cluster was determined to be Au,,(2,4-
DMBT),s (2,4-DMBTH = 2,4-dimethylbenzenethiol)
using multiple techniques, including mass spectrometry
and single crystal X-ray crystallography (SCXC). Auy,(2,4-
DMBT),; represents the first 18-electron closed-shell gold
nanocluster. SCXC reveals that the atomic structure of
Auy,(2/4-DMBT),4 is completely different from that of
Au,,(TBBT),; but is similar to the structure of Ausg,. The
arrangement of staples (bridging thiolates) and part of the
Auy, kernel atom induces the chirality of Auu(2,4-
DMBT),.. The finding that a small portion of the gold
kernel exhibits chirality is interesting because it has not
been previously reported to the best of our knowledge.
Although Au,,(2,4-DMBT),s bears an 18-electron shell
closure structure, it is less thermostable than
Auy (TBBT),,, indicating that multiple factors contribute
to the thermostability of gold nanoclusters. Surprisingly,
the small difference in Au/thiolate molar ratio between
Au,,(2,4-DMBT),¢ and Au,,(TBBT),g leads to a dramatic
distinction in Au 4f X-ray photoelectron spectroscopy,
where it is found that the charge state of Au in Au,,(2,4-
DMBT),; is remarkably more positive than that in
Auy(TBBT),s and even slightly more positive than the
charge states of gold in Au-(2,4-DMBT) or Au-TBBT
complexes.

B reakthroughs have recently been achieved in gold
nanocluster research, and a series of gold nanoclusters
have been synthesized and structurally resolved." However, our
understanding of the compositions and structures of the
nanoclusters is far from complete. For instance, the superatom
concept was employed to successfully interpret the stability of
Au,; nanoclusters, whereas this concept cannot be employed to
predict nanocluster composition.'>” Even the stable 18-electron
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closed-shell structure of thiolated gold nanoclusters has not
been experimentally obtained until now despite the fact that
Ag,, is indeed a closed-shell structure,” and 4, 8, 12, 14, 16, and
20- electron structures of gold nanoclusters have also been
reported see Table 1. The following questions have yet to be

Table 1. Relationship between the Number of Au Atoms and
the Shell Electron Count for the Structurally Resolved Gold
Nanoclusters

no. of Au atoms no. of thiolates shell electron count

18 14*4 4
20 16Y 4
23 16* 8¢
24 20% or 16" 4 o0r8
25 18> 8¢
28 20 8
30 18" 12
36 24 12
38 24" 14
40 24*° 16
44 28% 16
52 32" 20
102 44% 58
130 50* 80
133 524me 81

“The clusters bear —1 charge.

answered: Does the stable 18-electron shell closure structure of
thiolated gold nanoclusters exist? If so, is the 18-electron shell
closure structure more stable than the unclosed structure (e.g.,
16-electron structure)? The recent finding of structural
isomerism indicating the diversity of Au—Au bonding has
also inspired us to study the aforementioned structures.”™"
Herein, we report the synthesis and structure of an 18-
electron closed-shell gold nanocluster, Au,,(2,4-DMBT ), (2,4-
DMBTH = 2/4-dimethylbenzenethiol), which has the same
gold number but a different number of thiolates and kernel
structures as Au,(TBBT),; (TBBTH = 4-tert-butylbenzenelth-
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iol) (see Figures S1—2).* This structure reveals that the
chirality of Auy,(2,4-DMBT), originates from the arrangement
of both staples (bridging thiolates) on the gold kernel and a
portion of the kernel atoms. The latter chirality origin has not
been previously reported. Although Au,,(2,4-DMBT),s bears
an 18-electron shell closure, it is less thermostable than
Auy (TBBT),g, and the gold in Auy,(2,4-DMBT),, exhibits
more a positive charge state than that in Au,(TBBT), as
determined by X-ray photoelectron spectroscopy (XPS).

