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ABSTRACT: We report the crystal structure of a new
nanocluster formulated as Au,gs(TBBT),,, where TBBT =
4-tert-butylbenzenethiolate. It exhibits a rod-like Au,,
kernel consisting of two interpenetrating cuboctahedra.
The kernel is protected by four dimeric “staples” (-SR-Au-
SR-Au-SR-) and eight bridging thiolates (-SR-). The unit
cell of Au,g(TBBT),, single crystals contains a pair of
enantiomers. The origin of chirality is primarily rooted in
the rotating arrangement of the four dimeric staples as well
as the arrangement of the bridging thiolates (quasi-D,
symmetry). The enantiomers were separated by chiral
HPLC and characterized by circular dichroism spectros-

copy.

In recent years, metal nanocluster research has emerged as a
new frontier in nanoscience." Understanding the evolution
from the discrete electronic states in relatively small nano-
clusters (e.g, comprising a dozen metal atoms) to the quasi-
continuous electronic band in much larger metallic nano-
particles (e.g, comprising at least a few hundred atoms)
requires the synthesis of atomically precise nanoclusters and
determination of their atom-packing structures, not only of the
metal core but also of the ligand binding modes.””® Based upon
the total structures of nanoclusters, fundamental understanding
of the electronic structure, optical and chiroptical, and catalytic
properties can be attained at a deep level.”™"” In terms of the
synthesis, a number of atomically precise gold and silver
nanoclusters protected by thiolate ligands have been
reported."®™* On the other hand, there has also been new
progress in the synthesis and structure determination of
phosphine or phosphine/thiolate protected metal nanoclus-
ters.”* > For thiolate-capped nanoclusters, a size-focusing
methodology has been established, which has been demon-
strated to be quite universal in the synthesis of many gold
nanoclusters.*®

Our recent efforts focus on structural elucidation. Following
the previous determination of [Au,s(PET),5]"/°, where PET =
SCH,CH,Ph), [Au;s(TBBT),,]°, where TBBT = SPh-t-Bu),
and [Ausg(PET),,]° structures,* ® herein we report a new
thiolate-protected nanocluster formulated as Au,g(TBBT),,
and its crystal structure determined by X-ray crystallography.

The Au,g(TBBT),, nanocluster was synthesized by reacting
pure [Au,s(PET),3] "TOA", where TOA = *N(n-CgH,,),, with
excess TBBT thiol at 80 °C (details in Supporting Information
(SI)). After ~2 h, all the Au,(PET),s nanoclusters were
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completely converted to Au,g(TBBT),, in high yield (>90%,
Au atom basis); no byproducts were observed. The as-obtained
nanoclusters were crystallized in mixed CH,Cl, and ethanol
(3:2, v). Rhombic brown crystals were observed after one day,
and they were analyzed by single crystal X-ray crystallography.

The Au,s(TBBT),, nanoclusters crystallized in a triclinic Py
space group. Interestingly, the unit cell comprises a pair of
enantiomers (Figure 1), as in the cases of Au;p,(SR),, and
Ausg(SR),,.>° Below we choose the left-handed enantiomer for
a detailed analysis of the structure.

Figure 1. Total structure of the Au,g(TBBT),, nanocluster. The unit
cell contains a pair of left- and right-handed isomers. Color labels:
magenta = Au atoms; yellow = sulfur; gray = carbon.

The kernel of Au,g(TBBT),, is composed of two inter-
penetrating cuboctahedra, as shown in Figure 2. The two
cuboctahedra share six common atoms (highlighted in green,
Figure 2B), hence the kernel has 13 + 13 — 6 = 20 gold atoms;
note that the cuboctahedra are slightly distorted (comparing
Figure 2A,C). This rod-like Au,, kernel can be viewed as a
fragment of the face-centered cubic (fcc) structure adopted in
bulk gold and nanoparticles typically >2 nm (diameter)."! Due
to the fcc symmetry, the Au,, kernel exhibits layer-by-layer
atomic planes, and the planes of a-b-c can be indexed as {111}
(Figure 2B). The surface of the Au,, rod is enclosed by well-
defined crystal planes, including four isosceles-trapezoid-shaped
{111} facets on the front and back (Figure 2D, blue shadowed),
two rectangular shaped {100} faces on the top and bottom
(Figure 2D, yellow shadowed), and two square {100} and two
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Figure 2. (A,B)The Au,, kernel structure in Au,s(TBBT),p; (C,D)
models of cuboctahedron and interpenetrated bicuboctahedron.

triangle {111} facets on each end of the Au,, rod (Figure 2D).
The Auy, kernel adopts a quasi-D,, symmetry.

Next we discuss the surface structure of Au,q(TBBT),,. Four
dimeric staples (-SR-Au-SR-Au-SR-) can be easily identified on
the four {111} facets of the Au,, kernel (Figure 3A): two facing
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Figure 3. Thiolate-binding modes in Au,g(TBBT),: (A—C) Dimeric
staples (total: four); (D—F) Bridging thiolates (total: eight); (GH)
Overall Au,S,, framework. (Magenta = Au atoms in the kernel; blue =
Au in dimeric staples; yellow = sulfur; the four dimeric staples are
highlighted in green in panels B, C, and H).

front and the other two facing back (Figure 3B). The two end-
sulfur atoms of each dimeric staple bind to the two farthest Au
atoms of a diamond-like unit (Figure 3C); the latter consists of
two edge-shared triangles on the {111} facet. In addition to the
four dimeric staples, we also found that the remaining eight
thiolates simply bridge on the Au—Au edges of the {100} facets
of the Au,, kernel (Figure 3D—F). All eight bridging thiolates
are nearly perpendicular to the underneath eight square faces
(Figure 3F). The above anatomy of the Au,g(SR),, structure
suggests that the nanocluster formula may be written as
Auyo[Auy(SR);14(SR)g to illustrate the Auy, kernel, four
Au,(SR); dimeric staples, and eight SR bridging thiolates.
The arrangement of the dimeric staples and the bridging
thiolates renders the Au,g(SR),, nanocluster an overall quasi-
D, symmetry (Figure 3GH), with the three mutually

perpendicular 2-fold rotation axes (x, y, z) as indicated in
Figure S1; therefore, the Au,s(TBBT),, structure is chiral.

The Au—Au bond length in the bicuboctahedral kernel is
2.99 (average) or 2.92 A if excluding the particular Au—Au
bonds (Figure 3F, green bonds) under the bridging thiolates,
which are relatively longer (Figure S2). The 2.92 A average
distance is comparable to the 2.88 A bond length in bulk gold.
The Au—Au bonds under the eight bridging thiolates are
somewhat stretched, with an average of 3.40 A. This stretching
effect contributes to the distortion of the bicuboctahedral
kernel. On the other hand, the dimeric staple tends to clamp
the underneath gold atoms together, giving rise to a shorter
Au—Au bond length under the dimeric staple (Figure S2), with
an average of 2.87 A.

The Au—S bonds give an overall average of 2.31 A (standard
deviation: 0.04 A), with no significant difference between the
dimeric and bridging cases (2.31 vs 2.30 A, respectively). The
average Au—S—Au bond angle is 94.62° (standard deviation:
10.57°). The bond angle in the dimeric staples is more flexible,
ranging from 75.5° to 106.34°, while in the bridging thiolate the
value is from 87.32° to 108.07°. Of note, the average Au—Au
and Au—S bond precision is +0.0034 A and +0.0161 A,
respectively.

The chirality of Au,s(TBBT),, originates from the quasi-D,
symmetry of the nanocluster. The two enantiomers are shown
in Figure 4A. The chirality can be easily viewed from the left-
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Figure 4. (A) The two enantiomers of Au,s(TBBT),,. (B) CD spectra
of enantiomer-1 and -2. (C) Normal optical absorption spectrum.

and right-handed arrangement of the dimeric staples (highlight
in green in Figure 4A). We tentatively define the left and right
isomers by the orientation of the dimeric staples on the {111}
facets as indicated in Figure 4A. Of note, the bridging thiolates
also impact chirality to the Au,g clusters. We further used
chiral- HPLC'*" to separate the enantiomers (Figure S3, see the
SI for details). The as-separated enantiomers were charac-
terized by circular dichroism (CD) spectroscopy (Figure 4B).
The mirror-imaged CD spectra exhibit two distinct bands at
300 and 340 nm, weak peaks at 360, 380, 400, 425, and 470
nm, and a broad peak at 600 nm. In contrast, the normal optical
absorption spectrum of Au,g(TBBT),, only shows three
stepwise peaks at 365, 480, and 580 nm (Figure 4C). By
extrapolating the absorbance to zero, we determined the optical
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bandgap to be ~1.78 €V, comparable to that of Auss(TBBT),,.°
Future theoretical calculations may reveal insight into why
Au,g(TBBT),y and Auss(TBBT),, exhibit similar bandgaps.

The Au,g(TBBT),, nanocluster is charge neutral, as
indicated by the absence of counterions in the unit cell and
by the null signals in electrospray ionization mass spectrometric
analysis (ESI-MS). Therefore, Cs(OAc), was added to the
nanocluster solution to form Cs* adducts for ESI-MS analysis in
positive mode (Figure S4). The clean ESI mass spectrum
confirms the purity of Au,s(TBBT),,, Two peaks were
observed at m/z 8953.4 and 4542.6; note that the low mass
end (m/z <~4700) shows uniformly spaced [CsOAc],Cs*
with 192 Da spacing (corresponding to the formula weight of
CsOAc). The m/z 4542.6 peak is 2+ charged, as revealed by the
isotope peak spacing (6 = 0.5, Figure S4 inset), therefore the
cluster mass is determined to be 8819.2 after subtracting two
Cs+ ions. The m/z 8953.4 peak is the monocation and gives
the same cluster mass (8820.4 Da) after subtracting one Cs".
The experimental mass matches perfectly with the calculated
value of Au,g(TBBT),, (calcd: 8820.0 Da). Furthermore, the
simulated isotope pattern also matches the experimental one
(Figure S4, inset). Taken together, X-ray crystallography and
ESI-MS analysis unambiguously establish the Au,s(TBBT),,
formula and its molecular purity.

In summary, we have synthesized a new gold nanocluster
formulated [Au,g(TBBT),]°, and the crystal structure was
solved by single crystal X-ray crystallography. The fcc kernel of
this nanocluster constitutes the second example of ultrasmall
fcc particles. The emergence of fcc structure in both
Auyg(TBBT),, and Auys(TBBT),, indicates the critical role
of ligands in determining the structure and size. Future work
will gain further insight into this intriguing issue.
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