N-heterocyclic carbene-stabilized Aui; superatom clusters
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ABSTRACT: Magic number Au,; nanoclusters stabilized
entirely by N-heterocyclic carbenes (NHCs) have been
prepared by the bottom-up reduction of well-defined
molecular NHC-Au-Cl complexes with sodium borohy-
dride. The nature of the wingtip groups was shown to
be critical in the preparation of stable clusters. The all
NHC-clusters are prepared in high yield by this straight-
forward method, display higher stability than related all
phosphine clusters, and possess extremely high emis-
sion quantum yield. DFT analysis of these clusters based
on the resolved crystal structure reveals their electronic
structure as 8-electron superatoms.

Metal nanoclusters are atomically-precise class of na-
nomaterials that, unlike metal nanoparticles, feature
precise structures and discrete molecular orbitals and
electronic transitions." Since the ground-breaking re-
port from Kornberg of a crystallographically character-
ized Au.o-(SR) 4, cluster in 2007, ** nanoclusters contain-
ing up to 333 Au atoms have been reported.’ The stabil-
ity of these clusters is explained with the “superatom”
theory first described by Hakkinen and collaborators,
which predicts structure based on closed electronic
shell configurations.” * This property differentiates
"magic number" clusters from coordination clusters, the
latter featuring Au(I) centers held together via aurophil-
lic interactions and bridging X-type ligands.®

Thiols have long been the ligands of choice for super-
atom nanoclusters.’ L-type ligands such as phosphines
can also be employed, although these ligands are not as
omnipresent as thiolates.” Clusters in which the only
ligands are NHCs are limited to a handful of examples.
In seminal work, Sadighi® and Bertrand® showed that
mixed valence NHC clusters (Au(o/1)) can be prepared
by reaction of carbon monoxide with Au carboxylates or
ps-oxo Au clusters (Figure 1A). NHC-stabilized coordi-
nation clusters with gold atoms in the +1 state have been
reported by Corrigan® and Shionaya,” but thus far,
there have been no examples of all-NHC magic number

Au(o) nanoclusters. Considering the high activity of
Au(o) clusters in catalysis biomedicine, sensing, imag-
ing, optics and energy conversion®, and the rising in-
terest in the use of NHCs as stabilizing ligands for metal
surfaces,” access to these unique structures is of signifi-
cant importance. Our groups recently succeeded in in-
troducing NHCs into the known phosphine-stabilized
Auy, nanoclusters via a ligand exchange approach (Fig-
ure 1B).” The number of NHCs introduced could be
tuned in the range of 1-5, but complete replacement was
not possible.

Herein we describe a straightforward, high yielding
synthesis of gold (o) superatom clusters functionalized
by all NHCs along with their structure determination by
X-ray crystallography (Figure 1C). These clusters have
unique photophysical properties, including among the
highest quantum yields reported for gold nanoclusters.”
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Figure 1: NHC-containing Au clusters. A: NHC-stabilized
mixed valence Au(o/1) clusters; B: Mixed phosphine/NHC-
stabilized Au(o) clusters; C: All NHC-stabilized Au(o) clusters.



We and others have previously shown that the wingtip
groups on the NHC are of paramount importance in
terms of bonding modes to planar gold surfaces.”® ™ ™
In the synthesis of NHC-containing nanoclusters, we
also showed that the nature of the NHC ligand had a
large effect on the substitution chemistry, with benzyl
substituents providing the cluster with the highest ex-
tent of NHC for phosphine subsitution.” In a key com-
putational paper, Tang and Jiang® have predicted that
aromatic wing-tip groups will provide considerable sta-
bilization when NHCs bind to surfaces of all types, but
that when unusually bulky NHCs are employed, the
number that can be introduced around a gold core is
limited.

In recent work from our group where a displacement
reaction was used to prepare mixed NHC/phosphine
gold clusters, we found that the use of benzylated NHCs
gave the largest number of NHCs on the cluster under
comparable conditions. Based on this, the Jiang predic-
tions, and the likelihood of n-m interactions stabilizing
the cluster, we targeted benzylated NHC 1a as our first
choice for the first de novo synthesis of Au-NHC
nanoclusters.

Precursor synthesis began with the preparation of mo-
lecular NHC-Au-Cl complexes. In addition to benzim-
idazolium salt 1a, we also examined related salts 1b-f,
which have aromatic substituents on the wing-tip
groups. The desired gold complexes could be produced
easily and in high yield by the reaction of commercially
available Me,S-Au-Cl with benzimidazolium salts (1a-
e) in the presence of K,CO;, following the work of Nolan
and co-workers for the preparation of related Au-NHC
complexes (Equation 1).”° The use of these simple com-
plexes as starting materials for cluster synthesis already
presents an advantage vs. thiolate chemistry, where re-
duction is performed on an ill-characterized and likely
polymeric mixture of sulfur-bridged species.®
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With NHC-Au-Cl complexes 2a-e in hand, we opti-
mized the conditions for cluster synthesis with 2a using
NaBH, as the reducing agent. Initial results were prom-
ising, with UV-vis data indicative of the presence of
clusters rather than nanoparticles. After investigating a
variety of conditions, we eventually settled on reduction
at o °C, followed by warming to room temperature and
treatment with HCl, taking inspiration from the work of
Konishi on phosphine-Au clusters (Equation 2).”