Synthesis of the Au,(2,4-DMBT),s nanocluster was
performed by a two-step synthesis method with some
modifications.* "™ Briefly, the precursors of the multisized
Au,(2,4-DMBT), clusters were first synthesized by reducing
the Au(I)-(2,4-DMBT) complexes with NaBH,. Then, the
precursors were treated with excess 2,4-DMBTH at 40 °C for
20 h, and the title nanoclusters were isolated by preparative
thin-layer chromatography (see SI for further experimental
details). The single crystals of Au,,(2,4-DMBT),; were formed
by vapor diffusion of acetonitrile into the toluene solution of
Auy,(2,4-DMBT),; over 1 month.

The UV/vis/NIR spectrum of crystals dissolved in CH,Cl, is
shown in Figure 1A. There are five absorption bands centered

25 A 2+
[Au,(CgHgS),6+Cs,]
2.0 35 —60.
5 s
= 15
g g
2 10 S
-] -
< £
0.5
6246 6248 6250 6252 6254 6256
0.0
00 400 500 600 700 800 900 6000 6200 6400 6600 6800 7000
Wavelength (nm) M/Z
00— D Aug
95 Augg
9 =
= 90| 3
3 H L)
] H -
L 85 Cal. 29.2% 2
] Exp.29.4% | @
_g, 80| Xp. 29.4% j 5
2 £
2 75 -
70
100 200 300 400 500 800 600 400 200

Temperature (°C) Binding Energy (eV)

Figure 1. UV/vis/NIR absorption (A), ESI-MS (B), TGA (C), and
XPS (D) results of Au,,(2,4-DMBT),.

at 331, 389, 442, 543, and 670 nm. Electrospray ionization mass
spectrometry (ESI-MS) was applied to determine the exact
formula of the as-prepared nanoclusters, as electrospray
ionization is a much softer ionization technique than matrix-
assisted laser desorption ionization.”*”*™ One dominant peak
centered at m/z 6250.3 is shown in Figure 1B, corresponding
to [Auy,(2,4-DMBT), + 2Cs]** (deviation: 0.1 Da; CsOAc
was added to assist the ionization of the nanoparticles). The
calculated isotopic pattern agreed with the experimental
isotopic pattern (see inset of Figure 1B); thus, it is readily
concluded that the nanocluster composition is Auy,(2,4-
DMBT),s, which was further supported by both thermogravi-
metric analysis (TGA) and XPS (see Figure 1C,D,
respectively). The XPS analyses reveal that the Au/S atomic
ratio is 43.4/26, which is consistent with the theoretical ratio of
44/26. The results of the TGA show a weight loss of 29.4 wt %,
which is in perfect agreement with the theoretical value of
Auy,(2,4-DMBT),s (29.2 wt %). Furthermore, because XPS
and TGA did not detect counterions, such as TOA", Cl~, or
Br~, the possibility of anionic or cationic cases, i.e., [Auy(24-
DMBT),4]~ or [Auy,(2,4-DMBT),¢]*, was excluded.

The composition was confirmed by single crystal X-ray
crystallography (SCXC), which revealed that the crystal of
Auy,(2/4-DMBT),¢ adopts a triclinic space group of P-1, and
the unit cell of the crystal contains a pair of enantiomeric
nanoclusters (see Figure S2A). In contrast to Au,,(TBBT),,
the Au,,(2,4-DMBT),¢ nanocluster consists of an Au,, kernel
capped by an exterior shell including two 2,4-DMBT thiolates,
three Au(2,4-DMBT),, and six Au,(2,4-DMBT); staples (see
Figure S2B). The Au,, kernel of Auu,(2,4-DMBT), is
composed of a face-fused bi-icosahedral Au,;, as in Auzgq, "
and a special Aug bottom cap (see Figures 2A,F,G). One
Au(2,4-DMBT), and four Au,(2,4-DMBT); staples cap the
Au,; (see Figure 2H,I), two Au(2,4-DMBT), and two Au,(2,4-
DMBT), staples bridge the Au,; and Aug bottom cap (see
Figure 2J,K), and two 2,4-DMBT thiolates are located on the
Aug surface. In the Au,; of Auy(2,4-DMBT),, the bond
lengths between the central atom and the first shell Au atom
range from 2.72 to 2.88 A, whereas the Au—Au distance within
the fusion plane is 3.10—3.20 A. In the Aug bottom cap, the
Au—Au distance is 2.74—3.20 A. One of Au(2,4-DMBT),
staples bridges one of the Aug corrugated planes by stapling
the three farthest Au—Au pairs (5.48 A), whereas the remaining

