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Abstract: Structural isomerism allows the correlation between
structures and properties to be investigated. Unfortunately, the
structural isomers of metal nanoparticles are rare and genuine
structural isomerism with distinctly different kernel atom
packing (e.g., face-centered cubic (fcc) vs. non-fcc) has not
been reported until now. Herein we introduce a novel ion-
induction method to synthesize a unique gold nanocluster with
a twist mirror symmetry structure. The as-synthesized nano-
cluster has the same composition but different kernel atom
packing to an existing gold nanocluster Au,(TBBT)y
(TBBT=4-tert-butylbenzenethiolate). =~ The  fcc-structured
Auy,(TBBT),s nanocluster shows more enhanced photolumi-
nescence than the non-fcc-structured Au,(TBBT),s nanoclus-
ter, indicating that the fcc-structure is more beneficial for
emission than the non-fcc structure. This idea was supported by
comparison of the emission intensity of another three pairs of
gold nanoclusters with similar compositions and sizes but with
different kernel atom packings (fcc vs. non-fcc).

Structural isomerism is an important concept in organic
chemistry and has been heavily investigated theoretically for
clusters.!] Recently this important concept has been studied in
the liquid/solid phase nanoparticle field, providing excellent
opportunities for understanding the correlation between
structure and property in depth.”) Metal nanoclusters,®! as
ultrasmall nanoparticles, are ideal materials to study the
structural isomerism at nanoscale because their composi-
tions! and structures® can be precisely determined with the
development of characterization techniques such as electro-
spray ionization mass spectrometry (ESI-MS)i¢ and X-ray
crystallography (XC).”¥ However, only a single pair of
genuine structural isomers in liquid/solid phase has been

reported until now,” although several quasi-structural iso-
mers have been claimed.”™ ¥ Thiolated metal nanoclusters
generally consist of pure metal kernels and mixed metal-
ligand staple motifs;**¢ recently, it has been revealed that fcc-
structured kernels are not an exclusive feature of nanocrystals
but are possessed by some nanoclusters as well.?¢47 How-
ever, the only two structural isomers of metal nanoparticles
both possess non-fce-structured kernels.”! It is questionable
whether it is possible to obtain structural isomers in which one
has non-fcc and the other has fcc kernel atom packing, given
that ligands generally influence the kernel atom packing. For
instance, phenylethanethiolated gold nanoclusters always
exhibit non-fcc kernel atom packing,""** while 4-tert-butyl-
benzenethiolated gold nanoclusters generally have fcc pack-
ing.[h—f,h]

Metal nanocluster photoluminescence is another phe-
nomenon that has attracted interest not only for fundamental
scientific research but also for practical applications.t!
However, even the fundamental question regarding the
influence of kernel atom packing on metal nanocluster
photoluminescence is still unanswered. Because a multitude
of factors impact metal nanocluster photoluminescence, such
as nanocluster’s aggregation,”) ligand choice!™ and Au/SR
atomic ratio,l'!l it is necessary to keep these characteristics
consistent in order to probe the impact of kernel atom
packing. Structural isomers with different metal atom packing
(fcc vs. non-fce) serve as ideal materials for this kind of
investigation. With this motivation in mind, we report the
successful synthesis of such structural isomers and an inves-
tigation of their photoluminescence comparison, which is
detailed below.
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4-tert-butylbenzenethiol (TBBTH) was chosen as the
protecting ligand because a series of fcc-structured gold
nanoclusters had been reported using this ligand, including
Au28(TBBT)20,[7bJ Au36(TBBT)24,[7"‘J Au42(TBBT)26,[7gJ Auyy
(TBBT),,"Y  Aus,(TBBT)3,™!  and  Augy(TBBT),,."!
Medium-sized gold nanoclusters (Au,, 40<n<100) with
non-fce structures were targeted in this synthesis due to the
ease of crystallization compared to that of larger gold
nanoclusters and because genuine structural isomers of this
size had not yet been reported. We successfully synthesized
a non-fec-structured Auy,(TBBT),, nanocluster (abbreviated
Auy,y), which is the structural isomer of the existing fcc-
structured Au,(TBBT),, (abbreviated Au,,p)."" In the syn-
thesis, a foreign cation, cadmium, is necessary, that is, without
the addition of Cd, the same product cannot be obtained. The
addition of Cd may influence the kinetics and thermodynam-
ics in the producing of Auyy nanoclusters by, for example,
forming some unstable Au/Cd intermediates, by tuning the
reducing ability of NaBH,, or by influencing the etching rate
of thiol."” However, the detailed mechanisms need to be
pursued in the future. Such a synthesis method can be dubbed
an “ion-induction” approach in which ions are added into the
reaction mixture to induce the formation of the special
product(s). Note that such a synthetic method has not been
previously reported. Details regarding the synthesis are
provided in the Supporting Information. The fcc-structured
Auy,r nanoclusters were synthesized by our previous meth-
od.™ Note that, Au,,y and Au,,r nanoclusters do not coexist
in the given reaction conditions and it is observed that the
producing of Auyy and Auy,y is sensitive to both kinetic and
thermodynamic parameters (e.g. time, temperature, solvent,
Au salt/thiol molar ratio, etc.). In other words, the two isomers
are difficult to obtain under alternative conditions, which
indicates that the underlying mechanisms to produce one type
of cluster over another can be attributed to kinetic control
and thermodynamic selection as reported previously.!'*"

