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ABSTRACT: Understanding the formation of face-centered cubic (fcc) nanostructures at
the atomic level remains a major task. With atomically precise nanoclusters (NCs) as model
systems, herein we devised an atom-tracing strategy by heteroatom doping into Au30(SR)18
(SR = S-tC4H9) to label the specific positions in M30(SR)18 NCs (M = Au/Ag), which clearly
reveals the dimeric nature of M30. Interestingly, the specific position is also consistent with
the Ag-doping site in M21(SR)15. Electronic orbital analysis shows intrinsic orbital
localization at the two specific positions in M30, which are decisive to the electronic
structure of M30, regardless of Au or Ag occupancy. The fcc dimeric NC, which would not be
discovered without Ag tracing, provides a possible explanation for the wide accessibility of
nonsuperatomic Au-SR NCs.

Atomically precise metal−thiolate (SR) nanoclusters
(NCs) provide new opportunities to tackle some of the

tough issues remaining in nanoscience research,1−4 e.g., how
atoms are packed together in an efficient, energy-optimized
pathway, the rules for nanoparticle assembly, and many other
issues. In regard to the stability of NCs, the “noble-gas
superatom” model5 had early success in explaining the stability
of some spherical metal NCs via an electron shell closing
picture.5−13 Other than the electronic factor, the geometric
factor is also a major contributor to the stability of NCs;14

hence, determining the structures of NCs is of critical
importance. The thermodynamic stability theory has explored
homogold and doped NCs (both “superatomic” and “non-
superatomic”) through the energetic stability between the shell
and core regions of the NC.15−17

Compared to the spherical Au-SR NCs, the rod-shaped ones
do not follow the electronic shell-closing rule, and such NCs
indeed outnumber the “superatomic” counterparts.18−22 This
could be understood by the diatomic bonding concept for
dimeric NCs, in which electrons on each half of the dimeric
NC can delocalize on the whole, forming a cluster-molecule.22

Experimentally, Maran et al. revealed the fusion growth of
Au25(SR)18 into Au38(SR)24,

23 and the bi-icosahedral Au23
kernel in Au38(SR)24 resembles the diatomic molecule.24

Two or more 8e superatoms with icosahedral kernels can be
bonded together.25−29 Although [Au23(SR)16]

− and
Au28(SR)20 NCs30−32 with face-centered cubic (fcc) kernels
bear 8e, which seems electronic shell closure, they are actually
“non-superatomic” as the frontier orbitals do not resemble s/
p/d/f orbitals. Thus, there exist more electronic configurations

for the 8e case, as are the others. New electronic models for
Au-SR NCs have been reported,33−35 in which the 4-centered
2-electron bonding for a tetrahedral (Au4

2+) network can
elucidate the electronic structures of the Au20+8N(SR)16+4N (N
≥ 1) family.36−39

Compared to the icosahedron-based dimeric NCs,21−23 fcc
dimeric NCs are not clear yet. Although the fcc Au28(SR)20
was identified to possess an interpenetrated bicuboctahedral
kernel,32 there is no evidence yet for dimerization growth. The
reason for the intractability is due to the difficulty in
distinguishing one atom from the other in the fcc kernel,
unless some specific atom(s) can be labeled and traced.
In this work, Au30−xAgx(S-

tC4H9)18 (x = 2−4) and
Au21−xAgx(S-

tC4H9)15 (x = 2−4) NCs with fcc kernels are
obtained, and the crystal structure of Au30−xAgx(SR)18 reveals
the specific positions that the Ag atoms occupy. The Ag
dopants serve as atomic “labels”, allowing us to reveal that
M30(SR)18 (M = Au/Ag) is a dimer NC. Silver tracing along
with time-dependent density functional theory (TDDFT)
demonstrates that the specific active site(s) (Ag vs Au) play an
important role in the electronic structures of the two NCs,
which also supports that M30 is a dimer, with its possible

Received: June 26, 2020
Accepted: August 11, 2020
Published: August 11, 2020

Letterpubs.acs.org/JPCL

© 2020 American Chemical Society
7307

https://dx.doi.org/10.1021/acs.jpclett.0c01977
J. Phys. Chem. Lett. 2020, 11, 7307−7312