Figure 2. Anatomy of structures of Auyyq' and Auy(24-DMBT),s nanoclusters: Auy; kernel (A); four Au,(SCH,CH,Ph); and one
Au(SCH,CH,Ph), staples (B); Auy,(2,4-DMBT),, framework (C); two Au,(SR); and two Au(SR), staples (D); total structure of Ausgg (E); Aug
bottom cap (F); Au,, kernel (G); four Au,(2,4-DMBT); and one Au(2,4-DMBT), staples (H); Ausg(2,4-DMBT),, framework (I); two Au,(2,4-
DMBT);, two Au(2,4-DMBT), staples, and two 2,4-DMBT thiolates (J); total structure of Au,,(2,4-DMBT),¢ (K). For clarity, C and H are omitted.

Color labels: yellow or orange = S; others = Au.
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Au(2,4-DMBT), staples bridge Au, corrugated planes (which
consists of an Au; from Au,; and one Au atom from the Aug
bottom cap) by stapling the two farthest Au—Au pairs (5.09—
5.27 A) (see Figure 2C). The angle of S—Au—S stapling on the
Aug plane is 175° which is larger than that of S—Au—S stapling
on the Au, corrugated plane (172°). The average Au—S—Au
angle of the four Au,(2,4-DMBT); on the surface of Au,; is
~96.7°, which is smaller than that (~105.5°) of the other two
Au,(2,4-DMBT); staples.

The other isomer of Au,,(2,4-DMBT),¢ possesses the same
Au,; unit, but the three monomeric staples, six dimeric staples,
and Aug bottom cap rotate in different directions (see Figures
3). Therefore, the chirality of Au,,(2,4-DMBT),, originates

Figure 3. Two enantiomers of Au,(2,4-DMBT),; from different
perspectives. Top (A, B), side (C, D), and bottom (E, F) views. For
clarity, C and H are omitted. Color labels: yellow = S; olive or pink =
Au.

from the arrangement of both the staples (bridging thiolates)
and the Aug atoms. To the best of our knowledge, the finding
that the chirality originates from 4]gart of the metal kernel has
not been previously reported.'“™° Although the kernel of
Auy,(TBBT), is achiral, Au,,(TBBT),s also exhibits chirality,
which originates from the arrangement of the Iigands.45
Furthermore, we have not observed any counterion in the
unit cell of Auy,(2,4-DMBT),,, which further indicates that the
title nanocluster is charge neural, which is consistent with the
ESI-MS, TGA and XPS analyses.

The nominal shell closing electron count (n*) for Au,,(2,4-
DMBT),¢ nanoclusters is 18 (n* = Nv, — M — z = 44 X 1—
26—0 = 18).""" As expected, the 18-electron closed-shell
Auy,(2,4-DMBT ), should be more stable than the 16-electron
Au,,(TBBT),s. However, it is found that Auy,(2,4-DMBT), is
actually less thermostable than Au,,(TBBT),s under 80 °C, as
monitored by UV/vis/NIR (see Figure 4), indicating that the
thermostability of gold nanoclusters is not solely dependent on
their electronic structure but is also influenced by some other
factors such as protecting ligand,” charge state* and
structure.*” Au,,(2,4-DMBT ), and Au,,(TBBT),; have the
same charge state and similar ligand, but distinctly different
structure (non-fcc vs fec, see Figures S1—2). The structural
factor likely plays a more important role to the thermal stability
compared with the electronic factor herein. The higher Au/S
atomic ratio of Au,,(2,4-DMBT),s in contrast to
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Figure 4. Thermostability of Au,(TBBT),s (A) and Au,(24-
DMBT),¢ (B) monitored by UV/vis/NIR spectroscopy.