The two structural isomers were characterized by UV/vis/
NIR spectroscopy in dichloromethane and -electrospray
ionization mass spectrometry (ESI-MS) as shown in
Figure 1. The absorption spectrum of Au,y has two prom-
inent peaks at 365 and 867 nm and three humps at 396, 477
and 619 nm (see Figure 1a), respectively; while Augyp has
several weak humps at 400, 440, 490 and 636 nm (see
Figure 1c), respectively. These distinct optical features illus-
trate the structure difference between the two abovemen-
tioned nanoclusters. ESI-MS was applied to determine the
formula of the two nanoclusters. To assist the ionization,
cesium acetate (CsOAc) was added to the nanocluster
solution to form positively charged adducts. A dominant
peak centered at m/z 6418.06, corresponding to [Aug,-
(TBBT),s + 2Cs]*" (calculated: m/z 6418.17, deviation: m/
z0.11 ), was observed in the mass spectrum of Augy
(Figure 1b), and a similar peak centered at m/z 6418.32 was
also observed in the spectrum of Au,, (Figure 1d), demon-
strating that the two nanoclusters have the same formula
Augy,(TBBT),,. X-ray crystallography (XC) analyses further
confirmed the two nanoclusters being structural isomers.

As shown in Figure 2a, Auyy contains a non-fcc Auy
kernel that can be split into three units: upper, middle and
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Figure 1. The UV/Vis/NIR absorption spectra and ESI-MS of

Augzy (a,b) and Augy (c,d).
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Figure 2. The kernel structure of Aug,y. Auy kernel (a), the top and
side view of non-fcc unit 1 (b), interface (c) and non- fcc unit 2 (d), and
the rotating operation of Auy kernel (e). Red, green, and purple=Au,
see text for details. For clarity, all the C and H atoms are omitted.

bottom. As illustrated in Figure 2, both the upper and bottom
units are composed of 9 gold atoms, colored red and purple,
respectively, and the middle unit has eight gold atoms forming
a concave quadrilateral interface, colored green in Figure 2.
Interestingly, the Au,¢ kernel is twisted when viewed along the
longitudinal axis direction. To illustrate this twisting clearly,
the bottom non-fce-structured Auy unit is virtually rotated by
about 85° counterclockwise along the longitudinal axis; then,
it can be found that the upper and bottom Au, units have
mirror symmetry as seen in Figure 2b,d. Similarly, when the
Auy, kernel is first rotated by around 85° counterclockwise
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along the longitudinal axis and then rotated by 180° along the
horizontal axis of the kernel, the resulting kernel conforma-
tion is the same as the original one (Figure 2¢). Note that the
two Au, units do not form a traditional twin crystal due to
their separation by a special Aug interface (see Figure 2a), but
such a structure is surprising and to our knowledge was not
previously reported. In contrast, Auyyr contains a fce-struc-
tured Au,g kernel (see Figure S1 in the Supporting Informa-
tion, and the structure details were illustrated in our previous
work)."8l Clearly, the two Au,, nanoclusters have distinctly
different kernel atom packing (non-fcc vs. fcc).

The Au, kernel of Auyy is capped by several motifs
including four Au;(TBBT),, four Au(TBBT), and two TBBT
units (see Figure 3). Specifically, four Aus(TBBT), units form
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Figure 3. The staple structure of Auy,y. The Au, kernel (a), four
Au;(TBBT), units (b), Auss(TBBT),¢ fragment (c), four Au(TBBT),
units (d), Au,,(TBBT),, fragment (e), total structure of non-fcc Auy,-
(TBBT) (f), the configuration of Au;(TBBT), (g) and Au(TBBT), (h)
staple on the Au; facet of the kernel, and the configuration of a single
TBBT ligand on the kernel (i). Color label: Magenta and green=Au;
yellow=S. For clarity, all the C and H atoms are all omitted.

eight Alye—Ssaple DOnds on the surface of the Au,q kernel
(Figure 3a—c), four Au(TBBT), units form eight Auymei-Sqaple
bonds on the waist of the Au,, kernel (Figure 3d,e), and two
TBBT ligands contribute to four Auy,—Sg.. bonds (see
Figure 3f). Figure 3g depicts an enlarged image of four
AUy ne—Sgaple bonds (average bond length: 2.376 A) formed
by the kernel capping from two Auy(TBBT), units; for an
enlarged image showing two Auyye—Sy.ye bonds (average
bond length: 2.376 A) formed by the kernel capping of one
Au(TBBT),, see Figure 3h. In contrast, the staple structure of
Au,,r which was also illustrated in our previous work™ is
shown in Figure S2.

www.angewandte.de

Zuschriften

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

As mentioned above, the photoluminescence of metal
nanoclusters is influenced by multiple factors,*"" therefore
the isolation of structural isomers with distinctly different
kernel atom packing provides an excellent opportunity to
investigate the kernel atom packing influence on the photo-
luminescence. There are very few reports regarding photo-
luminescent gold nanoparticles with fcc-structures (the nano-
particles with photoluminescent ligands are not considered
herein); thus, it is anticipated that the fcc structure may be not
beneficial to the emission.'"™ However, our experiments
illustrated that Aug,r has stronger emission than that of Auy,y
(the photoluminescence quantum yield of Au,,is about twice
as high as that of Au,,y, see Figure S3a,b), indicating that the
fce structure does not actually inhibit the emission compared
with the non-fcc structure. The density function theory (DFT)
calculation reveals that the charge states of total 42 Au atoms
(26 ligands) in Auyy and Augp are +2.678 (—2.678) and
+2.898 (—2.898), respectively (Figure S4), which indicates
that the kernel atom packing influences the charge distribu-
tion between the metal atoms and ligands. The more positive
charge state in the metal part (or more negative charge state
in the organic part) benefits the charge transfer from ligands
to metal part via Au-S bond,""! thus triggering more extensive
photoluminescence, which provides theoretical interpretation
for the fact that fcc-structured Au,, has stronger photo-
luminescence than non-fcc structured Au,, nanocluster.

We further compared the photoluminescence intensity of
another three pairs of gold nanoclusters with similar compo-
sitions (sizes) but different kernel atom packings (Figure S5):
non-fee-structured  Auy,(TBBT), " versus fce-structured
Au(TBBT),,"" non-fee-structured Ausg(2,4-DMBT),, (2,4-
DMBT =2 4-dimethylbenzenethiolate) versus fcc-structured
Aus(2,4-DMBT),, and non-fec-structured Au,g(TBBT),g!"!
versus fce-structured Aus,(TBBT)s,," respectively (see Fig-
ure S3c-h). Note that non-fcc-structured Ausg(2,4-DMBT),,
(see Figure S6a) and fcc-structured Aus,(2,4-DMBT),, (see
Figure S6¢) are newly synthesized in this work and their
structures are similar with previously reported Ausg(PET),,
(PET = phenylethanethiolate)® (see Figure S6b) and Auy,-
(CHT),, (CHT=cyclohexanethiolate (see Figure S6d),"*!
respectively, without considering the ligand difference (for
the comparison of their structures, see Figure S6). For the
photoluminescence quantum yield calculation method, the
sample concentrations (Table S1) and the cluster extinction
coefficients (Figures S7-15), see the supporting information.

The experimental results (see Figure S3) show that in all
cases fcc-structured gold nanoclusters have stronger photo-
luminescence than non-fcc structured gold nanoclusters with
similar compositions and sizes, demonstrating that the
observation of photoluminescence difference between Auy,
and Augy is not an exclusive case and supporting the
hypothesis that the fcc structure might be more beneficial to
the photoluminescence than the non-fcc structure.

In summary, our work has shown: 1) a novel synthesis
method for metal nanoclusters; 2) three novel nanoclusters
(non-fcc  Aug(TBBT)ys, Augy(2,4-DMBT),,, and Augg(2,4-
DMBT),,) were synthesized and characterized with atomic
precision; 3) the twist mirror symmetry structure was first
observed in metal nanoclusters; 4) for the first time, genuine
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structural isomers with distinctly different kernel atom
packing (fcc vs. non-fcc) was obtained; and 5) kernel atom
packing-dependent photoluminescence was observed for the
first time. It is expected that this work will stimulate more
research on structural isomerism at the nanoscale and
structure—property relationships.
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