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
PI

TT
SB

U
R

G
H

 o
n 

N
ov

em
be

r 1
1,

 2
02

0 
at

 1
7:

46
:0

0 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+G.+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tian-Yi+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongbo+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathaniel+L.+Rosi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giannis+Mpourmpakis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongchao+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongchao+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c01977&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01977?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01977?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01977?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01977?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01977?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/17?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/17?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/17?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/17?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01977?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


monomer to be M17 which can be derived from the structure of
M21 and is observed at the initial stage of the synthesis.
The Au30−xAgx(SR)18 (SR = S-tC4H9, x = 2−4) was

synthesized by two steps: step I, AuI−S-tC4H9 and AgI−
S-tC4H9 (Au:Ag = 8:1, molar ratio) were coreduced by NaBH4;
step II, the crude product from the first step was collected and
then reacted with excess tert-butylthiol at 45 °C. The resulting
NCs were a mixture of Au30−xAgx(SR)18 and Au21−xAgx(SR)15
(Figure S1a). Fortunately, pure Au30−xAgx(SR)18 was crystal-
lized out of the mixture in dichloromethane/ethanol (Figure
S1b), while Au21−xAgx(SR)15 remained in the supernatant
(Figures S2 and S3). Plate-like crystals were obtained after 2
days and solved to be Au30−xAgx(SR)18 (x = 2−4) (Figure 1a)
in space group P21/n.

The metal framework of Au30−xAgx(SR)18 is close to that of
homogold Au30(SR)18,

40 which possesses an interpenetrating
bicuboctahedral Au20 kernel (Figure S4b, two overlapped
dashed frames) with two capping Au atoms at opposite sites
(indicated by arrows). The sites for Ag atoms in
Au30−xAgx(SR)18 are intriguing. The two symmetric positions
in the kernel have 87% and 97% of Ag occupancy (Ag
dominant), respectively (Figures 1a and S4d, marked in light
gray), whereas other positions (Figure 1a, marked in pink)
have much lower Ag percentages (10−20%, Table S1) and are
thus Au dominant. The low Ag occupancy at these sites can be
ascribed to the structural disorder at one side of Au30,

40 which
increases the distribution of electron density.
ESI mass spectrometry (ESI-MS) analysis shows that the

most abundant peak corresponds to two Ag dopants (Figure
1b, isotope patterns in Figure S2). It is noteworthy that when
step II was performed at room temperature (as opposed to 45
°C), only Au21−xAgx(SR)15 (x = 2−4) was obtained (Figures
S1 and S3). The 21-atom alloy is related to the homogold
Au21(SR)15,

41 which possesses a cuboctahedral Au13 kernel
(Figure S4a, dashed frame) with one capping Au atom
(indicated by arrow).41 Upon silver doping to Au20Ag1(SR)15,
the Ag atom goes to a specific position in the kernel without
changing the structure (Figure S4c).42,43

We note that the relation of Au21(SR)15 to Au30(SR)18 has
long been missing. Herein, by Ag doping and crystallography
analysis, we have explicitly revealed the missing correlation
between the two NCs, i.e., an intricate dimeric relationship. In
our Au30−xAgx(SR)18, there are two specific positions in the
kernel with high Ag occupancy (marked as Ag in Figure S4d).
The two Ag sites are consistent with the original Ag position in
Au20Ag1(SR)15. Thus, the special Ag atom(s) in the NCs can
serve as “atomic label(s)”, just like the isotopic labeling
technique widely used in NMR and MS studies. This indicates

that the kernel atoms in M21(SR)15 or M30(SR)18 are not
equivalent as those in [M25(SR)18]

−, in the latter the Ag atoms
are almost equally distributed in the icosahedral M12 shell.

44

To further demonstrate the merit of Ag tracing in M21(SR)15
and M30(SR)18, the optical absorption spectra of
Au20Ag1(SR)15, Au21(SR)15, Au28Ag2(SR)18, and Au30(SR)18,
are simulated by TDDFT based on their crystal structures
solved herein plus the ones reported in the literature (Figures 2
and S5).40−42 The S-tC4H9 ligand is simplified to S-CH3 as is
commonly done for TDDFT.20,31

We found that the Ag “tracer” in Au20Ag1(S-CH3)15 (Figure
2a) contributes greatly to the LUMO, but very little to the
HOMOs. Accordingly, in the visualized diagrams (Figure S5c),
the LUMO cloud aggregates around the tracing Ag, but the
lobes of HOMO do not involve this specific atom. The
experimental and simulated absorption spectra of Au20Ag1
(Figure S5a,b) show low-energy peaks (a and b) correspond-
ing to HOMO → LUMO and HOMO → LUMO+1,
respectively (Figure 2a).
As silver tracing indicates there is a specific position in

M21(SR)15, theoretical analysis of M21(SR)15 molecular orbitals
is further performed in order to highlight the effect of the
special Au atom in Au21(SR)15 (i.e., the special Au occupies the
same position as the Ag does in Au20Ag1(S-CH3)15, i.e., Au@
Ag). When the special Au atom at the equivalent Ag position is
highlighted (marked in cyan, Figure 2b), it turns out that the
Au@Ag atom is the major contributor to the LUMO,
compared to the sum of all other Au atoms. Thus, the
LUMO orbital of M21 is localized (shape-driven) at the specific
position no matter whether it is occupied by Ag or Au.
When comparing the KS diagrams of the two M21 NCs

(Figure 2a/b), the HOMO energies are found to be almost the
same, while the LUMO energy of Au20Ag1 increases with
respect to that of Au21. This explains the distinct change in the

Figure 1. (a) Total structure and (b) ESI-MS spectrum of
Au30−xAgx(SR)18 NCs. Color labels: magenta, Au; light gray, Ag
dominant; pink, Au dominant; yellow, S; gray, C; and white, H.

Figure 2. Kohn−Sham (KS) orbital energy level diagrams for (a)
Au20Ag1(S-CH3)15, (b) Au21(S-CH3)15 with the specific Au atom (at
the Ag position in Au20Ag1(S-CH3)15) highlighted as Au@Ag, (c)
Au28Ag2(S-CH3)18, and (d) Au30(S-CH3)18 with the specific Au atoms
(at Ag positions in Au28Ag2(S-CH3)18) highlighted as Au@Ag. Each
KS orbital is drawn to indicate the relative contributions (line length
with color labels) of the atomic orbitals.
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energy gaps of the two NCs, i.e., ∼1.5 eV for Au20Ag1 and <1.2
eV for Au21 (Figure S5a,b vs d,e). The observation that the
specific Ag in Au20Ag1(S-CH3)15 contributes greatly to LUMO
(one Ag vs 20 Au atoms) explains why more Ag doping (x ≥
2) in Au21−xAgx(SR)15 does not change the optical properties
much.42

The Au28Ag2(S-CH3)18 case is similar to Au20Ag1(S-CH3)15
that the tracing Ag atoms participate in the LUMO and change
its energy, whereas they rarely affect the HOMOs (Figure 2c),
indicating the character of frontier orbitals is inherited in the
dimeric Au28Ag2(SR)18. The diagram of the LUMO of
Au28Ag2(S-CH3)15 illustrates that the lobes are around the
tracing Ag atoms at symmetric positions (Figure S5h), though
they are less well-defined than the LUMO localization on the
Ag in the Au20Ag1(S-CH3)15.
As the two special sites in Au30(SR)18 are indicated by Ag

tracing (supporting dimeric Au30), we again calculated the
specific Au atoms at the Ag positions in the Au30(S-CH3)18
(Au@Ag). Indeed, the two specific Au atoms in Au30(S-CH3)18
(marked in cyan, Figure 2d) constitute the major part of the
LUMO compared to the sum of all other Au atoms, resembling
the case of Au21(S-CH3)15. Therefore, even in homogold
Au21(SR)15 and Au30(SR)18, the LUMOs are mainly located on
the intrinsically active site(s) identified by Ag tracing.
In M30 NCs, peaks a and b can be found in the experimental

