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ABSTRACT: Silver nanoclusters have emerged as promising candidates for optoelectronic applications, but their room-tem-
perature photoluminescence quantum yield (PLQY) is far from ideal to access cutting-edge device performance. Herein, two
supertetrahedral silver nanoclusters with high PLQY in non-degassed solution at room temperature were constructed by
interiorly supporting the core with multiple VO43- and E# anions as structure directing agents, and exteriorly protecting the
core with a rigid ligand shell of Ph\C=C" and Ph,PE;" (E = S, Ag64-S; E = Se, Ag64-Se). Both clusters have similar outer Agss
tetrahedral cages and [AgsE4@(V04)4] cores, forming a pair of comparable clusters to decrypt the origin of such a high PLQY,
particularly in Ag64-S, where the PLQY reached up to 97%. The stronger suppression effect of inner sulfides for non-radiative
decay is critical to boost the PLQY to near unity. Transient absorption spectroscopy are employed to confirm the phospho-
rescence nature. The quadruple-capping assembly mechanism involving Agz secondary building units on Agss truncated tet-
rahedron was also established by collision induced dissociation studies. This work not only provides a strategy of core engi-
neering for the controlled syntheses of silver nanoclusters with high PLQY, but also deciphers the origin of a near-unity PLQY,

which lays a foundation for fabricating highly fluorescent silver nanoclusters in the future.

INTRODUCTION
An overwhelming diversity of silver nanoclusters with
distinct physicochemical properties are available for

photoluminescence, photochromism, and antibiosis materials.
3 Photoluminescence is one of the most important properties of
smaller metal nanoclusters; however, it is a great challenge to
achieve a bright emission with a high photoluminescence
quantum yield (PLQY) for high nuclearity silver clusters at
room temperature, which, nevertheless, is one of the primary
figures of merit for optoelectronic applications.*® The origin of
photoluminescence and various electronic relaxation pathways
with respect to the inner metal cores, ligands, and the metal-
ligand interfaces have been studied experimentally and
theoretically.”!° Generally, Ag,S or Ag,Se quantum dots,
without atomically precise structure, possess high quantum
yields,'"’% while coinage metal nanoclusters usually possess a
low PLQY, especially for high nuclearity silver nanoclusters.
Nevertheless, the lack of stable atomically precise structures
hampers the understanding of emission mechanisms and the
rational design to improve PLQY. Although a series of methods
have been performed to improve the PLQY of metal
nanoclusters,'®?! such as doping with a hetero metal, rigidifying
the surface of the nanocluster, aggregation-induced emission,
tailoring the surface structures, embedding nanoclusters into
polymers, and dissolving the nanocluster in viscous solvents,
achieving intrinsically high PLQY or even boosting PLQY at
the atomic level is a huge challenge.

The prerequisite for improving PLQY is to understand the
excited states and dissect the radiative and nonradiative decay
pathways?>?* in atomically precise silver nanoclusters. One of
the key reasons for using atomically precise nanoclusters is that
they possess discrete energy transitions rather than a large
manifold of states or energy bands such as those found in a bulk
material. In this regard, considerable effort has been paid in the
preparation of such nanoclusters.'2! Using a rigid ligand is
undoubtedly a good strategy to improve PLQY by forming
more non-covalent interactions between the ligands (e.g. n--'®
and C-H--'m interactions) that can promote the radiative
transitions.”>?® Heterometallic doping can dramatically spike
PLQY in some systems, but the doping position and fraction are
difficult to control experimentally, so the mechanism is difficult
to determine.'®?’ Previous work reported that confining a few-
atom silver nanocluster in Linde Type A (LTA) zeolites greatly
improved their luminescence properties, but no structural
information was provided.?® Inspired by this, confining a silver
core by a rigid outer metallic framework, ligand shell, or anion
passivation shell may be an effective stratgy to boost the PLQY
of silver nanocluster.'8%

Recent studies have found that the combination of multiple
anions can also be used as structure directing agent (SDA),
especially tetrahedral templates (MO4™), to collaboratively
achieve hierarchical structures through solution self-
assembly.>*37 Further, the insertion of small anions such as
halide or chalcogenide can segregate the silver core from the
shell, producing core-shell silver clusters.®®* The most
interesting class is the introduction of additional S* or Se? ions



in [AgSs@Agss], effectively enlarging the inner core from
tetrahedral AgS4* to AgsZ4 (E = S/Se)*. The larger AgesZ4 core
results in the emission maxima from 515 nm to 760 nm and 765
nm for [AgeSs@Ags6] and [AgeSes@Agsq], respectively. Thus,
intervening the formation of metal core by adjusting simple
anions in the early stage of assembly may be a feasible way to
change the overall structure. These structural features, in turn,
contribute to the variances in photoluminescence properties.