Examining the clusters by UV-visible spectroscopy

and ESI-MS before and after HCI treatment was highly
instructive (see S.I.). ESI-MS analysis showed that even
the crude material contained only molecular species
and Auy clusters, with no other significant cluster spe-
cies detected. No significant changes were detected by
ESI-MS after HCI treatment. The UV-vis spectra, how-
ever, were significantly sharper after HC treatment (see
S.1.). This suggests that the effect of HCl is not to focus
cluster size, but rather to enhance the purity of the clus-
ter in terms of ligand arrangement.”
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The molecular formula of the cluster was determined
to be [Au,(NHC),CL;]**, by ESI-MS analysis (Figure 2).
This formula yields 8 delocalized electrons left in the
gold core, in agreement with the predictions for an en-
hanced stability from the superatom theory,’ and is also
closely related to the cluster [Aus(NHC),,CL]*" pre-

dicted by Tang and Jiang.”
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Figure 2: UV-vis spectrum (left) and ESI-MS (right) of
[3a][PFe]

Structural characterization of cluster 3a was achieved
by anion exchange to yield the related PFs cluster,
[3a][PFé),, followed by crystallization from a supersatu-
rated acetonitrile/diethyl ether solution. Under these
conditions, single crystals of suitable quality for X-ray
diffraction analysis were obtained. As shown in Figure
3, the cluster is comprised of an icosahedral Auy core
with one gold atom at the center, with the remaining
gold atoms bound to either chloride or NHC ligands.

Figure 3: Molecular structure of [3a][PFs], with ellipsoids
shown at 30% probability level. Anions and hydrogen atoms



have been removed, and phenyl rings from wingtip groups
shown as wireframe for additional clarity. For additional repre-
sentations, and all bond lengths and angles, please see Sup-
porting Information. Colour key: carbon (grey); nitrogen
(blue); chlorine (green); gold (yellow).

As expected, the NHCs are bound via a single Au-C
bond, with Au-C and Au-Au bond lengths within ex-
pected values (For more details, see Supporting Infor-
mation). In addition to providing clarity on the core Au
structure, the X-ray crystallographic data also show the
importance of interactions between the ligands. The
cluster contains multiple CH-m and -1t interactions be-
tween the benzyl substituents and both rings of the ben-
zannulated NHC core (see Supporting Information).
The structural rigidity implicated by these interactions
is likely responsible for the presence of long lived ex-
cited states (vide infra).

Through the use of ®C labeled NHC precursors, we
were able to identify the carbon-gold bonds as occur-
ring in the 200-214 ppm range, consistent with the ob-
servation of the ®C NMR signal for the single NHC in
the mixed cluster [Au,(NHC)(PPh;),CL,]Cl at 209 ppm.”

In order to test the generality of the cluster synthesis,
and the importance of the benzyl groups, we subjected
NHC-Au-Cl complexes 2b-2e to the same reducing
conditions followed by HCI treatment. The procedure
was found to be general, but the clusters produced are
highly sensitive to the steric constraints of the wingtip
groups. For example, Au complex 2b, in which methyl
groups are introduced onto the para position of the ben-
zyl groups, still gives Au,; clusters, as judged by UV-vis
spectra and ESI-MS analysis. Complex 2¢, which con-
tains an ortho methylated benzyl group, was also exam-
ined. This more hindered precursor gave slightly differ-
ent clusters with the molecular formula
[Aus(NHC™sCl,]*, accompanied by other species, indi-
cating the significant effect of sterics. Consistent with
this, aryl rings attached directly to the ring as in 2d were
completely ineffective, giving no nanoclusters and illus-
trating the importance of flexibility in the NHC wingtip
groups. NaphthylCH.- substituents were tolerated,
with complex 2e giving Auy; cluster 3e in good yield.

With three new NHC-stabilized Auy clusters in hand,
we turned to a study of their properties. The thermal
stability of the various clusters was assessed by heating
acetonitrile solutions of the clusters while examining
changes to their UV-vis spectra. For comparison, the all
phosphine cluster [Au.(PPh;)sCL]Cl (4)* was subjected
to the same thermal treatment. As shown in Figure 4A,
the all phosphine-protected cluster underwent full de-
composition, while clusters 3a and 3e retained much of
their initial colour. Further analysis by UV-vis spectros-
copy (Figure 4, panels B-D) illustrated that phosphine
cluster 4 completely decomposed after 4 hours. By com-
parison, all NHC-protected cluster 3a showed only
slight decomposition over the same time frame, and

cluster 3e shows virtually no decomposition (Figure 4,
panel D).

This improved stability is consistent with TGA analy-
sis of the clusters, which demonstrate some loss of lig-
and at 235 °C and complete desorption at 585 °C. In con-
trast, for cluster 4, ligand loss begins at 150 °C and com-
plete loss of ligand is complete at 245 °C (see S.I.).
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Figure 4: Study of Au clusters 4, 3a and 3e before and after
20h of heating in acetonitrile at 70 °C. A: visuals of clusters
before and after heatingg B: UV-vis spectra of
[Auu(PPhs)sCL]Cl from o-20h heating; C UV-vis spectra of
[Aus(NHC™),CL]** (3a) from o-20h heating; D UV-vis spectra
of [Auis(NHC™P)oCL;]** (3e) from o0-20h heating.

The structural and electronic properties of 3a, 3¢, and
3e were examined by DFT, using the crystal structure of
3a as a starting point (technical details in SI). The bind-
ing energy of the NHC ligand in 3a evaluated from the
PBE functional (1.99 eV) is about the same magnitude
as a typical Au-SR bond, but being clearly higher than a
typical Au-PR; bond (by about 1 eV). When van der
Waals interactions in the ligand layer are accounted for
(BEEF-vdW functional), the predicted Au-NHC bond
strength increases to 2.62 eV in 3a.

Compounds 3a, 3¢, and 3e all have a very similar
HOMO-LUMO energy gap of about 2.0 eV, reflecting
the expected electronic stability of the 8-electron con-
figuration (Figures 5, S.1.). The Kohn-Sham orbitals near
the Fermi level show distinct symmetry properties when
projected to the I point group in the volume of the gold
core (see S.I). The HOMO, HOMO-1 and HOMO-2
states have triply degenerate T., symmetry correspond-
ing to the p-type spherical orbitals as expected for an 8-
electron superatom. The first few unoccupied states
have Hg symmetry corresponding to five-fold degener-
ate d-states in spherical representation, Cl ligands break
both the T.. and Hg states by lowering the symmetry
from the core-I; to C;.

The calculated UV-vis spectra of 3a, 3¢, and 3e were in
good agreement with the experimental data concerning



the location of the optical gap and the few visible ab-
sorption peaks (see S.I). The superatom electronic
structure predicts dipole-allowed HOMO->LUMO as
the lowest optical transition as also confirmed from the
spectral analysis (see S.I.). We also examined the first
excited states where an electron is excited from the
HOMO to the LUMO state by forcing the occupation
numbers accordingly in the spin-polarized DFT calcula-
tion and relaxing the system with the PBE functional.
The excited states of 3a and 3e were 1.68 eV and 1.61 eV
higher in energy compared to the ground state, respec-
tively. These energies correspond to 738-770 nm in wave
length, in a excellent agreement with the observed
emission spectra as discussed next.
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Figure 5: In symmetry-projected electronic density of states
(SPDOS) of 3a. Energy zero is at the center of the HOMO-
LUMO gap. HOMO and LUMO orbitals are visualized.

Fluorescence excitation emission matrix (EEM) spec-
troscopy studies on 3e are shown in Figure 6. Im-
portantly, the excitation spectrum of 3e matches very
well with the absorbance spectrum for the same com-
pound (Figure 4D). The quantum yield of fluorescence
was also determined from EEM spectra (Figure 6B) with
excitation matched to the standard, zinc phthalocya-
nine. Clusters 3e and 3a boast impressive emission
quantum yields of 27% and 10%, respectively, making
these some of the highest quantum yields ever recorded
for gold clusters. The absorbance and/or emission onset
can be used to estimate the HOMO/LUMO energy gap
to be 616 nm (2.03 eV), in excellent agreement with DFT
results (see S.1.), (see supporting information for more
detailed analysis).** This is a further indicator of the pu-
rity of the clusters, and confirms that de-excitation of
the superatom excited-state is responsible for the in-
tense emission observed.”

In conclusion, we have reported the preparation of an
all-NHC stabilized superatom Auy cluster as a novel ex-
ample of an 8-electron superatom with unusually high
emission quantum yield and superior thermal stability
to related phosphine-protected gold clusters.
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Figure 6. Fluorescence characterization of compound 3e,
Emission spectrum (with 420 nm excitation) and excitation
spectrum (monitoring 730 nm emission) for 3e. Inset: 3D EEM
spectra of 3e. illustrating the colour and the high quantum
yield of emission under visible and UVA light.
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