and simulated optical spectra (Figure S5f,g), in which peak a
corresponds to the HOMO → LUMO transition (Figure 2c).
By contrast, such a HOMO → LUMO transition (Figure 2d,
peak a) is almost absent in the spectrum of Au30 (Figure S5i,j),
although it is present in the discrete spectrum with very low
intensity (at ∼1.3 eV). The observable HOMO → LUMO
transition (a) in the spectra of Au28Ag2 (Figure S5f,g, peak a) is
attributed to the Ag interaction with the LUMOs, which
increases the oscillator strength of the transition. The HOMO
→ LUMO transition mainly comprises Au(sp) → Ag(sp) and
Au(d) → Ag(sp) transitions (Figure 2c).
We conclude that the two major advantages of the Ag

tracing strategy are (1) acting as label(s) to identify the
formation of dimeric M30 (where, M = Au or Au/Ag) upon the
structure determination by crystallography and (2) indicating
the active site(s) that play a critical role in the electronic
structure characteristics of M21 and M30 NCs. Although
heteroatom doping has been applied to Au-SR NCs for almost
two decades, such useful functions have not been utilized until
now.
Although the calculation is about M30(SR)18, the study is

limited to S-tBu. The chemistry reported depends upon the
accessibility to a given site and stabilization of a given product.
These may depend upon the ligand significantly. Therefore,
generalization to other ligands should be made with caution.
Energetic analysis is further performed via DFT to suggest

the thermodynamic feasibility of dimerization for various NC
pairs. The Au-SR NC pairs cover different structure types,
including the icosahedral pair of [Au25(SR)18]

0 versus
Au38(SR)24,

21,45 the cuboctahedral pairs of Au20Ag1(SR)15
42,43

versus Au28Ag2(SR)18 and Au21(SR)15 versus Au30(SR)18,
40,41

and the tetrahedral-network pair of Au28(SR)20 versus
Au44(SR)28.

32,36

The energetics of net-neutral intercluster reactions with only
Au-SR reactants and byproducts is given in Figure 3, showing
that dimers are favored in terms of Gibbs free energy (ΔG)
and electronic energy (ΔE) for each proposed reaction
pathway:

× → +− − − −2 Au (SR) Au (SR) Au (SR)n m n m4 4 2 12 2 12 4 4

Au4(S-CH3)4 is used as the reference because it has been
theoretically predicted46 and experimentally verified.47,48

Considering that all of the free energies for dimerization are
negative, the dimer is thermodynamically favorable even in
solutions of atomically precise NCs. We note that the energy
preference of the dimer is particularly pronounced for the
Au38(SR)24 cluster. Moreover, the reactions become non-
favorable if only electronic energy is taken into account, and
free-energy analysis is needed to capture entropic effects
driving the dimerization process. These results suggest the
reaction is feasible only from Au25 to Au38

23 but may not be
feasible for other pairs. In view of the dynamics known in such
systems, especially in solution, one wonders what makes the
specific locations stable in M30(SR)18 and M21(SR)15. It is
quite likely that reaction conditions are highly important in
determining the product.
We attempted to isolate the M21(SR)15 and react it with

excess thiol at 45 °C, but no reaction was observed. Hence, an
intermediate phase, i.e., Aun−4(SR)m−4, must be there before
the dimer can be obtained. In our case, it should be
Au16Ag1(SR)11, which is structurally shared by Au20Ag1(SR)15
and Au28Ag2(SR)18 (marked with “brick” artistic effect in
Figure S4c,d), that is assumed during the formation of dimer.
To test the pathway, we monitored the step II process (thiol

etching) by MALDI-MS. The crude product from step I was
dissolved in mixed toluene and thiol (v:v = 1:1.5) and etched
at 45 °C (Figures S6 and S7) or room temperature (Figures S8
and S9). A set of peaks corresponding to intermediate
M17(SR)11 (e.g., Au16Ag1(SR)11) along with M21(SR)15 was
observed first. One hour after reaction at 45 °C, a hump at
doubled m/z of M17(SR)11 indicated the appearance of
M34(SR)22 adduct. After 3 h, the peaks for M30(SR)18 became
more and more obvious, and the M34(SR)22 adduct diminished
to give rise to M30(SR)18 (e.g., Au28Ag2(SR)18, Figures S6 and
S7). By contrast, the formation of M30 was suppressed at RT
because of the energy barrier (Figures S8 and S9), and the final
product was M21 with some M17 intermediate.
We also found that the formation of Au28Ag2(SR)18 was

more favored when increasing the amount of thiol (e.g.,
toluene/thiol = 1:3 (v:v), Figures S10 and S11). Changing the
molar ratio of Au:Ag to 15:1 (closer to the stoichiometric ratio
of the final product) rendered Au16Ag1(SR)11 as the
intermediate, Au28Ag2(SR)30 as the major product, and
Au20Ag1(SR)15 as a minor product (Figures S12 and S13).

Figure 3. ΔG and ΔE of dimerization from DFT for different
proposed dimerization pairs with Au4SR4 referenced as AunSRm (R =
CH3) species. Color labels: magenta, Au; yellow, S.
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Considering the experimental results, the possible monomer
of the dimeric M30 should be M17, which was observed at the
initial stage of the synthesis. The possible reaction process is
proposed as shown in Figure 4. The structure of the

Au16Ag1(SR)11 (M17) intermediate is proposed on the basis
of the experimental structure of Au20Ag1(SR)15 by eliminating
a Au4(SR)4 unit from the surface (Figure 4a dashed circles). By
rotating the resultant Au16Ag1(SR)11 by 180° along the z axis
(Figure 4b, z axis is out of plane) and attaching two of them in
a face-to-face manner (Figure 4b dashed squares), a
Au32Ag2(SR)22 (M34) adduct could be obtained. Note, a
second Au4(SR)4 unit is eliminated from the other
Au20Ag1(SR)15 that takes part in the fusion process. Finally,
a third Au4(SR)4 unit is eliminated at the fusion Au4 plane
(Figure 4c dashed square) from the adduct, giving rise to a
dimeric Au28Ag2(SR)18 structure, which is exactly the
experimentally observed structure (Figure 4d). In addition,
the specific position that Ag takes in the Au20Ag1(SR)15
maintains its location when the Au28Ag2(SR)18 dimer is
formed.
Given the above conversion of Au20Ag1(SR)15 to

Au28Ag2(SR)18 with Au16Ag1(SR)11 as the intermediate, i.e.,
Au28Ag2(SR)18 NC is formed from dimerization of two
building blocks, such as Au16Ag1(SR)11, we suggest that the
formation of a stable Au-SR NC could be trapped by a
thermodynamic potential-well under a given condition (i.e.,
RT) and it can further evolve into a more stable NC by
dimerization under appropriate conditions (i.e., 45 °C). The
relationship between the starting and the final NCs can also be
understood by their coexistence in one pot. The fact that
Au28Ag2(SR)18 can be obtained only at higher temperature
suggests that it is more thermodynamically favored, when
made kinetically accessible.
Because M30(SR)18 is proposed to be obtained via

dimerization of two M17(SR)11 intermediates (eliminating
one Au4(SR)4 unit), M21(SR)15 might be formed via a
termination process by capping the intermediate M17(SR)11
with Au4(SR)4 (Scheme 1). The valence-electron count
doubles from 6e of M21(SR)15 to 12e of M30(SR)18. More
evidence should be pursued in future work.
In summary, this work highlights the importance of the

heteroatom tracing strategy which provides a signature in the
dimeric M30(SR)18 NC, i.e., Ag atoms in the doped NCs serve

as labels to trace the specific positions when a dimer is formed.
TDDFT reveals that the specific position(s) identified by Ag
tracing in M21(SR)15 and M30(SR)18 are electronically active
site(s), on which the LUMO is localized. The active site(s) are
intrinsic in the NCs, regardless of applying Au or Ag
occupancy. Thus, it is revealed with heteroatom doping that
the electronic structure can be mainly correlated to specific
position(s) in the NCs rather than taking all Au atoms equally.
The dimerization insight from the current cuboctahedral
M21(SR)15-to-M30(SR)18 conversion, together with the earlier
reported icosahedral [Au25(SR)18]

0-to-Au38(SR)24 conver-
sion,23 may find more generality in future work. Dimerization
is a specific aspect of reactivity; thus, the obtained insights may
be applied to other known cases of chemical reactions.
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