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Unlike the facile modulation of surface structure through protecting ligands, the core shielded by outer shell of silver na-
noclusters is still hard to be controlled. Ligand effects may seep into the incipient growth of silver core. However, the comparable
cases to validate such hypothesis are currently lacking. Herein, we shed light on two core-shell silver nanoclusters, Ag,;Ss@Ags
(SD/Ag55b, SD = SunDi) and AgsSs@Agss (SD/Ag54b), differing in only one silver atom in the core which varies from a
pentagon-bipyramidal Ag, to an octahedral Ag, while keeping the Ag,g shielding shell almost the same. Although no direct
bonding between alkynes and silver core is observed in them, we propose that the ligand effect still exerts profound influences on
the size and geometry of silver core. The solution behaviours and complete ligand-exchange reaction of SD/Ag55b in CH,Cl, are
investigated using electrospray ionization mass spectrometry. Due to more and stronger argentophilic interactions, SD/Ag55b
exhibits room-temperature phosphorescence with a 40 nm red-shift compared to that of SD/Ag54b in CH,Cl,. This work not
only presents effective fabrication of silver nanoclusters via synergism of dithiophosphate and alkyne ligands, but also provides
us a pair of comparable examples to understand substitution group effect of protecting ligand on the core structures and
properties.
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1 Introduction

Ligand-protected silver nanoclusters continue to experience
scientific interest and curiosity owing to their aesthetic
structures, size-dependent physicochemical properties and
special role as a bridge between individual metal atoms and
larger nanoparticles [1-11]. The synthetic chemistry, crys-
tallization, and assembly mechanism of silver nanoclusters
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remain three eternal themes full of challenges in this field. In
the syntheses of atom-precise silver nanoclusters, several
kinds of organics have been developed as preponderant
protecting ligand, such as alkynes, carbene, N-heterocyclic
compounds, thiolates and phosphine ligands, owing to their
synthetic tunability and accessibility, ease of handling, and
versatile binding sites/modes [12-24]. In contrast, P/S li-
gands are much less used in metal nanoclusters [25,26].
Although dithiophosphate ligands are formally monovalent
anions, they are strong chelating clamps due to two adjacent
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S atoms with each bonded to two silver atoms, which makes
them more beneficial to shape silver tetragons than alkynes
and thiolates [27]. Due to such a feature of dithiophosphate
in constructing silver polygons, polyhedral silver na-
noclusters built from these basic units are usually anticipated
with charming aesthetic appeal and high symmetry. Up to
now, notable progress of dithiophosphate-protected silver/
copper clusters has been made by Liu group [28] who
isolated {Agzl[SzP(OlPr)2]12}+, {Ag[S,P(OR),]1n} (R =Pr
or 'Pr) [29], {Ag(H)[S,POED,]s} [30], {Agy(S)S,P-
(OEt),]s} [31], [CuysH,5(S,CNRy),,]” (NR=N"Pr, or aza-15-
crown-5) [32] and {Cu32H20[SzP(OiPr)2]12} [33] etc. More-
over, some platinum/palladium-doped silver nanoclusters such
as [P Au(S;P(OP),)y,] and  {PdAg;y(S)[S,P(O"Pr), ]}
were also documented by the same group [34,35]. The most
contributions of dithiophosphate to the development of silver
nanoclusters have been involved in above works, although
the earlier research can be traced back to 2005 [36,37]. Thus,
introducing dithiophosphates with or without other auxiliary
ligands into assembly of silver nanoclusters may bring new
opportunities to explore novel members in this family.
Among silver nanocluster family, there is an interesting
subgroup featuring core-shell hierarchical structures [38,39].
The formation of them has reached a consensus that the
growth of metal core is a kinetics controlled process fol-
lowed by the encapsulation of outer silver shell to finally
give a thermodynamically stable product. The former is in-
fluenced by all possible assembly factors such as solvents,
temperature, and ligands. However, no examples can unveil
the details underlying such a transient core growth stage. It
should be noted that the active metal core has very short
lifetime and thus will be quickly passivated by accessible
coordination species. Our and other groups reported several
cases of core-shell silver nanoclusters with different core
geometries and sizes such as [Ags@Ags,], [Ags@Ags],
[Ag@Ags], [Ag10@Agy], [Ag1(@Ag], [Ag1@Agk],
[Ag1@ALw], [Ag1@AGL], [Ag;@ALy], [Ag14S13 @A),

[Ag1S1,@ALs,], [AgSi@ALe], and [AgeS,@Agss] [40-
49]. From these examples, we can see that some small anions

such as MoO,”, CO;”", and S°~ usually passivate the inner
silver cores and participate in the formation of the final solid
structures [40,42,44-46], while organic ligands have never
been seen to directly ligate with these cores. However, could
it be that the organic ligands really did not have any influ-
ences on the formation of silver core in the early stage? This
is an important scientific issue needing some comparable
examples to answer.

Motivated by above discussions, herein, we adopt a mixed-
ligand approach and take advantages of both Ph,PS, and
RC=C ligands to the assembly of silver nanoclusters. Two
nanoclusters, [Ag;S¢@Ag43(M00,),(p-MePhC=C),,(Ph,-
PS,),,]-3CF;S0;-4CH;0H-2H,0 (SD/Ag55b) and [AgsSs@
Agy3s(M00,),(PhC=C),4(Ph,PS,) 5] 2CF;80;  (SD/Ag54b),

show different cores but similar Ag,s shells. It is worth
noting that the Ph,PS, and RC=C ligands specifically
shape silver tetragons and trigons of Ag,g shells, respec-
tively. More important, the different core structures (Ag,Sg
vs. AgsSs) are obviously dictated by different substitute
group of alkynes ligands (p-MePhC=C vs. PhC=C"). This
work enables us to accurately understand the individual ef-
fect of dithiophosphate and alkyne ligands in the construc-
tion of sophisticated core-shell silver nanoclusters, as well as
the influences of substitute group ligands on the nucleation
and configuration of the cores.

2 Results and discussion

2.1 Synthesis discussions

Experimental details including the synthesis, isolation, X-ray
single-crystal diffraction (SCXRD), infrared spectra (IR),
nuclear magnetic resonance spectroscopy (NMR), powder
X-ray diffraction (PXRD), energy dispersive X-ray spec-
trometry (EDS) and ultraviolet-visible spectroscopy (UV-
Vis) (Figures S1-S27, and Tables S1-S3) are shown in the
Supporting Information online.

SD/Ag55b and SD/Ag54b were synthesized through a
facile one-pot solvothermal reaction of silver-alkyne poly-
meric precursors, silver salts, Ph,PS,-HNEt; [50] and mo-
lybdates in methanol (Scheme 1). The details of the optimal
syntheses of SD/Ag55b and SD/Ag54b are given in the
Supporting Information online. In this system, we have tried
different silver salts, molybdate templates, solvents and re-
action conditions to optimize the synthetic parameters. It was
found that SD/Ag55b and SD/Ag54b could be isolated by
using Na,MoO,-2H,0, (NH4)sMo0,0,4-4H,0 or H,CrMo¢O,,
as template sources and CH;OH or CH;OH/DMF as solvent
systems. Moreover, crystals can only be obtained under the
conditions of low-temperature solvothermal reaction at
70 °C. The target product cannot be obtained by stirring or
ultrasound at room temperature or 70 °C (Table S1). Their
samples were collected as orange rod crystals from the bot-
tom and wall of the vial and the yields of them can reach up
to ~50%.

2.2 X-ray crystal structures

The molecular structures of SD/AgS55b and SD/Ag54b were
determined as [Ag;S¢@Ag45(M00,),(p-MePhC=C),,(Ph,-
PS,),,]-3CF;S0;-4CH;0H-2H,0 (Figure la) and [AgsS¢@
Agg(M00O,),(PhC=C),4(PhyPS,) ,]- 2CF;S0;  (Figure 1b),
respectively, by SCXRD analyses (Table S2). SD/AgS55b and
SD/Ag54b crystallized into monoclinic P2,/n and triclinic
P-1 space group, respectively. Their asymmetric units con-
tain only a half of cluster imposed by inversion center. In-
terestingly, SD/AgS55b and SD/Ag54b have a very similar
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Scheme 1 Synthetic routes for SD/Ag55b and SD/Ag54b (TMEDA =
N,N,N',N'-tetramethylethane- 1,2-diamine) (color online).

Figure 1 Total cluster structure of SD/Ag55b (a) and SD/Ag54b (b).
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms
are removed for clarity. M0042_ is shown as cyan tetrahedron. Comparison
between the silver framework of SD/Ag55b (c) and SD/Ag54b (d). Color
legend: Ag, purple/green; P, orange; S, yellow; O, red; C, gray (color
online).

Ag,g shell and the same ligands binding motifs but quite
different cores (Figure 1c, d).

The rod-like SD/Ag55b contains 55 silver atoms, 24 p-
MePhC=C, 12 Ph,PS,, 6 S° and 2 MoO,”. The 55 Ag
atoms can be divided into two categories: 48 on the outer
shell (Ag,g shell) and the remaining 7 in the core (Agy core).
The Ag---Ag distances within Ags shell and Ag; core as
well as those between the two layers fall in the ranges of
2.85-3.41, 2.85-3.28 and 2.86-3.39 A, respectively, in-
dicating important argentophilic interactions [51-53]. The
Ag,s shell can be seen as two Ag;s cages at two ends sand-
wiching an Ag, cage at the waist through face-shared silver
hexagons (cyan rings in Figure 2a). Each Ag,s cage consists
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Figure 2 (a) The Agy shell of SD/Ag55b. The structure of [(MoO,)-
@Ag;s] (b) and [Ag;@Ags,] (c) in SD/Ag55b. MoO42_ is shown as cyan
tetrahedron. (d) The Ag;S, core in SD/Ag55b. (e) The AgsSy core in SD/
Ag54b. Color legend: Ag, purple/cyan/green; S, yellow; O, red; Mo, blue
(color online).

of 16 trigons, 3 tetragons and 1 hexagon as base, whereas
Ags, cage is comprised of 24 trigons, 12 tetragons and 2
hexagons. In each Ag,s cage, one tetrahedral M0042_ is en-
capsulated and interacts with Ag atoms by u, and u3 O atoms
with the Ag-O distances in 2.34-2.74 A (Figure 2b),
whereas a distorted pentagon-bipyramidal Ag; is shielded by
the Ag;, cage (Figure 2c). The innermost seven silver atoms
and six capping S* ions form an Ag;S4 core (Figure 2d)
which connects to the outer Ag;, cage through Ag—S bonds
(Ag-S: 2.19-2.84 A, Figure S9a) and Ag---Ag interactions.
Dissimilarly, for SD/Ag54b, an Ag¢S, core is enclosed in the
Ags, cage (Figure 2¢), where six S* ions link them together
(Ag-S: 2.42-2.88 A) with the assistance of Ag---Ag inter-
actions (Ag---Ag: 2.97-3.29 A, Figure S9b). These inner s*
ions should be generated from partial decomposition of
Ph,PS, [36]. Why can the similar silver cage accommodate
silver core of different sizes inside? The flexibility of Ags
cage may address this issue. In details, six S* ions in both
Ag;Ss and AggSe can form a Sg octahedron (Figure S10)
where the average S-S edge length in Ag,S¢ (4.76 A) is
0.31 A longer than that in Ag,S, (4.45 A), suggesting a larger
core in SD/Ag55b. To accommodate the larger core, the
outer Ag;, cage in SD/Ag55b becomes larger than that in
SD/Ag54b, reflected by the longer average Ag---Ag se-
parations in the shell of SD/Ag55b (3.06 A for SD/Ag55b
and 3.03 A for SD/Ag54b). On the basis of the compared
structural and synthetic details, although alkynes didn’t di-
rectly participate in protecting silver cores of SD/Ag55b and
SD/Ag54b, we propose that the substituted groups on al-
kynes influence the size and geometry of silver core during
the growth incipient stage in a non-invasive fashion.
Interestingly, all ligands in SD/Ag55b and SD/Ag54b have
almost the same surface distributions and coordination
modes. Here, we take SD/Ag55b as an example. The p-
MePhC=C and Ph,PS, are in a staggered arrangement with
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the latter located at the poles and the equator and the former
dispersing in between. Each Ph,PS, ligand caps on the silver
tetragons of the Ag,g shell using a u, coordination mode
(Ag-S: 2.50-2.66 A, Figure S11). The 24 p-MePhC=C" li-
gands can be divided into six groups located at six different
regions with each containing 3, 6, 3, 3, 6 and 3 p-MePhC=C"
ligands, respectively. Notably, all p-MePhC=C ligands are
anchored to the silver trigons of the Ag,g shell (/43—171:;1]:;1],
Ag—C:2.09-2.46 A, Figure S12).

In all, the nine p-MePhC=C and three Ph,PS, ligands co-
protect the Ag,s cage (Figure S13), whereas the Ag;, cage in
the waist is co-protected by six p-MePhC=C and six
Ph,PS, ligands (Figure S14). The three cages fused together
to accomplish the overall Agss cluster through face-sharing
hexagons. More interesting, the coordination regioselectivity
of Ph,PS, and RC=C ligands synergistically shapes the
polyhedral Ag,s shell by exclusively fabricating silver tet-
ragons and trigons, respectively.

2.3 NMR and mass spectrometry of SD/Ag55b and
SD/Ag54b

To check the solution behavior of SD/Ag55b, we examined
the NMR spectroscopies by dissolving the crystals in di-
chloromethane-d,. The peaks in the range of 5.77-7.74 ppm
correspond to the protons on the phenyl groups of both p-
MePhC=C and Ph,PS, ligands, whereas those in
1.59-2.37 ppm are solely assigned to the protons on the
methyl groups of the p-MePhC=C ligands. The integral
ratio of phenyl and methyl protons is 3:1.19 (Figure S15a),
which is in good agreement with the theoretical ratio of 3:1
((24%x4+12x10): (24%3)) in the molecular structure in solid
state, confirming the composition and purity of the crystals.
Moreover, > P NMR spectrum of SD/Ag55b shows two sets
of resonance peaks at 71.81 and 66.41 ppm with an equal
integral area (Figure S15b), which confirms that there are
two different Ph,PS, ligands of equal quantity on SD/
Ag55b. This is consistent with the observation of Ph,PS,
ligands equally distributed at the polar and equatorial posi-
tions of SD/Ag55b. The *'P NMR of free Ph,PS,"HNEt;
ligand [50] (6 = 62.6 ppm) is quite different from that of SD/
Ag55b, which also proves that Ph,PS, ligand is ligated to
the mother cluster instead of an unbound state in the solution.
All these NMR results undoubtedly confirm that SD/Ag55b
remains structurally intact in CH,Cl,. Due to the very low
solubility of SD/Ag54b, no useful NMR signals can be de-
tected by dissolving it in most common solvents. In order to
prove the counter-anion to be CF;SO; in SD/Ag54b, the
"F NMR was measured after the crystal was digested with
excessive HNO; (31.68%), which showed a sharp peak at
—78.91 ppm, consistent with the "F chemical shift of CFs-
SO; reported in the literatures (Figure S16) [54,55]. The
result confirmed there are CF;SO; counterions in the lattice

of SD/Ag54b, which balanced the positive charge on the
cluster.

The solution behaviors of SD/Ag55b and SD/Ag54b were
further investigated in CH,Cl, using electrospray ionization
mass spectrometry (ESI-MS). ESI-MS was performed in
both positive and negative ion modes, but only positive mode
ESI-MS provides useful signals. The ESI-MS of SD/Ag55b
is quite clean with only one sharp peak (la) at m/z =
4,066.8760 in the range of 2,000-5,000 (Figure 3a). This
predominant peak was assigned to the molecular ion of SD/
Ag55b, [Ag786@Ag48(M004)2(p—MePhCEC)z4(thPSz)12]3+
(Caled m/z = 4,066.8830), which suggests the high stability
of SD/Ag55b in CH,Cl,. Of note, it also confirms that all the
Ag atoms are in +1 oxidation state, suggesting that Ag, core
is not a subvalent silver kernel. When increasing the source
voltage and dry temperature, this molecular ion peak of SD/
Ag55b is still there and no fragmented species are found
(Figure S17), which indicates that SD/Ag55b is robust even
under harsh conditions.

Differently, a slightly widened doubly charged envelope
(2a—2c) was detected in the m/z range of 4,000—7,000 for SD/
Ag54b in CH,Cl, (Figure S18), which contains a main
component 2a ([Ag,Ss@Agis(M0O,),(PhC=C),,(Ph,PS,),,1")
centered at m/z =5,877.6717, corresponding to the molecular
ion peak of SD/Ag54b (Calcd 5,877.6840) based on the well-
matched experimental and calculated isotope distributions.
The 2b and 2¢ at m/z = 5,870.6608 and 5,886.6569 are
assigned t0  [AgeSs@Ag4(M00O,),(PhC=C),4(Ph,PS,),;-
(CF;S0;)(CH;0H)(H,0),]", (Caled  5,870.6908) and
[Ag6S6@Ag48(MOO4)2(})hCEC)M(thpSz)12(HzO)]2+ (Caled
5,886.6893), respectively. So similar to SD/Ag55b, all the
Ag atoms of SD/Ag54b are also in +1 oxidation state. These
results demonstrate that SD/Ag54b still remain metal ske-
leton intact in CH,Cl,, although the ligand and solvent ex-
change occurs in some extent.

Mass spectrometry is also a powerful tool to study the
reactivity of the cluster and monitor such process in detail
[56,57]. We used mass spectrometry to real-time monitor the
ligand exchange process of SD/Ag55b in detail. In a screw-
sealed glass vial, 2 mg of crystals of SD/Ag55b were dis-
solved in § mL. CH,Cl, and then mixed with 132 pL
cPrC=CH. Then the resulting mixture was stirred at room
temperature. We extracted 20 pL of the mixed solution using
a micropipette every 1 h and diluted it with 1 mL CH,Cl,,
and then transferred it to mass spectrometer. There is only the
molecular ion peak of SD/Ag55b without cPrC=CH added at
the beginning (Figure 3b). After adding cPrC=CH, the in-
tensity of molecular ion peak of SD/AgS55b gradually de-
creases and becomes almost negligible after 4 h. Meanwhile,
a series of overlapped peaks appear in the lower m/z range.
At last, a single peak corresponding to completely cPrC=C"
substituted SD/Ag55b is left after 10 h (Figure 3c).

Expanding each peak and checking the spacing between
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Figure 3 (a) Positive ion mode ESI-MS of SD/Ag55b dissolved in
CH,Cl, showing one main peaks. The insets are superimposed experimental
(blue) and simulated (red) isotopic patterns for the species. (b) Time-
course ESI-MS of formation of [(":)(cl’rCEC)zAJ3+ (® = (M00,),ScAgss-
(Ph,PS,);,) from [®(p-MePhCzC)Z4]3+. (c) Time-dependent abundance
evolution of [@)(p-MePhCEC)ZA‘]3+ and [(9(L'PrCEC)24]3+ (color online).

adjacent isotopic peaks, we found that these peaks carry
three positive charges, and the m/z interval between two
adjacent peaks is equal to the mass difference of p-
MePhC=C and cPrC=C (AMy =50.0156) divided by the 3,
which indicates that the exchange between alkyne ligands
occurs. