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Chiral Functionalization of an Atomically
Precise Noble Metal Cluster: Insights into the
Origin of Chirality and Photoluminescence

Kumaranchira Ramankutty Krishnadas,® Luca Sementa, Marco Medves, Alessandro Fortunelli,
Mauro Stener,™ Alexandre Fiirstenberg, Giovanna Longhi, and Thomas Biirgi*

We probe the origin of photoluminescence of an
atomically precise noble metal cluster, Ag,,Au;(DMBT),; (DMBT =
2,4-dimethylbenzenethiolate), and the origin of chirality in its chirally
functionalized derivatives, Ag,,Au,(R/S-BINAS),(DMBT),;_,,, with x
= 1-7 (R/S-BINAS = R/S-1,1’-[binaphthalene]-2,2’-dithiol), using
chiroptical spectroscopic measurements and density functional theory
(DFT) calculations. Combination of chiroptical and luminescence
spectroscopies to understand the nature of electronic transitions has
not been applied to such molecule-like metal clusters. In order to
impart chirality to the achiral Ag,,Au,(DMBT),, cluster, the chiral
ligand, R/S-BINAS, was incorporated into it. A series of clusters,
Ag,,Au,(R/S-BINAS), (DMBT),5_,,, with x = 1—7, were synthesized.
We demonstrate that the low-energy electronic transitions undergo an
unexpected achiral to chiral and back to achiral transition from pure Ag,,Au;(DMBT); to Ag,,Au,(R/S-
BINAS),(DMBT);4_,,, by increasing the number of BINAS ligands. The UV/vis, luminescence, circular dichroism, and
circularly polarized luminescence spectroscopic measurements, in conjunction with DFT calculations, suggest that the
photoluminescence in Ag,,Au,;(DMBT),; and its chirally functionalized derivatives originates from the transitions involving
the whole Ag,,Au,S,; framework and not merely from the icosahedral Ag;,Au, core. These results suggest that the chiroptical
signatures and photoluminescence in these cluster systems cannot be solely attributed to any one of the structural
components, that is, the metal core or the protecting metal—ligand oligomeric units, but rather to their interaction and that
the ligand shell plays a crucial role. Our work demonstrates that chiroptical spectroscopic techniques such as circular
dichroism and circularly polarized luminescence represent useful tools to understand the nature of electronic transitions in
ligand-protected metal clusters and that this approach can be utilized for gaining deeper insights into the structure—property
relationships of the electronic transitions of such molecule-like clusters.
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tomically precise, thiolate-protected noble metal

clusters such as Au;p,(SR)4,," Au,s(SR) s>

Auzg(SR),,, ¢ and Ag44(SR)30,7_9 wherein —SR is an
alkyl or aryl thiolate, are a unique class of nanoparticlesm’11
exhibiting molecule-like properties in their composition,
structure, and chemical reactivity.'”” Many of these clusters
consist of an inner core containing a precise number of metal
atoms protected by a precise number of metal—ligand
oligomeric units. For example, Au,s(SR), consists of an inner
Au,; icosahedron and six Au,(SR); units.”’ These clusters
possess well-defined optical absorption bands which are
assigned to discrete transitions between their quantized
electronic energy levels.””~"> An important manifestation of
their molecule-like electronic structure is photoluminescence,

which has been useful for practical applications.'® The origin of
photoluminescence and various electronic relaxation pathways
of such clusters in terms of the role of their inner cores, ligands,
and the metal-ligand interface has been investigated.'” '
Processes such as ligand to metal charge transfer (LMCT) have
been proposed to be at the root of luminescence in some of these
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Figure 1. Schematic of the crystal structure (A), negative ion mode ESI MS spectrum (B), UV/vis absorption (black trace), excitation (green
trace), and emission spectra (red trace) (C) of Ag,,Au;(DMBT) ;. Inset of (B) shows the theoretical (red) and experimental (black) isotopic
distribution corresponding to the formula, Ag,,Au;(DMBT) ;. The features labeled with * in (B) are due to typical fragments of the molecular
ion, [Ag,;Au;(DMBT) ], due to sequential losses of (Ag-DMBT) units (see Figure S1). Characteristic peak positions are marked in (B) and
(C). Color codes of atoms in (A): silver (green), gold (orange), sulfur (yellow), and carbon (gray). The H atoms are omitted for clarity. The
structure in (A) was created using the coordinates reported in ref 18. The dip at around 880 nm in the emission spectra shown in (C) is due to an

artifact from the monochromator response.

clusters.”” Recently, Jin et al. showed that the metal core is
mostly involved in the photoluminescence in a series of
structurally related gold clusters.”® However, in spite of being
atomically precise in their compositions and possessing well-
defined geometric and electronic structures, a detailed under-
standing of structure—property correlations of photolumines-
cence in these molecule-like clusters remains elusive.**
Circular dichroism (CD) and circularly polarized lumines-
cence (CPL) spectroscopies are essential tools for probing the
nature and the origin of the chirality in various systems. The
former technique measures the difference in the absorbance of
left and right circularly polarized light by a chiral molecule,
whereas the latter measures the difference in the intensity of
emission of left and right circularly polarized light. Therefore,
these two techniques are complementary to each other,

providing information about the chirality of the ground and
the excited electronic (emissive) states of molecules, respec-
tively.24_26 In atomically precise, ligand-protected noble metal
clusters, the origin of chirality has been attributed to the chirality
of the 1igands,27—30 the chiral arrangement of achiral ligands on
the cluster surface,"® and to the inherently chiral inner metal
cores.>'”** Furthermore, discrete electronic absorption bands in
some of these clusters, (Au,s(SR),g for example),"” were
assigned to the transitions involving inner cores and outer
metal—ligand oligomeric units. Bearing in mind that the chirality
and electronic absorption bands could be correlated with the
structural features of these clusters, a combined CD and CPL
investigation, in conjunction with density functional theory
(DFT) calculations, is extremely helpful to unravel the origin of
chiroptical signatures and photoluminescence in atomically
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precise, structurally well-defined, molecule-like noble metal
clusters. Such an approach, combining chiroptical and
luminescence spectroscopies toward understanding the nature
of electronic transitions have been used mostly for organic
molecules,®> ™ and to the best of our knowledge, this method
has not been applied to such molecule-like ligand-protected
noble metal clusters. Ag,,Au,(DMBT),; (DMBT = 2,4-
dimethylbenzenethiolate) is an ideal system, in this regard,
owing to its well-defined composition and its precisely known
crystal structure.”® Most importantly, this cluster exhibits
intense photoluminescence. Ag24Au1(DMBT)18 possesses a
symmetric, achiral Ag),Au, icosahedral core protected by six
Ag,(DMBT); units and is structurally analogous to the well-
known M,5(SR);s (M = Au, Ag) clusters (see Figure 1A).%¢
Recent experimental investigations suggested that the photo-
luminescence in Ag,,Au,(DMBT) g could be due to the charge
transfer processes involving the ligands."® In contrast, theoretical
calculations by Aikens et al. suggest that the photoluminescence
in M,5(SR) 5 (M = Au, Ag) is due to the transitions involving the
icosahedral core-based superatomic orbitals and that the ligand-
based orbitals are not involved in these transitions.'® Hence, the
origin of photoluminescence in these clusters remains
ambiguous.

Here, we investigate the origin of chiroptical signatures and
photoluminescence of Ag,,Au;(DMBT),; and its chiral
derivatives using chiroptical spectroscopic measurements and
DFT calculations. In order to impart chirality to the achiral
Ag,,Au,(DMBT); cluster, a chiral ligand, R/S-1,1’-[binaph-
thalene]-2,2’-dithiol (R/S-BINAS) was incorporated into it.
Electrospray ionization mass spectroscopic (ESI MS) measure-
ments showed that the overall composition of the cluster
remains unaltered after the incorporation of the BINAS ligand. A
series of clusters, Ag,,Au;(R/S-BINAS),(DMBT);5_,,, with x =
1—7, were synthesized. Ultraviolet/visible (UV/vis) absorption
and CD spectroscopic measurements showed systematic
changes in the lower-energy electronic transitions of
Ag,,Au; (R/S-BINAS), (DMBT)5_,, as a function of the
number of BINAS ligands. The CD spectroscopic measure-
ments revealed that the incorporation of BINAS induced
chiroptical signatures in the cluster and, in particular, that the
low-energy electronic absorption bands undergo an unexpected
achiral to chiral and back to achiral transition from pure
AgyAu, (DMBT) 4 to Ag,,Au, (R/S-BINAS),(DMBT),_,. by
increasing the number of incorporated BINAS ligands in them.
Luminescence spectra of Ag,,Au,(R/S-BINAS),(DMBT);5_,,
clusters are red-shifted with regard to that of
Ag,,Au,(DMBT)g; furthermore, these clusters exhibit weak
CPL activity, providing further insights into the nature of the
excited states that are responsible for the photoluminescence.
Our analysis of the trends in the UV/vis, CD, luminescence and
CPL spectroscopic changes, in conjunction with DFT
calculations indicates that the photoluminescence in
Ag,,Au;(DMBT),4 and its chirally functionalized derivatives
originate from transitions involving the whole Ag,,Au,Sq
framework, not merely from the icosahedral Ag,Au; core.
Therefore, these results indicate that the photoluminescence in
these cluster systems cannot be solely attributed to any one of
the structural components, such as the metal core or the
protecting metal—ligand oligomeric units. Our work also shows
that, as in the case of common molecules, chiroptical
spectroscopic techniques are a potential experimental tool for
understanding the nature of electronic transitions in molecule-
like ligand-protected metal clusters.

RESULTS AND DISCUSSION

Synthesis and Characterization of [Ag,,Au,(R/S-
BINAS),(DMBT),5_,,l[PPh,]. A schematic picture of the crystal
structure of Ag,;Au;(DMBT),g is shown in Figure 1A.*° The
negative ion mode ESI mass spectrum of [Ag,,Au;(DMBT) 4]-
[PPh,] (Figure 1B) shows an expected band at m/z 5255. The
features labeled with * are due to typical fragments of the
molecular ion, [Ag,),Au;(DMBT) 4]™, due to sequential losses
of (Ag-DMBT) units, as presented in the Supporting
Information (Figure S1). The theoretical and experimental
isotope patterns, shown in the inset of Figure 1B, further confirm
this assignment. Figure 1C shows the UV/vis absorption (black
trace) and luminescence excitation (green trace) and emission
(red trace) bands of Ag,,Au;(DMBT);s. Hence, the mass
spectrometric and spectroscopic measurements presented above
confirm the purity and the identity of this cluster.

Incorporation of the chiral ligand, R/S-BINAS, into
Ag,,Au,(DMBT),; has been carried out using the method
described in the Experimental Section. Figure 2A—D shows the
ESI mass spectra of the clusters obtained after the reaction of
Ag,,Au,(DMBT),; with R-BINAS at various
Ag,,Au,(DMBT),3/BINAS molar ratios.

Figure 2A shows that the parent cluster, Ag,,Au;(DMBT)5
(see the feature corresponding to x = 0), is also present along
with a series of bands, separated by 42 Da, at the higher m/z
region. The mass separation of 42 Da corresponds to the loss of
two DMBT ligands and incorporation of a BINAS ligand (i.e.,
Mgnas(316) — 2 X Mpygr(2 X 137) =42). Therefore, a general
molecular formula, Ag,,Au,(R/S-BINAS), (DMBT)s_,, (x =
number of BINAS ligands), is given to the BINAS-incorporated
clusters synthesized. The good agreement between theoretical
and experimental isotope patterns of one of the features that
corresponds to x = 3 in Figure 2A, which is due to
Ag,,Au;(BINAS);(DMBT),, presented in Figure S2, further
confirms the incorporation of the BINAS ligand into
Ag,,Au;(DMBT),;. Furthermore, note that the separation
between the features in the experimental isotopic pattern is 1
Da, indicating that these clusters bear single negative charge, as
in the case of [Ag,,Au;(DMBT),5] . Figures 2A—D shows that
groups of clusters containing 0—3, 2—S5, 3—S5, and 4—7 BINAS
ligands can be synthesized by increasing the concentration of
BINAS in the reaction mixture. These four groups of clusters will
be referred to as groups I, II, III, and IV, respectively in the
following discussion for convenience. Group IV is the mixture
containing the maximum number of BINAS ligands, as shown in
Figures 2D and S3D. Further increase of the concentration of
the BINAS ligand did not result in the incorporation of more
than seven BINAS ligands; however, clusters of different
nuclearities which do not correspond to the general formula,
Ag,,Au;(R-BINAS),(DMBT),4_,,, were formed at higher
concentrations of BINAS, as presented in Figure 2D. Mass
spectra of the clusters synthesized with S-BINAS, such as
Ag,,Au,;(S-BINAS),(DMBT),5_,,, at similar
Ag,4Au, (DMBT),/BINAS molar ratios are presented in Figure
S3, which further confirms the incorporation of BINAS.

Note that there were no mass spectral features observed which
correspond to the clusters formed by the loss of a single DMBT
ligand and incorporation of a single BINAS ligand. The features
corresponding to such clusters should appear at a mass
separation of 179 Da (ie, Mynas(316) — Mpypr(137) =
179); however, such features have not been detected in our
measurements. Therefore, the mass spectrometric measure-
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Figure 2. Negative ion mode ESI mass spectra of Ag,,Au(R-
BINAS),(DMBT);_,. group of clusters I (A), I (B), III (C), and IV
(D) synthesized at various Ag,,Au,(DMBT),;/BINAS molar ratios.
The features (labeled with *) which do not correspond to the
general formula, Ag,,Au,(R-BINAS) (DMBT),5_,,, were also
observed in (D), which could be due to decomposition or the
core transformation of the Ag,,Au (R-BINAS) (DMBT),,_,,
resulting from the use of a slightly higher concentration of R-
BINAS in the reaction.

ments presented above confirm that one BINAS replaces two
DMBT on the clusters. It is known that the BINAS acts as a
bidentate ligand to structurally analogous clusters such as
Au,5(SR) 5 and Au, Pd(SR)5.°"** For example, in the case of
Au,,Pd(SR)g, a single BINAS binds with two Au atoms; that is,
one of the two sulfur atoms of BINAS occupies the terminal
position of an Au,(SR); staple, and the other sulfur atom
occupies the bridging position of the adjacent Au,(SR); staple of
the cluster. Considering the structural similarity of Au,,Pd-
(SR)g, and on the basis of the mass spectrometric measure-
ments presented above, we assume that the BINAS ligand binds
to Ag,4Au,(DMBT); in a similar fashion. The bidentate mode
of binding was further confirmed by experiments with another
dithiolate ligand, namely, 1,1’-biphenyldithiol (BPT), which are
presented in Figures S4 and SS. Therefore, mass spectrometric
measurements unambiguously confirm the incorporation of the
BINAS ligand into Ag,,Au,(DMBT),; without altering the
overall composition, that is, the total number of metal atoms and
sulfur atoms and the charge state. This is surprising, considering
the fact that DMBT is the only ligand known so far to protect the
Ag,s and Ag,,Au, cores.

UV/Vis Absorption Measurements. UV/vis absorption
spectroscopic measurements showed systematic changes in the
low-energy band, at 619 nm, of Ag,,Au,(DMBT) 5 as a function
of the number of BINAS ligands incorporated. Figure 3 shows
the UV/vis absorption spectra of groups I-IV. These measure-
ments reveal that for I (i, Ag,,Au;(R-BINAS), (DMBT) 5_,,
containing smaller numbers of BINAS i.e., x = 0—3) the spectral
bands (see trace a in Figure 3) are similar to those of
Ag,,Au,(DMBT) s (see inset of Figure 3), except for some
broadening of the band at around 619 nm. However, as the
number of incorporated BINAS ligands increases, this band
changes significantly. At higher concentration of BINAS (see
traces b and c in Figure 3), Ag,,Au,(R-BINAS), (DMBT) 5_,,
exhibits a significantly broadened band with multiple features at
around 590 and 664 nm, compared to the single band at around
619 nm for Ag,,Au,(DMBT),s. However, note that the shapes
and the peak positions of the bands at higher energies remain
almost unchanged irrespective of the number of BINAS ligands
incorporated. In particular, the band at 467 nm for the
Ag,4Au; (DMBT), is almost unchanged. However, the hump
at ~380 nm and a weak shoulder at ~330 nm in parent
Ag,,Au,(DMBT),4 disappeared and a weak hump/shoulder at
~362 nm appeared when BINAS was incorporated. It is
interesting to note that for group IV (ie, the Ag,,Au,(R/S-
BINAS),(DMBT) 5_, clusters containing 4—7 ligands; see
mass spectra Figures 2D and S3D), a single weak absorption
band, at around 590 nm, was observed in the low-energy side of
the spectrum (see trace d in Figure 3) in contrast to that in
groups II and III (see traces b and ¢ in Figure 3), wherein two
bands were observed. UV/vis spectra of Ag,,Au;(S-BI-
NAS),(DMBT),g4_,, synthesized at similar
Ag,,Au,(DMBT),3/BINAS molar ratios are shown in Figure
S6, which further support this trend. We observed similar
changes in the UV/vis absorption bands (Figures S7 and S8) in
the experiments with BPT ligand, as well. Hence, the UV/vis
absorption spectroscopic measurements confirm that, as the
number of dithiolate ligands on the cluster increases, the low-
energy transitions are significantly altered; however, the higher
energy transitions remains almost unaffected. This implies that
the binaphthyl tail groups of the BINAS ligands do not
significantly alter the nature of the molecular orbitals associated
with higher energy transitions.

The crystal structure of Ag,,Au;(DMBT);s shows that this
cluster consists of an icosahedral Ag;,Au, core protected by six
Ag,(DMBT)j staple motifs,*® which is similar to the structural
framework of well-known Au,s(SR);s.>° Previous DET
calculations'” suggested that the lowest-energy UV/vis
absorption band of Ag,,Au;(SH),g, at around 619 nm, is due
to the HOMO—LUMO electronic transition involving the
superatomic orbitals derived predominantly from the metal
atoms of the Ag;,Au, core (see however a more refined analysis
below) in contrast with the charge transfer mechanism involving
ligands.'® The bands at higher energies have been assigned to
transitions involving the orbitals with larger contributions from
the ligands."” However, the clusters used in our experiments
contain aromatic thiols whose interaction with the metal core is
quite different with respect to the SH ligands which were used in
the previous calculations. For this reason, the present
calculations (see below) will furnish a different and more
realistic description of the electronic structure as well as of the
assignment of the most relevant optical transitions.

The incorporation of larger numbers of BINAS could lower
the symmetry of the Ag,,Au,S s framework, which might be the
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Figure 3. The UV/vis absorption spectra of Ag,,Au, (R-BINAS),(DMBT),_,, group of clusters I (a), II (b), I1II (c), and IV (d). Inset shows the
UV/vis spectrum of Ag,,Au;(DMBT) g for comparison. Traces (b), (c) and (d) have been shifted upward for sake of clarity.
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Figure 4. CD spectra of Ag,,Au,(R/S-BINAS),(DMBT),;_,, groups of clusters I (aand a’), II (band b’), III (cand ¢’), and IV (d and d"). Traces

a—d and a’—d’ correspond to the Ag,,Au,(BINAS),(DMBT),;_,, clusters containing R- and S-BINAS, respectively. Traces a—c (and a’—c’)
have been shifted upward (downward) for the sake of clarity.

reason for the changes in the low-energy UV/vis absorption electrons of the aromatic tail groups (ie, binaphthyl and
bands. Apart from any ligand-induced structural distortions, the biphenyl in BINAS and BPT, respectively). In order to test this,
peak shifts and the changes in the shape of the UV/vis we attempted to incorporate aliphatic dithiols such as 1,3-

absorption bands can also occur due to the conjugation of the 7 propanedithiol and 1,4-butanedithiol (wherein the aromatic tail
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Figure S. CD spectra (A) and a comparison of the CD and the UV/vis absorption spectra (B) of Ag,,Au,(R/S-BINAS) (DMBT);_,, group IL

groups are absent); however, the reactions of
Ag,,Au,(DMBT) ; clusters with these aliphatic dithiols resulted
in decomposition of the cluster, and no ligand exchange was
observed, in contrary to a previously reported experiment with
structurally analogous Au,s(SR),s.*” Therefore, the above
experiments show that the changes in the UV/vis absorption
spectra of Ag,,Au;(DMBT),; clusters induced by dithiolate
ligands could be either due to structural distortions due to the
bidentate binding mode or due to the conjugation of the #
electrons of the ligand’s tail groups. Results of the DFT
calculations (see below for the details) show that structural
distortions to the Ag,,Au,S,; framework indeed occur due to the
incorporation of BINAS ligands.

Circular Dichroism of Ag,;Au,(R/S-Bl-
NAS),(DMBT),g_,,: Chiral to Achiral Transition in Low-
Energy Excitations. CD spectroscopy provides information
about the excited electronic state manifold in relation to the
ground state of a chiral molecule.”**® As mentioned previously,
Ag24Au1(SR)18 has a symmetric structure consisting of an
icosahedral Ag,Au, core and six Ag,(SR); staple motifs,*® and
hence, this cluster is achiral. However, in order to test whether
the incorporation of the chiral dithiolate ligand, BINAS, induces
any chiroptical signatures, CD measurements were carried out.
The CD spectra of groups I-IV, presented in Figure 4, reveal
that these clusters exhibit distinct CD bands at around 347, 475,
and 645 nm with exact mirror image relationships for the
clusters containing R-BINAS and S-BINAS ligands. Control
experiments with pure BINAS ligand and Ag-BINAS complexes
(see Figures S9 and S10) confirm that the observed CD bands
are due to the dissolved clusters and not due to any impurities
such as free ligands or metal—ligand complexes.

Note that group IV (see traces d and d’ in Figure 4) do not
show any CD band at 645 nm, whereas groups I-III exhibit this
band. The mirror image relationship is more clearly presented
for group II in Figure SA. In order to correlate the UV/vis and
the CD spectral bands, a comparison of the UV/vis and CD
spectra of group II is presented in Figure SB. It is evident from
Figure SB that the strong CD band at around 475 nm coincides
with the UV/vis absorption band at around 465 nm. The CD
spectra of pairs of groups I, III, and IV presented separately in
Figures S11—S13 further support this observation.

The band at around 467 nm in the Ag,,Au;(DMBT);; has
been assigned to the transitions involving the molecular orbitals
derived from the metal atoms and ligands.'® The coincidence of
these CD and UV/vis absorption bands at 475 and 465 nm,
respectively, shows that the incorporation of the chiral BINAS
ligands induces chirality to the staple motifs of these clusters.
Similar induction of chirality has been observed in clusters such
as Au,s(SR),5°” and Ausg(SR),,.*" Furthermore, the fact that
peak maxima of the bands at higher energies in UV/vis and CD
spectra remain unchanged irrespective of the number of BINAS
ligands incorporated indicates that the nature of the tail groups
of the ligands, that is, 2,4-dimethylphenyl (in DMBT) versus
binaphthyl (in BINAS), does not alter the net energy gaps
between the molecular orbitals involved in these electronic
transitions and is confirmed by present calculations (see peaks at
473—484 nm in Figure 7, left panel).

More interestingly, we observed a weak, broad CD band at
around 645 nm (see Figures 4 and 5) that coincides with one of
the UV/vis bands (see Figure SB).A comparison of the UV/vis
and CD traces in Figure 5B further shows that even though there
are two bands at 590 and 664 nm in the UV/vis spectrum (in
Figure 3), the corresponding CD spectrum shows only a single
band at 645 nm. However, the CD measurements show that
parent Ag,,Au;(DMBT),s, which was originally achiral,
becomes chiral after functionalization with BINAS. For
Ag,4Au, (R/S-BINAS),(DMBT) 5_,, clusters containing 4—7
BINAS ligands (ie., for group IV), there are no CD bands
observed at lower energies (see Figures 4 and S13) that
correspond to its distinct UV/vis band at around 590 nm (see
Figures 3 and S6) showing that when a large number of ligands is
present the low-energy excitations lose their chiral character.

Note that even though the Ag,,Au;(R/S-BI-
NAS).(DMBT),4_,, clusters with x = 4 and S are commonly
present in groups III and IV, there is no CD band at around 600
nm for the latter. In order to understand this, we synthesized a
new group of Ag,,Au,(R-BINAS), (DMBT);_,, clusters with x
= 3-S5 (referred to as group V), wherein the cluster with x = S is
the most abundant species. No CD band at low energies at
around 645 nm was observed for group V, though there is a
distinct band at around 600 nm in the UV/vis spectrum, as in the
case of group IV (see Figures S14 and S15). Note that groups 111
and V contain clusters with the same composition although at
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different relative abundances. The most abundant cluster in I is
the one with x = 4, and that in V is the one with x = 5. This
experiment clearly shows that this low-energy CD band in
Ag,,Au,(R/S-BINAS),(DMBT) 4_,, clusters appears only for
clusters with x = 1—4: when x > 4, these clusters do not show any
CD features at low energies. Therefore, the absence of this CD
band at around 600 nm in groups IV and V, in spite of its
presence of clusters with x = 4 in it, could be because of their
lower concentrations in IV and V compared to that in III. A
probable reason for the absence of this CD band for groups IV
and V is provided below in light of the DFT calculations.

DFT Calculations on Ag,,Au;(R/S-BINAS),(DMBT);5_,,.
In order to gain better insight into the origin of the
experimentally observed electronic absorption and CD bands
of Agy,Au,(R/S-BINAS),(DMBT) s_,, clusters, DFT calcu-
lations were performed. Note that irrespective of the
Ag,,Au;(DMBT),3/BINAS molar ratios used in the synthesis,
a mixture of Ag,,Au,(R/S-BINAS),(DMBT) 4_,, clusters was
formed. Furthermore, considering the structural similarity of
AgyiAu; (DMBT) s with Auys(SR),g and Auy,Pd(SR),g,>* %
we assume that the BINAS ligand in Ag,,Au,(R/S-
BINAS),(DMBT),5_,, exists in a bidentate fashion, binding
two adjacent Ag,(SR); staple motifs (see Figure 6).

Figure 6. DFT/local density approximation fully relaxed geometry
of “best 1” isomer of the [Ag,,Au,(S-BINAS),(DMBT),,]”. The
DMBT ligands and the hydrogen atoms are omitted for clarity.
Atom colors: Ag atoms in the Ag,S; staples (cyan), in Ag;,Au,
icosahedron (green), Au atom in center of the icosahedron (red), S
atoms of DMBT ligands (yellow) and that of BINAS ligands
(orange), carbon atoms (black). Some of the bridging and terminal
S atom locations (labeled S, and S,, respectively) are marked to show
the nature of the binding of BINAS ligands.

The introduction of the new ligand (ie, BINAS) onto
Ag,,Au;(DMBT) s generates a large number of structural
isomers because there are various unique binding sites (i.e., pairs
of S atom locations in adjacent staples; see Figure 6) for the new
ligand. For a single BINAS ligand, that is, for Ag,,Au;(R/S-
BINAS),(DMBT),,, there is only one unique binding site
available, and hence, no isomers exist. However, forx =2 and x =

3, the number of unique binding sites increases, and hence, the
number of structural isomers increases to six and seven,
respectively.”® As it would be computationally very demanding
to perform computations on all of the isomers of Ag,,Au, (R/S-
BINAS),(DMBT)5_,, generated for each value of x, we focused
our computational analysis on a specific composition of
Ag,,Au;(R/S-BINAS),(DMBT);5_,,, namely, the [Ag,,Au,(S-
BINAS),(DMBT),o]" cluster anion. The cluster, Ag,,Au,(S-
BINAS),(DMBT),,, has been chosen for simulations primarily
because this cluster is present in all of the four groups (I-IV) in
various abundances (although the mass spectral intensity of this
cluster is low in group I, Figure 2A), and hence, it would fairly
represent groups I-IV.

Structural models of [Ag,,Au, (S-BINAS),(DMBT),,]~ were
generated as follows. Starting from the reported experimental
single-crystal X-ray coordinates of the Ag,,Au;(DMBT),
cluster anion,” we replaced four pairs of DMBT ligands with
4 S-BINAS ligands via a systematic docking procedure. We first
identified all of the possible pairs of S atoms suitable to host a S-
BINAS ligand on the Ag,,Au;S,s framework as those belonging
to two neighboring S—Ag—S—Ag—S staples and lying at a
distance not larger than a chosen cut off of 4.5 A (of the order of
the equilibrium distance between S atoms in the BINAS ligand).
We then generated an ensemble of [Ag,,Au,(S-BI-
NAS),(DMBT),,]” isomers by docking the 4 S-BINAS ligands
onto the previously identified S atom pairs and completing the
rest of the ligand shell with 10 DMBT ligands. It turned out that
42 isomer structures were generated via this docking procedure.
Note that we did not take into account the cluster symmetry in
the structure generation. These structures were then subjected
to local relaxations with the internal Ag;,Au; core kept frozen
and the rest of the coordinates fully optimized. Two of the
isomeric structural models thus produced were found to be
almost isoenergetic and more stable than the others by few
tenths of electronvolts and were, therefore, selected for further
study (energies and coordinates of all isomer structural models
are reported in the Table S3): hereafter, these two most stable
isomers are referred to as “best 17 and “best 2” geometries.
Optical absorption spectra were simulated on these final
optimized geometries via real time time-dependent density
functional theory (TDDFT) and complex polarizability
algorithm®"** approaches.

In Figure 7, the absorption and CD spectra of [Ag,,Au,(S-
BINAS),(DMBT),,]~ are reported, which are calculated at the
TDDFT/LB94/TZV level for “best 1” and “best 2” geometries
(reported in Table S4), fully optimized at the local density
approximation (LDA) level. As presented previously (see
Figures 3 and 4), incorporation of BINAS ligands most
significantly alters the low-energy UV/vis and CD bands (i.e.,
619 nm and at 632 nm, respectively) of Ag,,Au,(DMBT),,
whereas the bands at higher energies are less affected. DFT
calculations also reveal a similar trend as shown in Figure 7 (left
panel) when comparing [Ag,,Au,(S-BINAS),(DMBT) o]~
with [Agy),Au;(DMBT) ;] ™. The calculated absorption profiles
of the two geometries (“best 1”7 and “best 2”) show some
differences, suggesting that structural differences between
isomers play a role in photoabsorption. It is worth noting that
the bands calculated at 473 nm (for “best 1”) and 484 nm (for
“best 2”) are in nice agreement with the experimental
counterpart at 467 nm (see Figure 3) and the one at 356 nm
present only in “best 17, which is in nice agreement with the
experimental band at 362 nm (see Figure 3). The matching
between theory and experiment is less precise at low energy: the
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Figure 7. Photoabsorption oscillator strength (f, left panel) and circular dichroism rotatory strength (R, right panel) calculated at the TDDFT/
LB94/TZV level for the geometries “best 1” (blue) and “best 2” (red) of the [Ag,,Au, (S-BINAS),(DMBT) o]~ cluster anion; see text for details.
The spectra for the [Ag,,Au,(DMBT);4]~ cluster anion (black lines) are also shown for comparison.

bands at 795 nm (for “best 1”) and at 775 nm (for “best 2”) do
not have an experimental counterpart. We argue that the
employed LB94 xc-potential underestimates the energy position
of these bands (as it occurs with this xc-functional) that are thus
missing as distinct bands in the experiment, probably hidden in
the long wavelength spectral tail of the experimental bands
which appear at around 619 nm. More accurate xc-functionals
(such as hybrid ones), presently not implemented with the
complex polarizability algorithm, on experimentally derived
geometries would be needed to achieve a good agreement
between theory and experiment also at low energies.*’
Interestingly, from the analysis of the CD spectra in Figure 7
(right panel), it is clear that the calculated bands at 795 and 775
nm are not detected in CD-simulated spectra; that is, they have a
very low rotatory strength. Considering that the LB94 spectra
are qualitatively correct in terms of spectral bands,” we use
them as an acceptable compromise. To further support this
strategy, we tried to employ the B3LYP functional** with the
conventional Casida approach; however, due to the computa-
tional cost of the nonlocal exchange, it has been possible to
extract only very few discrete excitations, so the calculated
spectrum does not cover the spectral region below 500 nm.
Instead, we have been able to calculate the whole photo-
absorption spectrum at the B3LYP level by means of the very
recent hybrid diagonal approximation approach,” and the
results are presented in Figure S16. Interestingly, the band
predicted by LB94 at around 800 nm is blue-shifted and reduced
in intensity and appears as a weak shoulder (around 745 nm) of a
stronger peak whose maximum lies at 653 nm. This comparison
shows that the description of the low-energy part of the
spectrum is improved if a hybrid xc-functional is employed,
corroborating our hypothesis to ascribe the disagreement
between theory and experiment at 800 nm to deficiencies of
the LB94 xc-potential. Experimentally derived geometries would
be needed to perfect the agreement between theory and
experiment.*’ The other features at lower wavelengths are less
sensitive to the choice of the xc-functional.

In contrast with photoabsorption, the TDDFT-simulated CD
spectra shown in Figure 7 (right panel) are rather sensitive to the
difference in geometries of “best 17 and “best 2”. The
comparison with experiment is not straightforward for this
property; however, we can say that, at least qualitatively, most of
the experimental bands are reproduced by theory in the “best 1”
structure. The experimental CD profile of the S enantiomers of
groups I-IV (Figure 4) is characterized by a broad negative
minimum at 645 nm, followed by two other negative minima at
475 and 347 nm, further followed by a sudden change of sign of

the CD, which becomes positive below 300 nm. In the TDDFT-
simulated CD profile of “best 17, we find a broad negative
minimum at 632 nm, followed by two additional minima at 480
at 380 nm and then a sudden change of sign of the CD which
becomes positive below 352 nm. The comparison is rather
satisfactory in terms of peak positions, albeit less quantitative in
terms of intensity. The disagreement between theory and
experiment may also be ascribed to the conformational degrees
of freedom of the ligands, which are not accounted for in the
present simulations and have important consequences on the
CD intensity.46

It is interesting to note that the UV/vis absorption band at
795 nm in “best 1”7 does not have a counterpart in its calculated
CD spectrum. This can be explained via an individual
component maps of rotatory strength (ICM-RS) analysis (see
ref 47). It represents the most sophisticated tool of chiroptical
response and is reported for [Ag,,Au, (S-BINAS),(DMBT) o]~
(“best 1” configuration) in Figures S17 and S18, which shows
that all three magnetic dipole contributions to the CD spectrum
of “best 1” are nonzero but they nearly cancel each other to give
an almost zero chiroptical response. Moreover, a molecular
orbital (MO) analysis of this cluster shows that the ICM-RS
plots have contributions from several different excited
configurations. Table S1, reporting the analysis of the transition
density matrix of the excitation at 795 nm in terms one-electron
excited configurations (occupied-virtual pairs), provides more
detail. The largest contribution (30%) is given by the HOMO—2
— LUMO configuration, mixed with 25% of the HOMO—-1 —
LUMO+1 and 11% of the HOMO—2 — LUMO+1 ones. Such
excited configurations are shown as vertical arrows in Figure 8,
where the MO energy levels are reported together with a
Mulliken analysis of Ag, Au, S, and C+H contributions. As
reported in Table S1 and in Figure 8, the occupied orbitals
playing a role in the transition at 795 nm are contributed mainly
by S 3p and Ag 5s atomic functions involved in the Ag—S staple
chemical bonds, whereas the virtual orbitals are mainly
contributed by Ag Ss. 3D plots of these molecular orbitals
reported in Figure S19 confirm their nature: whereas HOMO—1
and HOMO-2 appear to be localized near the Ag—S bonds,
LUMO and LUMO+1 are much more delocalized over the
metal atoms, extending on the metal core, as well. This suggests
that the low rotational strength at 795 nm may be due to
cancellation effects among occupied virtual pairs, with the same
virtual orbitals delocalized over the less chiral metallic core of the
cluster, whereas chirality is mainly induced by staples.

It is interesting to investigate also the nature of the CD band
calculated at 632 nm for “best 1” geometry. An analysis in terms
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Figure 8. Molecular orbital (energy levels) diagram showing the
leading contributions to the two lowest transitions at 1.56 eV (795
nm) and 1.96 eV (632 nm) for the geometry “best 1” of the
[Ag,,Au,(S-BINAS),(DMBT),,]~ cluster anion. Orbital character
in terms of Mulliken analysis of Ag, Au, S, and C+H contributions is
given in terms of colors of the level, according to the inset legend.
HOMO and LUMO are at —7.60 and —6.33 eV, respectively.

of excited configurations for this transition is reported in Table
S1, whereas the involved orbitals are the ones reported in Figure
S19. In this case, the involved virtual orbitals are LUMO+2 and
LUMO+3, which contain a dominant ligand contribution (see
the strong participation of the BINAS 7 orbitals; see Table S1
and Figure S19), while concomitantly the CD rotational
strength is much more pronounced with respect to the transition
calculated at 795 nm, where the ligand contribution is much
smaller. This suggests that the CD signal at 632 nm in calculated
spectra (see Figure 7, right panel), that we claim corresponds to
the broad experimental band centered at 645 nm (see Figures 4
and S), is generated by the asymmetry of the Ag,,Au;S;q
framework induced by the ligands. For completeness, we report
in Table S1 also the analysis of the features calculated for the
“best 1” structure at 2.54 eV (488 nm) and 2.72 eV (356 nm),
which correspond to the experimental bands at 475 and 347 nm,
respectively. Unfortunately, these transitions are strongly mixed,
so their assignment is not straightforward. However, from the
orbitals involved, it can be seen that they are both mainly
contributed by the ligands (S 3p and C 2p) with a minor
contribution of the metal atoms. A more comprehensive
description can be extracted from the ICM-OS plots reported
in Figure S18. The strongly mixed character is corroborated by
the “spots” on the reference straight line, indicating mixing of
almost degenerate configurations. The minor role of the off-
diagonal spots rules out plasmonic behavior, as can be expected
due to the too small size of the cluster.

Further simulations on the “best 1” structure were conducted
to elucidate the origin of chirality. In detail, a
[Ag,,Au;(SCH;)15]” model structure was generated from
“best 17 geometry of the [Agy,Au,(S-BINAS),(DMBT),,]”
anion by transforming its BINAS and DMBT ligands into
thiomethyl residues and relaxing the geometry, first keeping the
AgyAu S g core frozen and using DFT/PBE-D3 with CP2K
code and then fully relaxing the resulting model using DFT/
LDA with ADF code (the final structure is named “best 1-
CH,”). Any residual chiral response of this model structure must
be related to a desymmetrization of the Ag,,Au, S framework of
the parent Ag,,Au;(DMBT);;~ induced by the replacement of

DMBT with BINAS ligands, significant enough to survive as a
local energy minimum even after the transformation into
thiomethyl ligands. The TDDFT-simulated CD spectrum of
“best 1-CH;” is reported in Figure 9 and compared with that of

400
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Figure 9. Circular dichroism rotatory strength (R) calculated at the
TDDFT level for the [Ag,,Au,(S-BINAS),(DMBT),,]” cluster
anion (geometry “best 1”) and a [Ag,,Au;(SCH;);5s]” model
structure derived from the “ “best 1” ” by transforming the BINAS
and DMBT ligands into thiomethyl residues; see text for details.

the “best 1”7 structure. A residual, although much damped, CD
activity for “best 1-CH;” is apparent, with values of rotator
strength (R) ranging between —S50 and +60. This finding
suggests that the chiral desymmetrization due to the BINAS
ligands partially transfers into the staple units but leaves the
icosahedral metal core almost unaffected, as visualized in Figure
S20, where we compare the Ag,,Au,S;s skeletons of the
geometries: “best 1-CH;” with the experimental structure of
[Ag,4,Au;(DMBT) 5]”. Note that the TDDFT-simulated
rotatory strength of a [Ag,,Au;(DMBT),s]” model structure
calculated following the same protocol as used for [Ag,,Au, (S-
BINAS),(DMBT),o] " is negligible (as shown in Figure S21),
confirming the achiral nature of the starting compound. We
conclude that the CD of the [Ag,,Au;(S-BINAS),(DMBT),,]~
at 632 nm is not directly due to chiral BINAS ligands, but the
chiral ligands induce a structural lowering of the symmetry of the
Ag,,Au, S g framework, mainly in the staple units. The ligand’s
tail groups also contribute significantly to the intensity of these
CD bands.

DEFT calculations predict the presence of a CD band at 632
nm, which is assigned to the experimental band at 645 nm for
groups I-IIL. As shown in Figure S20, the Ag,,Au,S 5 skeleton of
the “best 1-CH3” geometry of Ag,,Au,(S-BINAS),(DMBT),,
exhibits structural distortions compared to that in the
experimental structure of [Ag,,Au;(DMBT)5]”. The
Ag,4Au, (R/S-BINAS),(DMBT) 5_,, clusters with x = 5—7 are
more uniformly surrounded by the BINAS ligands, and the
distortions by these uniformly arranged ligands could result in a
more symmetric Ag,,Au,;S ¢ skeleton compared to that in the
clusters with x = 1—4 in I-III. This could result in the absence of
this CD band at low energies. The absence of this band in group
IV, in spite of the presence of clusters with x = 4 in it, could be
because of their lower concentrations in IV compared to that in
III. Although the clusters with x = 4 exhibit a CD band at 645
nm, it could be invisible due to the low concentration of these
clusters compared to the other two clusters with x = 5—7 which
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do not show any such CD band. Therefore, we think that the
absence of the CD band at 645 nm for IV could be due to the
different relative concentrations of these two different types of
clusters.

Luminescence and Circularly Polarized Luminescence
Measurements. Figure 10 shows the photoluminescence
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Figure 10. Luminescence spectra of Ag,,Au,;(DMBT); (black) and
Ag,,Au, (R-BINAS),(DMBT),4_,, group of clusters I (red), II (wine
red), ITI (blue), and IV (green) collected at excitation wavelength of
467 nm.

spectra of Ag,,Au;(DMBT),; and Ag,,Au,(R-BI-
NAS),(DMBT);5_,, group of clusters I-IV. The excitation
spectra of groups Il and Il are presented in Figures S22 and S23,
respectively. The emission spectra of the parent
Ag,,Au;(DMBT) g and group II clusters collected at various
excitation wavelengths are presented in the Figures S24 and S25,
which shows that the nature of the emission band does not
depend on the excitation wavelength. The emission maximum of
groups I—IV undergoes a red shift of ~30 nm with regard to that
of Ag),Au;(DMBT) 5. The red shift of the luminescence was
further confirmed with clusters containing another bidentate
ligand, namely, BPT, as presented in Figures S26 and S27.
The observed red shift in the emission bands of I-IV could
either be due to the change in the ligand’s tail group, that is, from
2,4-dimethylbenzyl to binaphthyl (through the extended
conjugation of 7 electrons) or due to the structural distortion
of the Ag,,Au,S;g framework due to the bidentate mode of
binding, as discussed previously. DFT calculations on
Ag,,Au,(S-BINAS),(DMBT),, reveal that there is structural
distortion on the Ag,,Au,S 4 framework. However, we note that
the red shift of photoluminescence for the BPT-containing
clusters (~15 nm) is less and almost half compared to that of
BINAS-containing clusters (~30 nm), even though both the
ligands are bidentate in nature. Furthermore, it is interesting to
note that the red shift for the clusters containing S—7 BPT
ligands (see Figures SS and S26) is less compared to that for the
clusters with 4—7 BINAS ligands (see Figures 2D, S3D, and 10).
However, there is no gradual increase in the red shift for these
clusters as a function of the number of BINAS and BPT ligands
in them. This can be due to the fact that all of the binaphthyl or
biphenyl tail groups may not be able to adopt a favorable

(planar) arrangement on clusters. Hence, an increasing
conjugation of the 7 electrons (resulting in an increased red
shift) with increasing number of BINAS or BPT ligands may not
be possible. These observations suggest that the conjugation
effects indeed play a role in the observed red shift of the
luminescence; however, the conjugation alone cannot be the
reason for the red shift of absorption and emission bands and
that both of these effects are contributing to the observed
changes in the absorption and emission features of BINAS-
containing clusters. As the cluster Ag,,Au;(S-BI-
NAS),(DMBT),, represents the Ag,,Au,;(R/S-BI-
NAS),(DMBT);5_,, clusters in general, as mentioned pre-
viously, and DFT calculations show the involvement of
binaphthyl groups in the MOs (see Table S1 and Figure S19)
associated with the low-energy transitions, we think that the
changes in absorption and emission bands could be due to the
incorporation of the BINAS ligands and associated effects
mentioned above. However, it is difficult to disentangle the
contributions of the structural distortion and conjugation in
greater detail from the present study.

The CD spectroscopic measurements presented above reveal
that the incorporation of BINAS induces chiroptical signatures
in these clusters. Therefore, it is worthwhile to check whether
this induced chirality has any effect on the luminescence of these
clusters. In order to test this, we carried out CPL spectroscopy
on groups I-IV. Our measurements show that even though
there are well-defined signatures in the CD spectra, these
clusters exhibit very weak CPL activity, as shown in Figures S28
and S$29. Due to the weak signal, averaged spectra are presented
for each sample. Due to instrumental limitations, the
fluorescence maximum could not be reached, so we can just
say that within the observed range one may estimate a value of
1.5 X 107* for the g, ratio, whereas g, for the lowest-energy
band is about 5—8 X 107*. We note that the clusters with R-
BINAS and S-BINAS exhibit positive and negative CPL bands,
respectively, which is in accordance with the signs of their CD
bands (see Figures 4 and S). Furthermore, we note that the
group IV (ie, AgyAu,(R/S-BINAS), (DMBT)q_,, clusters
with 4—7 BINAS ligands) do not exhibit any CPL bands within
our detection limit (see Supplementary Note 1): this sample
exhibits distinct UV/vis and CD bands at 475 and 347 nm (see
Figure 3, traces d and d’ in Figure 4 and Figure S13) but no CD
signal at 645 nm (in the same experimental conditions of the
other samples). A further discussion on the origin of
luminescence in these clusters is presented in the next section
in light of DFT calculations.

Discussion on the Origin of Chiroptical Features and
Photoluminescence in Ag,,Au,(SR),s and Ag,,Au,(S-
BINAS),(DMBT)o. The Ag,,Au,(SR) ;g is structurally analo-
gous to Auys(SR);5 and Ag,s(SR);s. These clusters share
common structural features, that is, an M, icosahedral core and
six M, (SR); staple motifs (M = Ag/Au).”>**** All three clusters
(anions) are superatoms*”** with eight free valence electrons
contributed from the metal atoms of their icosahedral cores and
an overall negative charge. Considering the electronic
absorption spectra, previous theoretical calculations suggest
that the low-energy absorption band of these clusters (at ~690
nm for Auys(SR), ~680 nm for Ag,s(SR) g, and ~619 nm for
Ag,,Au,(SR),g) originates from the intraband transitions
involving superatomic orbitals derived from the metal atoms
of their M, icosahedral core."”'? The electronic absorption
bands at higher energies are due to various transitions involving
the molecular orbitals with significant contributions from the
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sulfur atoms and the tail groups of their ligands.'” However,
there are contradicting conclusions on the nature of the
transitions responsible for their photoluminescence. As
mentioned previously, experiments suggest that the photo-
luminescence in Ag,,Au; (DMBT) 5 is due to the charge transfer
processes involving the ligands,'® whereas theoretical calcu-
lations by Aikens et al. suggest that the photoluminescence in
M,5(SR),s (M = Ag/Au) clusters is due to the transitions
involving the icosahedral core-based superatomic orbitals and
that the contribution of the ligands and the metal atoms in the
staple motifs is not significant in these transitions.'” We solve
this discrepancy by noting that the orbital analysis in that work
was limited to SH groups, instead of DMBT ligands, whose
aromatic ligands are expected to behave quite differently with
respect to the much simpler SH, due to coupling via conjugation
between the ligand and the metal core.”’ Based on our
experimental observations and DFT calculations presented
above, we now discuss the nature of the electronic transitions
responsible for the photoluminescence of Ag,,Au,(DMBT),,
and Ag,,Au, (R/S-BINAS), (DMBT) 4_,, clusters.

UV /vis spectra show that the absorption band at around 619
nm for Ag,,Au;(DMBT),; undergoes systematic changes with
increasing number of incorporated BINAS ligands. The group of
clusters I, II, and III exhibit strong absorption bands in the UV/
vis spectra and corresponding CD bands (see Figures 3, 4, and
S6). Similarly, the luminescence maximum of groups I-IV is
red-shifted with regard to that of Ag,,Au;(DMBT),,. Interest-
ingly, even though the group IV Ag,,Au,(R-BI-
NAS),(DMBT);s_,, clusters with 4—7 BINAS ligands exhibit
a band in the UV/vis spectra at around 590 nm (Figure 3), this
sample does not have the corresponding CD band (i.c., there is
no band in traces d and d’ at low energies, corresponding to the
ones at 645 nm for groups I-1III; see Figure 4). Paralleling the
UV/vis and the CD responses, no CPL was observed for this
sample (see Supplementary Note 1), whereas weak CPL was
observed for the other three Ag,,Au;(R-BINAS),(DMBT);5_,,
clusters containing lower numbers of BINAS ligands.

In order to understand the origin of luminescence and CPL in
Ag,,Au;(R/S-BINAS),(DMBT)5_,, clusters, the nature of
molecular orbitals (in terms of the contributions of the metal
atoms, in the cores and the staples, and ligands) involved in these
transitions are to be considered. The MO diagram, based on the
calculations on the model system, [Ag,,Au,(S-BI-
NAS),(DMBT),,]", shows the leading contributions to the
two lowest transitions at 795 nm (1.56 eV) and 632 nm (1.96
€V) for the geometry “best 17, as shown in Figure 8. The DFT
calculations show that the calculated CD band at around 632 nm
is due to HOMO—1 — LUMO+2 and LUMO+3 transitions.
Furthermore, the analysis of the molecular orbitals (see Figure 8,
Figure S19, and Table S1) shows that the occupied molecular
orbital (i.e, HOMO-1) for this transition is mostly localized on
the metal—ligand staple motifs (with noticeable Ag and §
contributions), and the excited MOs (i.e., LUMO+2 and LUMO
+3) are mostly localized on the ligand’s carbon atoms, giving an
appreciable CD signal. However, this level of DFT predicts low-
energy bands (estimated to lie around 795 nm by our TDDFT
but arguably in the tail of the 632 nm at the experimental level),
associated with HOMO-—1, HOMO—-2 — LUMO, LUMO+1
transitions, which are dark in the CD spectrum. For the
photoluminescence and CPL activity, we can then argue that
they should be assigned to an excitation transfer from the 632
nm band to its neighboring low-energy excited states (LUMO/
LUMO+1, those calculated by TDDFT around 795 nm), which

should become the leading decay channel in luminescence and
CPL. This suggests that the luminescence and CPL activity of
Ag,,Au,(R/S-BINAS), (DMBT),4_,, clusters could arise from
these low-lying excited states (LUMO and LUMO+1) where
the contribution of the ligand’s tail groups (C and H atoms) is
lower compared to that in the higher excited states (LUMO+2
and LUMO+3) (see Figure 8). However, the contributions from
of the whole ligand (all of the atoms, S, C, and H) are important,
as indicated by the red shift in the luminescence maximum when
the DMBT ligands are exchanged with BPT and BINAS ligand
which have larger aromatic tail groups. The red shift could be
due to the fact that corresponding molecular orbitals have lower
energies in BPT and BINAS compared to that in DMBT. The
nature of the LUMO and LUMO+1 also explains the low values
of circularly polarized luminescence, as chiral bands are lost in
the evolution of these excited states in which electrons reside in
the less chiral Ag,,Au,S,s framework of the cluster. As the CD
response of the bands predicted at 795 nm is very weak, we
expect a very low CPL signal, in agreement with experiment.
This assignment is strongly corroborated by the red shift of ~#30
nm in the calculated photoabsorption band at 795 nm in going
from Ag,4Au,;(DMBT),s to Ag,,Au,;(R/S-BI-
NAS),(DMBT);5_,, (see Figure 7, left panel), which matches
a corresponding red shift as measured in the experimental
photoluminescence spectra. In Table S2, an analysis of the
calculated spectral bands at 765 and 590 nm of the parent,
achiral cluster, Ag,,Au,(DMBT); is shown with the orbitals
involved (see Figure $30). Their nature is similar as found in the
[Ag,4Au,(S-BINAS),(DMBT) ]~ cluster, and the only differ-
ence is the absence of the ligand’s aromatic ring participation at
the 590 nm transition. Therefore, theoretical results and the
correlations between the observed UV/vis, CD, luminescence,
and CPL bands of groups I-IV with that of the
Ag,,Au;(DMBT)s confirm that the luminescence in these
clusters occurs due to the transitions involving the whole
Agy,Au S g framework and not merely from the icosahedral
Ag,Au, core.

CONCLUSIONS

In summary, we presented an experimental approach utilizing
chiroptical spectroscopic techniques to probe the origin of
electronic transitions responsible for the photoluminescence of
an atomically precise noble metal cluster, namely,
Ag,,Au; (DMBT);5, and chiroptical responses in its chirally
functionalized derivatives. To the best of our knowledge, a
combination of the chiroptical and luminescence spectroscopies
to understand the nature of electronic transitions has not been
applied in such molecule-like metal clusters. In order to enable
the use of chiroptical techniques, a chiral ligand, R/S-1,1'-
[binaphthalene]-2,2'-dithiol (R/S-BINAS) was incorporated
into Ag,4Au;(DMBT),, and a series of clusters of the general
formula Ag,,Au;(R/S-BINAS).(DMBT);5_,,, with x = 1-7,
were synthesized without altering the overall structure and
composition. The effect of BINAS on the UV/vis, CD,
luminescence, and CPL bands of these clusters was systemati-
cally analyzed, which reveals an unexpected transition of the low-
energy electronic excitations from achiral to chiral and back to
achiral from Ag,,Au;(DMBT)5 to Ag,,Au,(R/S-BI-
NAS),(DMBT);s_,, by increasing the number of incorporated
BINAS ligands. Our chiroptical spectroscopic measurements, in
conjunction with DFT calculations, suggest that the photo-
luminescence in Ag,,Au;(DMBT)q and its chirally function-
alized derivatives originates from the transitions involving the
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whole Ag,,Au;S;3 framework and not merely from the
icosahedral Agj,Au; core, with an important contribution of
conjugation effects with aromatic tails of the ligands.”" These
results show that the photoluminescence in these cluster systems
cannot be solely attributed to any one of the structural
components, that is, the metal core or the protecting metal—
ligand oligomeric units, but rather to thelr interaction and that
the ligand shell plays a crucial role.”> Our work demonstrates
that chiroptical spectroscopic techniques such as circular
dichroism and circularly polarized luminescence represent
useful tools to understand the nature of electronic transitions
in ligand-protected metal clusters and that this approach can be
utilized for gaining deeper insights into the structure—property
relationships of the electronic transitions of such molecule-like
cluster systems.

EXPERIMENTAL SECTION

Materials Used. Silver nitrate (AgNOj), 2,4-dimethylbenzene thiol
(DMBT), tetraphenylphosphonium bromide (PPh,Br), and sodium
borohydride (NaBH,) were purchased form Sigma-Aldrich. Chloro-
(triphenylphosphine)gold(I) (AuCIPPh;) was purchased from Acros
Chemicals. All solvents used, dichloromethane (DCM), methanol, etc.,
were of analytical grade and used without further purification. 1,1-
[binaphthalene]-2,2-dithiol (BINAS) and 1,1'-biphenyldithiol (BPT)
were synthesized by adopting the method reported previously.** > Bio
Beads SX-1 (Bio-Rad) for column size-exclusion chromatography was
purchased from Bio-Rad Companies, USA.

Instrumentation. Ultraviolet—visible spectra were recorded on a
Varian Cary 50 spectrophotometer using a quartz cuvette with a 10 mm
path length. CD spectra were recorded on a JASCO J-81SSE CD
spectrometer using a quartz cuvette with a 2 mm path length. All CD
and UV/vis measurements were carried out using DCM as the solvent.

Electrospray ionization mass spectra were measured on a QSTAR
pulsar i (AB Sciex) using a quadrupole and time-of-flight analyzers. The
spectra were measured in the mass range of m/z 500—12,000 in the
negative ion mode. Further details of the instrumental parameters used
for the measurements are provided in the Supporting Information.

Emission spectra were measured on a Fluorolog-3 fluorescence
spectrometer (Horiba JobinYvon) equipped with a liquid nitrogen-
cooled NIR photomultiplier tube with an extended detection capability
in the visible region (R5509-73, Hamamatsu). The measurements were
carried out using a quartz cuvette with a 1 cm path length. DCM was
used as solvent for all of the measurements. All of the emission spectra
were collected at an excitation wavelength of 467 nm (unless otherwise
stated) with an excitation monochromator slit of S nm and an emission
slit of 2 nm.

Circularly polarized luminescence spectra were measured using a
home-built spectrometer (allowing to simultaneously record also
fluorescence spectra).”® DCM was used as solvent for all of the
measurements. The same solutions employed for CD measurements
were used in a 10 mm X 2 mm fluorescence quartz cell. Excitation
radiation (470 nm wavelength) was brought to the sample through an
optical fiber from a Jasco FP8200 fluorimeter. Thirty scans were
accumulated for each spectrum, with the following conditions: incident
bandwidth of 20 nm, emission band pass of approximately 10 nm, and
scan speed of 0.5 nm/s. The signal is very noisy due both to low
fluorescence of samples and to low sensitivity of the instrument in the
spectroscopic region of interest; for this reason, the spectra are plotted
after an “adjacent average” over 100 points (data pitch 0.25 nm). The
original spectra are reported in Figure S29.

Synthesis of [Ag,,Au,(DMBT);gl[PPh,]. [Ag,,Au,(DMBT);;]-
[PPh,] was synthesized by the reaction of [Ag,s(DMBT) ¢][PPh,]
with AuCIPPh, by adopting a reported procedure®® with slight
modifications. [Agzs(DMBT)ls][PPhd was synthesized by adopting
areported procedure.*® To synthesize [Ag,,Au;(DMBT),3][PPh,], 16
mg of [Ag,s(DMBT),][PPh,] was dissolved in S mL of DCM. Two
hundred microliters of AuCIPPh; solution (4.2 mg in S00 uL of DCM)
was then added to it. The reaction mixture was gently shaken by hand

and kept undisturbed for about 2 h. The color of the solution changed
from dark brown to dark green during this time interval, indicating the
formation of [Agy,Au;(DMBT),;][PPh,]. Formation of the alloy
cluster was confirmed using UV /vis spectroscopy. The reaction mixture
was then centrifuged at a speed of ~ 10000 rpm for about ten minutes in
order to remove any insoluble materials formed (AgCl, for example)
and the supernatant DCM solution was collected and dried using a
rotary evaporator. Then the reaction mixture was passed through a size
exclusion chromatographic column using DCM as the eluting solvent.
The pure [Ag,,Au;(DMBT),][PPh,] thus obtained was dried using
rotary evaporation.

Synthesis of [Ag,,Au;(R/S-BINAS),(DMBT),5_,,][PPh,]. These
clusters were synthesized through a ligand exchange reaction of
[Ag,4Au,(DMBT) ;] [PPh,] with R/S-BINAS. The number of BINAS
ligands incorporated (ie, x) in the general molecular formula,
Ag,,Au,(R/S-BINAS),(DMBT),5_,,, is controlled by varying the
Ag,,Au,(DMBT),3/BINAS molar ratios. The groups of Ag,,Au,(R/
S-BINAS),(DMBT),;_,, clusters with varying numbers of BINAS in
them, I (x = 0—3), II (x = 2—5), and III (x = 3—5), were synthesized at
Ag,,Au;(DMBT),s/BINAS molar ratios of 0.5:1.0, 0.25:1.0, and
0.1:1.0, respectively. The Ag,,Au,(S-BINAS), (DMBT),,_,, clusters
of group IV (x = 4—7) were synthesized at a Agy,Au;(DMBT),,/S-
BINAS molar ratio of 0.01:1.0. The Ag,,Au,; (R-BINAS), (DMBT) 5_,,
of group IV was synthesized by furthering the ligand exchange of the
corresponding group II, wherein x = 2—5. For the synthesis of
Ag,,Au;(R/S-BINAS), (DMBT),5_5,, typically, ~2.5 mg of
[Ag,,Au;(DMBT) ] [PPh,] was dissolved in 1 mL of DCM. Then,
various volumes of R/S-BINAS solution (2 mg in 100 uL of DCM) was
added to it. The mixture was then shaken gently by hand and kept
undisturbed for about 1.5 h at room temperature. The reaction mixture
was then purified by size exclusion chromatography using DCM as the
eluting solvent.

Synthesis of [Ag,,Au,(BPT),(DMBT),5_,,l[PPh,]. These clusters
were synthesized through a ligand exchange reaction of
[Ag,,Au;(DMBT) 4][PPh,] with BPT. Typically, 2.0 mg of
[Ag,4Au,(DMBT) ] [PPh,] was dissolved in 1 mL of DCM. Then,
various volumes of BPT solution (2 mg of BPT in 100 uL of DCM)
were added to it. The mixture was then shaken gently by hand and kept
undisturbed for about 1 h at room temperature. The reaction mixture
was then purified by size exclusion chromatography using DCM as the
eluting solvent.
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