Q@
0
t
<
<
O
—_
©
Lo}
(2}
o}
14

Nano
esearch
2020, 13(7): 1908-1911

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-020-2685-0

Superatomic Au;; clusters ligated by different N-heterocyclic
carbenes and their ligand-dependent catalysis, photoluminescence,
and proton sensitivity

Hui Shen', Sijin Xiang', Zhen Xu', Chen Liu?, Xihua Li', Cunfa Sun', Shuichao Lin', Boon K. Teo', and
Nanfeng Zheng' (53))

! State Key Laboratory for Physical Chemistry of Solid Surfaces, Collaborative Innovation Center of Chemistry for Energy Materials, National &
Local Joint Engineering Research Center of Preparation Technology of Nanomaterials, College of Chemistry and Chemical Engineering,
Xiamen University, Xiamen 361005, China

2 School of Pharmaceutical Science, Xiamen University, Xiamen 361002, China

© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020
Received: 10 November 2019 / Revised: 26 January 2020 / Accepted: 27 January 2020

ABSTRACT

We report herein a class of superatomic Auss clusters stabilized by different N-heterocyclic carbenes (NHCs). The clusters show
diverse metal surface structures, properties and functions as exemplified by: (1) the first anionic Auss cluster [Aus3(NHC-1)eBrs],
which has bulky NHC-1 ligands that lead to a rather open metal surface contributing to its high catalytic activity; (2) the tricationic
cluster [Ausg(NHC-2)sBrz]** which has bidentate, benzyl-rich NHC-2 ligands that make it ultra-stable and highly-luminescent,
suitable for bio-imaging; and (3) by bearing two pyridyl groups on NHC-3, the dicationic cluster [Auis(NHC-3)sCls]** exhibits
reversible and stable visible absorption and solubility responses to protonation/deprotonation cycles, making it a potential pH
sensor (NHC-1 = 1,3-diisopropylbenzimidazolin-2-ylidene; NHC-2 = 1,3-bis(1-benzyl-1H-benzimidazol-1-ium-3-yl)propane; NHC-3 =
1,3-bis(picolyl)benzimidazolin-2-ylidene). The study nicely demonstrates the importance of ligands in designing metal nanoclusters

with desired functionalities.
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1 Introduction

Atomically precise, ligand-protected metal nanoclusters (NCs)
are important [1-3] in applications such as bio-imaging [4, 5],
chemical sensing [6, 7], catalysis [8-11], and nanomedicine
[12, 13]. The properties of metal NCs are primarily determined
by their compositions and structures, within which metal con-
figuration, ligand type and disposition, and metal-ligand
interface are key factors [14]. To introduce functional diversity
to a given metal NC, ligand exchange strategy may be employed
[15, 16], but this methodology can be limited due to incomplete
ligand exchange and the difficulty in mapping the exchange
sites [17]. Recent studies by Workentin et al. demonstrated an
efficient strategy to multi-functionalize Au»s by introducing a
clickable azide to thiol ligand, whose metal-organic interfacial
structure can not be significantly tuned [18].

N-heterocyclic carbenes (NHCs) have recently emerged as a
new class of ligands in the filed of gold NCs [19, 20]. In
particular, the work by Crudden and co-workers demonstrated
a pioneer work on imparting NHCs on Au NCs via ligand-
substituent strategy, yielding the first single-crystal structure
of Au NC with an N-heterocyclic carbene ligand [21]. Very
recently, Aui; and Aus stabilized by NHC and halides have
also been reported by Crudden and Zheng groups, respectively

[22, 23]. In these works, it was found that NHC-stabilized Au
NCs are highly stable, providing us a perfect platform for their
further functionalization. A further attractive feature of NHCs
is that there is comparative ease to prepare and study various
structurally diverse analogues [24-26]. Especially, the N-
substituents situated adjacent to carbene center have significant
influence on their electronic and stereochemical environments.
The dependence and sensitivity of the structure of the resulting
cluster on the nitrogen-substituents allow fine-tuning of their
properties for specific applications.

Herein we report the syntheses, structures, and properties
of three clusters Auis protected by NHCs and halide ligands.
The first cluster, characterized as [Auis(NHC-1)sBrs]™ (1, shown
in Fig. 1(d)), was synthesized with 1,3-diisopropylbenzimidazolin-
2-ylidene (NHC-1) which has two bulky wing-tip iso-propyl
groups (Fig. 1(a)). It is the first anionic Auis cluster known
to date. Cluster 1 has a wide open surface and is catalytically
active. The second cluster is a trication, formulated as
[Auis(NHC-2)sBra]** (2, Fig. 1(e)), was prepared by using a
bidentate carbene ligand 1,3-bis(1-benzyl-1H-benzimidazol-
1-ium-3-yl)propane (NHC-2) (Fig. 1(b)). Cluster 2 is ultra-
stable and highly luminescent. The third cluster is the dicationic
[Auwis(NHC-3)sCl:]** (3, Fig. 1(f)) protected by 1,3-bis(picolyl)
benzimidazolin-2-ylidene (NHC-3) (Fig. 1(c)) functionalized
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Figure 1 Molecular structure of NHCs used in this work (a)-(c); atomic
structure of three Auis superatoms [Auis(NHC-1)Brs] ™ (1), [Auis(NHC-2)sBr2]**
(2), and [Auis(NHC-3)sCls]** (3), respectively (d)-(f); packing structure
of the three superatoms, respectively (g)-(i). Color legend: orange, Au; red,
Br; turquoise, Cl; blue, N; gray, C and H atoms are omitted for clarity.

with pyridine-bearing wing-tips. Cluster 3 exhibits reversible
visible absorption and solubility response to protonation/
deprotonation. Our findings offer promise for producing
metal nanoclusters with outstanding performance in diverse
fields such as biomaterials, catalysis, sensors, etc.

2 Results and discussion

2.1 Synthesis, characterization and atomic strucure

The detailed synthesis of ligands, gold precursors and clusters
are provided in the Electronic Supplementary Material (ESM)
(Schemes S1-S3 and Fig. S1-S9). In brief, alkylation of
benzimidazole with haloalkanes affords NHCs [27], which
after reacting with Au salts, give NHC-Au complexes [28].
The reduction of the gold precusors in a one-pot synthesis
afforded three Auis clusters described below.

All three clusters were characterized by single-crystal X-ray
crystallography, revealing the complete formulations as
[Pr-bimyH][Auis(NHC-1)6Bre] for 1, [Auis(NHC-2)sBr]Brs
for 2, and [Auis(NHC-3)sCls](SbFs): for 3 (cf. Figs. 1(d)-1(f)).
Interestingly, there is a [Pr-bimyH]* cation co-crystallized
with cluster 1 (as counter cation). Unexpectedly, clusters 1, 2, and
3 bear different overall charges of —1, +3, and +2, respectively,
as a result of the NHC ligands used. 1, 2 and 3 crystallize in
the centrosymmetric P2i/n, P2:/c and P2i/c space groups
(Table S1 in the ESM) whose unit cells contain 2, 4, and 4
clusters (Figs. S10 and S11 in the ESM), respectively.

The metal core of 1, 2, or 3 is a centered icosahedron, which
is capped by both NHCs and halides. Detailed structure
information of clusters 1-3 are summarized in Table S2 in the
ESM. Including the carbine and halide atoms, cluster 1 has no
symmetry elements (Fig. S12 in the ESM). Cluster 2 belongs to
idealized Dsqs and cluster 3 conforms to pseudo C; symmetry
(Figs. S13 and S14 in the ESM). Based on the formulas and
Jellium model, all three clusters are 8-electron superatoms [29]
and are expected to be stable.

The co-crystallization of a [Pr-bimyH]* cation for each
[Awis(NHC-1)¢Bre]~ in 1 was confirmed by '"H NMR (Fig. S15),
indicating the negative charge of 1. The molecular compositions
of 2 and 3 were independently confirmed by electrospray
ionization mass measurement (ESI-MS) (Fig. S16 in the ESM).
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Perfect agreement between simulated isotopic pattern and
experimental spectrum confirms their composition. Ultraviolet/
visible (UV/Vis) spectra of title superatoms are similar, with
two main peaks at ~ 410 and ~ 520 nm (Fig. S17 in the ESM).

2.2 Bulky NHC endows cluster 1 with open and
catalytically active surface

As stated previously, cluster 1, with its bulky NHC-1 ligands
(bulky 'Pr nitrogen-substituents), has a rather open metal
surface (cf. Figs. 1(a), 1(d) and 1(g)) and may be catalytically active.
Indeed, it can catalyze hydrochlorination of phenylacetylene
[30, 31]. The catalytic reaction was conducted by adding 5%
mmol activated carbon (XC-72)-supported cluster 1 (based on
Au) to a solution of phenylacetylene in 1,2-dichloroethane
and bubbling HCI gas into the solution. As illustrated in Fig. 2(a),
cluster 1 displayed an extremely high activity in hydrochlorination
of phenylacetylene to (1-chlorovinyl)benzene at 25 °C as its
conversion close to 100% after 4 h. Moreover, the catalyst
displayed an excellent stability as multiple runs of the reaction
afforded the desired product with almost the same reaction
reactivity (Fig. 2(b)). We also compared the UV/Vis spectroscopic
fingerprints and transmission electron microscopy (TEM)
images of the fresh and used catalysts, no change was observed in
spectral features and particle size, indicating that Au nano-
clusters were intact during the catalysis reaction (Figs. S18
and S19 in the ESM). We attribute the observed excellent
catalysis ability of 1 to its sterically open halide sites. In contrast,
cluster 2 (to be discussed next) and cluster 3 exhibit no
reactivity, which may be due to its nearly full surface coverage
by ligands.

2.3 Bidentate NHC-2 makes cluster 2 ultra-stable,
highly-luminescent and applicable for bio-imaging

Based on the 8-electron count of superatom, cluster 2 is
expected to be rather stable. We were, however, surprised by
its ultra-high stability. As shown in Fig. S20 in the ESM, the
UV/Vis spectrum of 2 showed no discernible change after 12 h
treatment with various temperatures (i.e., 100 and -70 °C),
redox conditions (i.e., H:O,, NaBH.), a wide range of pH from
1 to 11, and bio-related media. The ultra-stability of 2 was also
confirmed by tracking its fluorescence spectra under above-
mentioned conditions (Fig. S21 in the ESM). The most amazing
observation is that 2 can even survive up to 6 min when
treated with freshly prepared aqua regia (Fig. S22 in the ESM).
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Figure 2 Catalytic properties of cluster 1. (a) Catalytic performances of
5% mmol 1/XC-72 recorded at different reaction time points for the
hydrochlorination of phenylacetylene in the first run. (b) Recyclability of
XC-72 supported 1 in term of activity (the conversion was calculated
based on the catalysis reaction time of 3 h). Reaction conditions: 25 °C
(RT), 1,2-dichloroethane (DCE) as solvent, 5% mmol catalyst (based on
Au), naphthalene as internal standard, yield was determined by 'H NMR.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1910

In addition to its ultra-stability, 2 exhibits strong lumine-
scence in both solid and solution form under UV light (Fig. S23(b)
in the ESM). Upon excitation at 420 nm, 2 exhibits a prominent
peak at 650 nm with a high quantum yield of 15% (Fig. 3(a),
red trace) and luminescence decay time of 2.4 us (Fig. 3(b)).
We believe the photoluminescence can be attributed to the
intra-cluster m---m, C-H---m and C-H---Au interactions between
neighboring NHC ligands as well as between NHC ligands and
select gold atoms (Fig. S24 in the ESM), which significantly
restrict the movement of the planar NHC ligands on the
surface of the cluster to inhibit the non-radiative radiation. In
comparison, cluster 1 with open surface structure is barely
photoluminescent (Fig. S23(a) in the ESM). With also bulky
ligands stabilizing its surface, cluster 3 exhibits a similar
photoluminescent behavior to that of 2. But the quantum yield
of 3 is 7.5% (Fig. 3(c)). Its luminescence decay time is 1.2 ps,

also shorter than that of 2 (Fig. 3(d)).