Here, the multiple anion template strategy was successfully
implemented to synthesize two novel supertetrahedral
nanoclusters [Ag6E4@(\104)4@Ag5g(PhCEC)zg(th];’]'Ez)12:|4Jr (E
=S, Ag64-S; E = Se, Ag64-Se). Rigid ligands that could be used
as sulfur or selenium releasing reagents were deliberately cho-
sen. Both have been known to lead to high PLQY in non-de-
gassed solution at room temperature; in particular, Ag64-S
achieves a PLQY up to nearly 100% compared to the most re-
ported coinage metal clusters.*® While the large core-ligand
framework prevents easy accessibility to theoretical infor-
mation about the emissive excited states, density-functional the-
ory (DFT) calculations show that the electronic transitions that
make up the optical peaks of these clusters have charge transfer
character between the p orbitals in the S/Se atoms with d char-
acter from the Ag outer core atoms and m orbitals in the aro-
matic rings. As the clusters share a similar size and shape, the
origin of higher PLQY in Ag64-S can be associated with differ-
ences in geometric and optical properties between the two clus-
ters.

RESULTS AND DISCUSSION

Scheme 1. Exploration of the synthesis pathway of Ag64-S and the changes
of photoluminescence as the reaction process proceeds monitored by 365
nm ultraviolet light. M1: the stirring method; M2: the solvothermal method.
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Synthesis Discussion

Three experimental routes were attempted (A-C) to synthe-
size Ag64-S by adding Na3;VO,, [PhC=CAg],, Ph,PS,-HNE;,
and CF3SO3;Ag in MeOH/DMF mixed solvent (Scheme 1 top).
Direct solvothermal reaction yields a large amount of red-or-
ange precipitate at the bottom of the glass vial, while the filtrate
evaporated to produce red block crystals in a very low yield
(<10%, Route A). However, if the solvothermal reaction was
performed after stirring 12 h at room temperature, a clear solu-
tion was obtained, and the filtrate was evaporated to produce
the crystalline target product with an enhanced yield of 46%
(Route B). Moreover, the crystals cannot be obtained by stirring
alone (Route C). Comparative experiments suggest that stirring
can promote the homogeneous mixing of the reactants and fa-
cilitate the reaction, but is not conducive to crystallization,
whereas the heating-cooling process can promote crystalliza-
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tion. Surprisingly, the extent to which the reaction has pro-
gressed can be observed by monitoring the change in lumines-
cence through portable ultraviolet lamp irradiation (Route B).
As the stirring reaction proceeds, the purple emission turns to
orange-red, signaling that the target product may be slowly gen-
erated after 12 h (Scheme 1 bottom). The composition and
structure of Ag64-S was characterized by single-crystal X-ray
diffraction (SCXRD) and electrospray ionization mass spec-
trometry (ESI-MS). The filtrates obtained by three routes and
diluted with CH,Cl; present two prominent peaks in the positive
mode ESI-MS. The peak at m/z = 3328.7864 (caled m/z =
3328.6385) corresponds to
[Ag6S4@(VO4)4C@Ag5g(PhCEC)25;(thPSz)12]4Jr (la) and the
other peak at m/z = 4487.9290 (cald. m/z = 4487.8354) corre-
sponds to [1a+CF;SO;]**, which implies that Ag64-S has been
produced in the filtrate and the counter anion should be CF3SO5
(Figure S1). The orange-red precipitate after reaction (Route A)
was washed with ethanol and dissolved in CH>Cl, for ESI-MS
analysis; only one significant peak was found at m/z =
3328.6273 corresponding to 1a (Figure S2). For Ag64-S, S* an-
ions were generated in situ by the decomposition of Ph,PS; lig-
and, which led to the question: would it be possible to obtain
nanoclusters incorporating Se” if Ph,PS,” was replaced by
Ph,PSe,? Therefore, Ph,PSexK* was designed and synthe-
sized instead of Ph,PS,-HNEt; to obtain a similar silver cluster
Ag64-Se (Scheme S2). As expected, they show different photo-
luminescence regarding to their emission energy and PLQY.
The synthesis, detailed structure diagrams and X-ray diffraction
data of these nanoclusters are shown in the Supporting Infor-
mation (SI).

X-ray Structures of Ag64-S and Ag64-Se
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Figure 1. (a) Total cluster structure of Ag64-S. (b) The structure of outer
metal-ligand shell of [Agss(PhC=C),5(Ph,PS,)2] in Ag64-S. (c) The struc-
ture of [Ags@S4(VOs)4] core in Ag64-S. (d) The four-shell motif in Ag64-
S including two silver shells (Age octahedron: green; Agss tetrahedron: pur-
ple) and two anion shells (VO,*" tetrahedron: blue; S* tetrahedron: yellow).
Hydrogen atoms are removed for clarity. Color legend: Ag, purple/green; P,
orange; S, yellow; V, blue; O, red; C, gray.

The total structures of Ag64-S (Figure la) and Ag64-Se
(Figure S5) were determined by the SCXRD at the temperature
of 100 K. These clusters crystallized in the hexagonal P63 space



groups, and their main composition was determined as
[AAg(,@;]:‘74(\704)4@}Ag53(PhcEC)zg(PI’lzl:’Ez)12]44r (E = S, Ag64-S,
E = Se, Ag64-Se). Further, the precise compositions were
verified using ESI-MS. Both clusters were successfully isolated
with a tetrahedral [Agss(PhC=C),s(PhoPE>) 2] shell (Figure 1b),
and [Age@E4(VO4)4] core (Figure 1c). Between the inner Age
core and outer Agsg shell, two homocentric tetrahedra are re-
spectively constructed by four chalcogenide atoms (S/Se) and
four VO4* anions (centered on the V atoms) (Figure 1d). Both
clusters are passed by four pseudo-3-fold axes through four ap-
ical silver atoms.

Figure 2. The AgsS4 (a) and AgesSes (b) tetrahedral core in Ag64-S and
Ag64-Se. Tetrahedra constructed by four VO,* in Ag64-S (c) and Ag64-Se
(d). The metal skeletal structures of Agss cage of Ag64-S (e) and Ag64-Se
(). (g) The T2 supertetrahedral structure of Ag64-S. (h) Four
[Ag7(Ph,PE,);(PhC=C);]) subunits covering the truncated tetrahedron
[Ag30(PhC=C);6]. Hydrogen atoms are removed for clarity. Color legend:
Ag, purple/green; P, orange; S, yellow; Se, pink; V, blue; O, red; C, gray.

In order to understand both clusters more comprehensively,
the structure from the inner Agg core to outer Agsg metal-ligand
shell was analyzed. The four silver trigons of the innermost Age
octahedron capped by four E* ions form the E,4 tetrahedron and
the remaining four are capped by four VO4* anions, which fi-
nally assemble the [Ags@Es(VO4)4] core. Each E*~ ion adopts
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a us coordination mode to link the outer Agss cage and inner
Ags octahedron (Figure S6) through Ag-S/Se bonding (Ag-S:
2.62-2.64 A, Ag-Se: 2.70-2.78 A). The edge lengths of the Ses
tetrahedron in Ag64-Se (5.45 A) is longer than the S, tetrahe-
dron in Ag64-S (5.25 A) due to the fact that atomic radius of Se
is larger than S (Figure 2a and 2b), which thus gives a slightly
larger Ags core for Ag64-Se (Ag---Ag in Ags: 2.90-2.91 A for
Ag64-S and 2.92-2.94 A for Ag64-Se). Further, four VO,> an-
ions (centered on the V atoms) construct an additional tetrahe-
dron that connects the inner Ags octahedron and outer Agss cage
through the s O atoms bonding with Ag atoms (Ag-O: 2.36-
2.80 A for Ag64-S and 2.31-2.80 A for Ag64-Se, Figure S7).
The two tetrahedra constructed by VO,* have almost identical
edge lengths (Figure 2¢ and 2d). The innermost Age octahedron
and the outer Agss tetrahedron are connected by Ag-S/Se bond-
ing, Ag-O bonding and Ag---Ag interactions*® (Ag---Ag: 3.23-
3.37 A for Ag64-S and 3.25-3.37 A for Ag64-Se).

Encapsulating the [Age@E4(VOa)4] core, for both clusters, is
a [Agss(PhC=C),3(Ph,PE») 2] shell with a tetrahedral configura-
tion. As shown in Figure 2e and 2f, two edges of the Agss cage
(average distance of Ag---Ag is 3.00 A for both) are almost
equal. Alternatively, the Agss cage can be viewed a T2 super-
tetrahedral nanocluster which consists of four vertex-shared sil-
ver tetrahedra, each of which has one VO4> anion in the cavity
(Figure 2g). The tetrahedral arrangement and bonding
characteristics of VO,** anions in the interior dominate the ge-
ometry of silver nanoclusters, shaping Agss a tetrahedron,
which fully confirms that the VO,* anions can act as an SDA
to influence the conformation of the clusters. Alternatively,
each vertex of the tetrahedral Agss cage can be regarded as an
[Ag7(Ph,PE,);(PhC=C);] cluster, which are face-capped on four
hexagons of a truncated tetrahedron [Ags;o(PhC=C)¢] (Figure
2h).

Two types of ligands regioselectively cover the surface of the
Agsg cage. The 28 PhC=C" ligands contain four in x3-n'm'm’
and 24 in usm"'m":n'm' coordination modes, which are divided
into four identical groups with each capping on the convex face
of the Agsg tetrahedron (Ag-C: 2.09-2.49 A for Ag64-S and
2.09-2.50 A for Ag64-Se), while 12 Ph,PE, are evenly an-
chored to the four vertexes of the Agss tetrahedron in the us-
n%n? coordination mode (Ag-S: 2.49-2.61 A, Ag-Se: 2.58-2.70
A, Figure S8). The regioselective distribution of PhC=C~ and
Ph,PE;" ligands on the exterior solidifies the Agss tetrahedron.

Solution stability and gas-phase fragmentation

Mass spectrometry is a complementary technique with re-
spect to SCXRD to determine the composition, the charge state,
and the solution behaviors of nanoclusters. Various types of
mass spectrometric techniques, such as electrospray ionization
mass spectrometry (ESI-MS), matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-MS), and cold-
spray ionization mass spectrometry (CSI-MS), efc. have been
used in the study of nanoclusters.*’>° Single crystals of Ag64-S
and Ag64-Se were dissolved in CH,Cl, and subjected to mass
spectrometry measurements. Both of them have only one peak
in the m/z range of 2000-6000 (m/z =3328.6283 for Ag64-S and
m/z = 3656.9846 for Ag64-Se). Two peaks are expanded and
show a characteristic peak separation of m/z = 0.25, confirming
a +4 charge state. The predominant peaks were assigned to the
molecular ion of Ag64-S and Ag64-Se, which corresponds to
[Ag6S4@(‘/O4)4@Ag58(Pl‘1CEC)zg(thPSz)]2]4Jr (1 a) and



[Ag6S(34@(\/O4)4@Ag5g(PhCEC)zg(thPSez)12]4+ (23), respec-
tively (Figure 3a and 3b). The results suggest that Ag64-S and
Ag64-Se have high solution stability. In addition, the bond-va-
lence sum (BVS) calculations with the Brese and O’Keeffe
method®! give values of 4.9307-4.9698 (Ag64-S) and 4.8098-
4.8207 (Ag64-Se) for V atoms, which indicates the valences of
V atoms are +5. These results jointly confirm that all Ag atoms
are in the +1 oxidation state, which is consistent with the long
Ag---Ag distances (> 2.88 A) in the Ags core. After increasing
the source voltage and drying temperature, the molecular ion
peaks still stands, and no fragmented species are found (Figure

S9 and S10). This further confirms that the integrity and stabil-
ity of these clusters will remain under harsh conditions.

Mass spectrometry is also an important approach to monitor
the cluster reaction process and explore possible assembly
mechanisms.’?>® Here, the gas-phase dissociation of Ag64-S
and Ag64-Se is studied using positive-ion mode ESI-MS with
varied collision energy (Figure 3¢ and 3d). The experiments
were performed by selecting the specified molecular ion peaks,
1a and 2a, colliding them at various energies, respectively, with
N gas in collision cell without mass selection by a quadrupole
mass filter.
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Figure 3. Positive-mode ESI-MS of Ag64-S (a) and Ag64-Se (b) dissolved in CH,Cl,. The insets are experimental (green) and simulated (red) isotopic patterns
of 1a and 2a species. Positive-mode ESI-MS of Ag64-S (c) and Ag64-Se (d) collected at different collision energies. Positive-mode ESI-MS of Ag64-S (e) at
30 eV collision energy and Ag64-Se (f) at 40 eV collision energy. The insets are experimental (green) and simulated (red) isotopic patterns (right) and

structures (left) of 1i and 2f species.

Scheme 2. The proposed gas phase dissociation pathways for Ag64-S. (1i:
Agjy species; 1g, 1e and 1h: Agg species; 1d, 1¢ and 1f: Ags species; 1b: Ag,
species)
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For Ag64-S, increasing the collision energy from 5 to 15 eV
left the 1a species intact, suggesting that Ag64-S is still stable
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at low collision energy. Increasing the collision energy to 20 eV,
1a began to dissociate significantly, and further increasing col-
lision energy to 30 eV resulted in the thorough fragmentation of
1a into the main species [Ags(Ph2PS;);]" (1b) and some other
faint trace species (1¢-1i) (Figure 3¢). A mass spectrum with a
collision energy of 30 eV was selected for analysis (Figure 3e).
The fragment ions [Ag7(PhC=C);(Ph,PS>);]" (1i) are likely gen-
erated through the decomposition of Ag64-S. Four fragmented
ions 1i, 1g, 1d, and 1b showed the same m/z interval of 207.94,
which is equal to the actual mass of PA\C=CAg. Therefore, the
1g, 1d, and final 1b species are sequentially obtained through a
core fission pathway from 1i*° (Egs. (1) in Scheme 2) and they
can be easily assigned to [Agn4(PhC=C),(PhoPS,):]" (n =2, 1,
0 for 1g, 1d, and 1b, respectively) by good matching of simu-
lated and experimental isotopic distributions (Figure S11 and
Table S1). Alternatively, 1i can decompose to 1e and 1¢ species
sequentially through another core fission pathway (Egs. (2) in
Scheme 2). The ligand exchange in paired 1g-1e and le-1h is
similar to that in paired 1d-1¢ and 1c-1f. Furthermore, 1d and
1f lost one PhC=CAg and Ph,PS;Ag, respectively, through a
core fission pathway to obtain the maximum abundance final
product 1b.
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Figure 4 The proposed quadruple-capping assembly route of Ag64-S.

All the fragments (1h-1b) come from the core fission and lig-
and exchange of 1i, so 1i could be the key component of Ag64-
S. Incidentally, four 1i species are located exactly at four ver-
texes of the Age4 tetrahedron as shown in the X-ray structure,
indicating that [Ag;(PhC=C);(Ph,PS;);]" (1i) is an important
secondary building unit (SBU) of Ag64-S. No other species
were observed in mass spectrum, indicating the complete de-
composition of Ag64-S after removing four SBUs from the four
vertexes. The overall fragmentation results in turn reflected the
possible quadruple-capping assembly mechanism, that is the in-
ner [Age@S4(VO4)4] transient core may be first formed, then
encaged by a [Ag(PhC=C);s] cage to form a
[Ags@S4(VO4)sAg30(PhC=C),¢] truncated tetrahedron where
four [Ags;(PhC=C);(Ph,PS;);]” SBUs are capped on the four
faces of it by Ag-O bonding and Ag---Ag interactions (Figure
4).

Similar fragments were also observed for Ag64-Se as well
(Figure 3d). At the collision energy of 15 eV, fragment ions
[Aga(Ph,PSez)s]" (2b) were generated, probably through a core
fission pathway. With the collision energy increasing, the inten-
sities of 2b gradually increased to the maxima at 40 eV; mean-
while, 2a gradually decreased in intensity and finally disap-
peared at 40 eV. ESI-MS with a collision energy of 40 eV
showed a similar species (2¢-2g) to Ag64-S (Figure 3f). From
2f to 2d, 2c¢, and final 2b species, loss of one PhC=CAg also
occurs sequentially through a core fission pathway (Egs. (1) in
Figure S12), and these species can be assigned to
[Agn4(PhC=C),(PhaPSe,)s]" (n=3, 2, 1, 0 for 2f, 2d, 2¢, 2b) by
good matching of simulated and experimental isotopic distribu-
tions (Figure S13 and Table S2). Ligand exchange also exists
between 2g and 2d species, and then the final product 2b is ob-
tained from 2g by losing PhC=CAg and Ph,PSe,Ag in the same
way (Egs. (2) in Figure S12). The similar fragmentation pattern
to Ag64-S once again confirmed the quadruple-capping assem-
bly mechanism.
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Theoretical analysis of Ag64-S and Ag64-Se

Calculations on Ag64-S and Ag64-Se at the BP86-
D3/DZ/COSMO level of theory showed a ground state structure
that differs less than 0.20 A from the crystal structure (Table
S3). The optimization contracts the Ag core — Ag core bonds
while simultaneously expanding the Ag core — S/Se bonds. One
of the more notable geometric changes between the crystal
structure and theory happens in the outer protecting cage, where
the Ag-S and S-P bonds get larger upon optimization. Despite a
longer average bond length between these atoms, the outer cage
gets smaller in size with theory as shown by the Ag---Ag bond
distances (Figure 2e and 2f). Despite having different atoms, the
clusters have essentially the same Ag core — Ag core, Ag core
-0, V-0, and V -V average bond distances. The larger dif-
ferences occur in the inner core and outer shell Ag-S/Se bonds,
where the Ag-S bond distances in Ag64-S contract by ~0.10 A
compared to the Ag-Se distances in Ag64-Se. Further, the S-S,
S-P, and Ag-Ag outer cage distances contract by ~0.20 A com-
pared to the equivalent bonds in Ag64-Se.

Ag64-S and Ag64-Se both have a superatomic electron count
of zero because all Ag atoms are in the +1 oxidation state. The
Ag64-S and Ag64-Se clusters have large HOMO (H) - LUMO
(L) gaps of 1.45 eV and 1.32 eV, respectively. The LUMO has
large s atomic contributions from Ag which collectively form
the 1S orbital (Figure S14). This MO has unique energy place-
ment, sitting 0.44 eV and 0.25 eV below the other unoccupied
MOs for Ag64-S and Ag64-Se respectively (Figure S15). There
is another noticeable energetic gap in the virtual MOs between
the L+15 and L+16 MOs in Ag64-S, as well as the L+12 and
L+13 MOs in Ag64-Se of 0.11 eV and 0.17 eV respectively.
The occupied MOs have very different nature, where there is no
superatomic orbitals but rather local atomic contributions. The
HOMO in particular has p atomic orbital character localized on
the S/Se atoms. Both clusters have close energy gaps in the oc-
cupied molecular orbitals (MOs), differing less than 0.08 eV.

The theoretical absorption spectrum (Figure S16) matches
the spectral shape of experiment very well. Both theory and ex-
periment predict a lower energy excitation for Ag64-Se com-
pared to Ag64-S. The theoretical peaks of interest occur at 3.09
eV with an oscillator strength of 3.47 x 10-3 a.u. in Ag64-S,
and 3.04 eV with an oscillator strength of 3.77 x 10-3 a.u. in
Ag64-Se. These peaks form collective single particle transitions
from the H-46 to the L+26 and H-17 to L+41 in Ag64-S, as well
as H-117 to L+1 and H-14 to L+48 in Ag64-Se. Because the
occupied MOs form almost a manifold of states, it is not sur-
prising that transitions do not arise in the frontier orbitals. Fur-
ther, these orbitals are all comprised of atomic p character from
the aromatic rings, p character from the S/Se atoms, as well as
some atomic d character from the Ag atoms. The electronic den-
sity in these transitions generally resides on the outer cage of
these clusters, with hardly any contribution from the core, ex-
cept in the occupied MOs, where the p atomic orbitals in the
S/Se atoms in the inner tetrahedron contribute heavily. The tran-
sitions that make up this peak do not overlap in electronic den-
sity, hinting that there is charge transfer character from the S/Se
atoms and aromatic rings to d character from the outer cage Ag
atoms and aromatic groups on a different spatial part of the clus-
ter (Figure S17 and S18). Unfortunately, exchange-correlation
functionals such as BP86 do not model charge transfer excita-
tions well in density functional theory (DFT) calculations as
they are too local in nature. Long range corrected functionals
help to remedy this issue, however, the Ag64-S and Ag64-Se



clusters are very large for calculations at this higher level of
theory. In addition to the peak at 3 eV, there are three other no-
table absorption peaks in the theoretical spectrum of both clus-
ters at ~2.70 eV, ~2.40 eV, and ~2.10 eV. Similar to the main
peak, there is heavy mixing in the transitions that make up these

peaks (Table S4). In general, Ag64-S blueshifts the absorption
peaks compared to Ag64-Se, and Ag64-Se possesses about 200
more electronic states between the first two peaks but has the
same number of electronic states between peak (b) and (c) as
well as peak (c) and (d).
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Figure 5. (a) The emission spectra of Ag64-S and Ag64-Se in CH,Cl, at 293 K and 83 K. Inset: the photographs of Ag64-S and Ag64-Se taken under 365 nm
UV light at 293 K. (b) The microsecond PL decay traces of Ag64-S and Ag64-Se in CH,Cl, at 293 K. (c) The optical absorption spectra of Ag64-S and Ag64-
Se in CH,Cl,. Inset: the photographs of Ag64-S and Ag64-Se dissolved in CH,Cl,, respectively. Map of TA spectra of Ag64-S (d) and Ag64-Se (g) pump at
400 nm in CH,Cl,. TA spectra of Ag64-S (e) and Ag64-Se (h) at three different time delays. TA kinetics decay of Ag64-S (f) and Ag64-Se (i) probed at

selected wavelengths.

Photoluminescence properties of Ag64-S and Ag64-Se.
Photoluminescence (PL) is amongst the most intriguing and
fascinating characteristics of nanoclusters.*® Under UV irradi-
ation, the CH,Cl, solution of Ag64-S emits red-orange light
with an emission maximum at 650 nm, while Ag64-Se emits at
678 nm (Figure 5a). Both tetrahedral clusters are bright emitters
in crystalline state, solution, and in frozen glass (Figure S19).
Of note, the quantum yields are measured to be 97% and 66%,
respectively in non-degassed solution at room temperature (Fig-
ure S20). At 83 K, the frozen glass emission maxima red-shifted
to 656 and 688 nm for Ag64-S and Ag64-Se, respectively (Fig-
ure 5a). The slight red-shift of them at 83 K should be attributed
to the enhancement of argentophilic interactions at low temper-
ature, which leads to the decrease of energy gap between ground
and the excited states.®! The temperature-dependent emission
spectra of both clusters from 83 to 293 K are provided in sup-
porting information (Figure S21). The absorption and emission
of Ag64-S is found at higher energy than that of Ag64-Se,
which indicates the involvement of S/Se atoms is incredibly im-
portant in the excited states (Figure S22). Since Se has more
loose binding of lone pair electrons than S, the lower energy gap
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between ground and excited states related to Se—Ag charge
transfer is attributed to the red-shifted emission for Ag64-Se.®

With reference to previous spectroscopic studies on related
Ag/Au-chalcogenide clusters, the emissions are tentatively as-
signed as derived from triplet states of a ligand-to-metal charge
transfer CLMCT; S/Se—Ag) character mixing with metal-cen-
tered ®*MC; ds/dp) states which are modified by Ag--Ag inter-
actions.®% For Ag64-S, the red-orange emission shows single-
exponential behavior with lifetimes at microsecond scale (19.38
ps, 293 K; 28.48 us, 83 K). Corresponding excited-state life-
times for Ag64-Se are 16.23 and 17.30 ps at 293 K and 83 K,
respectively (Figure 5b and Figure S23). The lifetime at micro-
second scale and the large Stokes shift (~0.67 eV for Ag64-S
and ~0.54 eV for Ag64-Se) indicate that the emissions are likely
to be phosphorescence (Figure 5c).

Ag64-S and Ag64-Se with the identical structural motifs pro-
vide an ideal platform to reveal the effect of the S/Se atoms on
the PL properties. To reveal the key factor affecting PLQY, the
rate constants for radiative delay (k) and non-radiative delay
(kar) were estimated using equations in Table 1. Comparison of
the & and £, values of them suggests that the high PLQY of
Ag64-S is largely associated with slow non-radiative decay ra-
ther than the fast radiative decay.?? This is reflected by the



shorter average Ag---Ag distances of the Ags core in Ag64-S
(2.90 A) than those in Ag64-Se (2.93 A), which is attributed to
the stronger confinement effect of the tetrahedron formed by
four S atoms than that formed by Se atoms, as reflected by
shorter S---S edge length (5.25 A) than Se---Se (5.45 A).2®
Therefore, the non-radiation transitions is suppressed by the
smaller Sy tetrahedral shell surrounding the Ags core.

Although optimized S; and T, calculations for these clusters
were not obtained, there are notable properties obtained with
theory that contribute to the PL mechanism of these clusters.
Initially, as the HL gap is smaller in the optimized ground state
structure of Ag64-Se compared to Ag64-S, it is expected to be
smaller in the excited states as well. The lower HL energy gap
can be attributed to the red shifted emission in Ag64-Se as Se
has more loose binding of lone pairs compared to S as discussed
in the previous section. Secondly, the MO diagrams show that
there is a large separation of the 1S (LUMO) orbital from the
unoccupied orbitals, as well as larger separations within higher
energy unoccupied orbitals. As large electronic energy gaps be-
tween orbitals promote the emission of a photon, this notion
hints that if there is non-radiative relaxation out of these states,
it will be slow as demonstrated through the Landau-Zener ef-
fect.®”®® Further, the vertical excitations that make up the ab-
sorption spectrum hint that the large contribution from the p
atomic orbitals on the S/Se atoms in the inner core to a molec-
ular orbital with contribution from d orbitals on the Ag outer
cage atoms has charge transfer character. While the exact states
that classify this mechanism are unknown, LMCT is qualita-
tively present with this level of theory.

Table 1. PL parameters of Ag64-S and Ag64-Se

Cluster QY (%) T (1s) ke (s1)? Kue (5
Ag64-S 97 19.38 5.01x10* 1.50x103
Ag64-Se 66 16.23 4.05x10* 2.11x10*
I:]]? iradiativg_dscay ~ 1 ‘o k,
r = non-radiative T= T+ K, QY = ok,

decay

In order to further understanding the PL mechanism of the
Ag64-S and Ag64-Se, femtosecond transient absorption (TA)
measurement were performed to investigate the excited state
dynamics. After pumping Ag64-S at 400 nm, one broad excited
state absorptions (ESA) was immediately observed between
425 and 625 nm (Figures 5d and 5¢). However, neither decay
nor the rise of ESA was observed during the time window due
to the ultrafast intersystem crossing (ISC).% The ESA at ~484
and ~561 nm has no obvious decay in the time domain of ~400
fs to 7 ns, which suggests that excited electrons has a long-lived
decay, but do not be detected by femtosecond TA (Figure 5f).
Combined with microsecond lifetime (19.38 ps) obtained by
time-correlated single photon counting, the ESA may originate
from the triplet excited state (T1). This phenomenon also shows
that the generation of T; is very efficient. For Ag64-Se, a broad
ESA signal was observed between 450 and 600 nm. Similarly,
the ESA signal has almost no decay up to 7 ns (Figure 5i) and
also has a microsecond lifetime (16.23 ps). So the TA profiles
and relaxation dynamics of Ag64-Se suggest that ESA may also
belong to T excited state (Figures 5g-5i). The excited electrons
from the triplet state go back to the ground state,”° resulting
the intrinsic phosphorescence for both of them. In addition, we
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verified singlet oxygen ('O,) generation experiments by degrad-
ing 1, 3-diphenylisobenzofuran (DPBF), thus demonstrating
that both Ag64-S and Ag64-Se emit phosphorescence (Figure
S24).7°

The unique optical properties with high PLQY imply that
these clusters would be great for potential applications. As an
additional example to demonstrate the strong PL, a maple leaf
was sprayed with a dichloromethane solution of Ag64-S as ink.
As shown in Figures S25a and 25b, the maple leaf was nearly
pale brown in natural light, but it became red and shiny under
365 nm ultraviolet light, indicating that Ag64-S could be used
as an anti-counterfeit agent. Besides, we selected the high quan-
tum yield Ag64-S to fabricate an LED device, by placing the
mixture of Ag64-S and commercial glue onto an UV LED chip
(365 nm) and curing in an oven at 60 °C for 3 h. The LED emits
bright orange-red lights at a voltage of 3.0 V (inset left in Figure
S25c¢). The emission spectrum of the orange red-emitting LED
is shown in Figure S25¢ with a peak centered at 656 nm and
CIE 1931 chromaticity coordinate at (0.669, 0.331) (inset right
in Figure S25c¢). The application of Ag64-S not only expands
the source of LED material and anti-counterfeit agent, but also
interprets the new function of silver nanoclusters.

CONCLUSIONS

In summary, this work presents two novel supertetrahedral
silver nanoclusters constructed synergistically by PhC=C,
Ph,PS; (Ph,PSey) ligands and VO4*, S* (Se*) templates. The
quadruple-capping assembly mechanism involving four Ag;
SBUs standing on truncated tetrahedron was confirmed by col-
lision induced dissociation study. The differences between S
and Se can be seen by the longer Ag-S/Se and V-V bonds, form-
ing a larger outer cage in Ag64-Se, as well as smaller Ag-Ag
core bonds compared to Ag64-S. Theoretically, the single par-
ticle transitions in the absorption spectrum show charge transfer
character; however, these results are only qualitative due to the
size of the clusters. Both clusters exhibit quite high room-tem-
perature PLQY, which can be applied as luminescence materi-
als. The experimental results reveal that the excited-state tran-
sition of S/Se is the fundamental origin for the difference of PL
characteristics. Theoretical observation of a 1S LUMO that is
well-separated from the other orbitals may explain the high
quantum yields observed. The difference of PLQY between
Ag64-S and Ag64-Se is mainly related to the lower non-radia-
tive decay involving S atoms. This work will open a fresh ave-
nue in the construction of new silver nanoclusters with high
PLQY by screening multiple simple anionic templates as struc-
ture directing agents and using rigid ligands as protective lig-
ands. Further work on modulating the configuration of silver
nanoclusters by introducing different anionic templates or lig-
ands to obtain application-oriented silver clusters is in progress.
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