Auy,(TBBT),s indicated that the charge state of gold in
Au,(2,4-DMBT),; might be less positive than that in
Au,,(TBBT),s.* However, it is found that the Au 4f binding
energies (88.6 eV for Au 4f;/, and 84.9 eV for Au 4f,,,) of
Au,,(2,4-DMBT),¢ are distinctly higher than those of
Auy (TBBT),s (88.0 eV for Au 4f;;, and 84.3 eV for Au
4f,,) and even slightly higher than the Au 4f binding energies
of the Au-(2,4-DMBT) complex (88.5 €V for Au 4f;,, and 84.8
eV for Au 4f,),), regardless of the fact that Au-TBBT and Au-
(24-DMBT) complexes have very closed Au 4f binding
energies (see Figure S). The high Au 4f binding energies of

Au,(2,4-DMBT),¢
Au-(2,4-DMBT) complex

20 nm Au nanoparticles
Au-TBBT complex
Au,,(TBBT),,

Intensity (a.u.)

90 88 86 84 82
Binding energy (eV)

Figure S. Au 4f XPS spectra of Auy,(2,4-DMBT),,, Au-(2,4-DMBT)
complex, ~20 nm Au nanoparticles, Au-TBBT complex, and
Auyy(TBBT),.

Auy,(2,4-DMBT),s were not expected nor have they been
previously reported, indicating the variety of Au charge states in
gold nanoclusters. One contribution to the high Au 4f binding
energies of Auy,(2,4-DMBT),, may be the high proportion of
surface gold(I) of Au.(2,4-DMBT),s compared with that of
Auy,(TBBT),, since the kernel (Auy,) of Auy,(2,4-DMBT ), is
smaller than the kernel (Auys) of Au,,(TBBT),s. "

In summary, we have synthesized a novel 44-gold-atom
nanocluster, the composition of which was determined to be
Auy,(2,4-DMBT),4 by mass spectrometry, SCXC, XPS, TGA,
etc. SCXC revealed that the structure consists of an Au,g
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kernel, two 2,4-DMBT thiolates, three Au(2,4-DMBT),, and six
Au,(2,4-DMBT); staples, which is completely different from
the structure of Auy,(TBBT),q. The arrangement of staples and
thiolates on the Au,y kernel, as well as the arrangement of the
Aug cap atoms, induces chirality in the Aug,(2,4-DMBT),,
nanoclusters. The latter chirality origin has not been previously
reported. Our work demonstrates that the existence of gold
nanoclusters with an 18-electron shell closure structure and the
thermostability of gold nanoclusters are not solely determined
by their electronic structure. Surprisingly, it was found that the
Au 4f binding energies of Au,,(2,4-DMBT),, are remarkably
higher than those of Au,(TBBT),s and even slightly higher
than the Au 4f binding energies of Au-TBBT and Au-(24-
DMBT) complexes, indicating that the charge state of Au in
gold nanoclusters is not necessarily close to zero. The
significance and novelty of this work lies in the following
conclusions: (1) synthesis of a novel gold nanocluster Au,,(2,4-
DMBT),¢ and demonstration of the existence of an 18-electron
shell closure structure; (2) determination of the atomic
structure of Auy(2,4-DMBT),; by SCXC; (3) revealing that
the chirality of gold nanoclusters could originate from the
arrangement of partial kernel atoms; (4) finding that the 18-
electron closed-shell structure may be less thermostable than
the 16-electron structure, indicating that the stability of gold
nanoclusters is influenced by multiple factors; and (5)
discovering a variety of gold charge states in gold nanoclusters
and demonstrating that the charge state of gold in gold
nanoclusters could be even higher than that in Au-thiolate
complexes.
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