Inspired by encouraging results obtained through a series of
stability tests and its outstanding photoluminescence property,
we further investigated the potential application of 2 in cell
imaging. Human cervico carcinoma cell (HeLa) line was chosen
to evaluate the ability of 2 to light up affected part of the cell.
The standard 3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazole
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Figure 3 (a) and (c) UV/Vis (black) and emission (red, excited at 420 nm)
spectra of 2 and 3. (b) and (d) Luminescent decay curve of 2 and 3 at room

temperature.

Figure 4 Confocal fluorescence images of (a)-(c) Mito-Tracker Green;
cluster 2; overlay in dark field. (d)-(f) Hela cells; cluster 2; overlay in
bright field. Scale bar = 20 um.
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bromide (MTT) assay suggested that 20 uM of 2 in dimethyl
sulfoxide (DMSO)/Dulbeccos modified Eagle’s medium (DMEM)
(1:99) did not induce obvious cytotoxicity to HeLa (Fig. S25
in the ESM). Therefore, 10 pM in DMSO/DMEM (1:99) was
administered to HeLa cells of which at least 90% remained
viable for the following confocal fluorescence imaging. To help
position live cells in dark field, we also utilized commercial
staining agent Mito-Tracker Green” which confers mitochon-
dria a green color under 488 nm laser irradiation. It is clearly
depicted in the overlay image (Fig. 4(e)) that prominent red
signal attaches onto the cell membrane. Meanwhile, we also
observed that 2 suffered from non-substantial cellular internali-
zation due to relatively long incubation time (Fig. 4). Confocal
fluorescence images were captured at different incubation
periods (Fig. S26 in the ESM). The brightness of emission
originated from cluster 2 was revealed to become significant at
4 h and keep beyond 12 h. Moreover, the hydrodynamic size,
zeta potential and UV/Vis spectroscopic measurements also
suggested no obvious aggregation of cluster 2 in physiological
environment (i.e. phosphate buffered saline (PBS), culture
media), and under strong irradiation of Xe lamp for 12 h (Figs. S27
and 28 in the ESM), making cluster 2 promising for biological
applications.

2.4 Pyridyl-bearing NHC-3 functions the superatom
reversible visible absorption and solubility responses
to protonation/deprotonation events

Owing to the basicity of the pyridyl substituents on the two N
atoms ortho to the carbene atom, cluster 3 exhibits optical and
solubility responses to protonation/deprotonation. In detail,
when 3 was dissolved in dichloromethane and treated with
hydrochloric acid, it was readily transferred into aqua phase
(Fig. 5, inset). The absorption band of 3 was shifted from 408
to 415 nm (Fig. 5), suggesting that the formation of a cationic
charge at the distal pyridyl nitrogen would influence the
electronic and physical properties of the Awi; moieties. Note
that these protonation/deprotonation cycles are completely
reversible and reproducible. The spectrum of the protonated
form of 3 was reverted to its original pattern upon neutralization
of the solution by the addition of a base such as NaHCO:; (Fig. 5),
suggesting that this system may be used as a pH indicator.

a b

@ Auy-NHC | () Auya-NHC l

3 3

8 8

8 8

§ HCI §

s NaHCO, g

< <
L] T T T T b T ¥ T v T L4 T L3 T L]
400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 5 Cluster 3 shows reversible UV/Vis absorption and solubility
responses to protonation/deprotonation events.

3 Conclusion

In summary, three centered icosahedral Aui; clusters, 1, 2, and
3, protected by different N-heterocyclic carbene and halide
ligands, were prepared and structurally characterized. It was
demonstrated that for a given metal framework, modification
of N-heterocyclic carbenes is an efficient strategy to tune its
surface structure, physic-chemical properties, and tailorable
for specific applications. It was demonstrated that (1) cluster 1
has bulky NHC-1 ligands which leads to a rather open metal
surface contributing to its high catalytic activity; (2) cluster 2
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has bidentate, benzyl-rich NHC-2 ligands that makes it ultra-
stable and highly-luminescent, suitable for bio-imaging; and (3)
by bearing two pyridyl groups on the NHC-3 ligands, cluster 3
exhibits reversible and stable visible absorption and solubility
responses to protonation/deprotonation cycles, making it a
potential pH sensor. Other functions, such as magnetism,
chirality, and semi-conductivity, of NHC-ligated metal clusters
are under development in our laboratory.
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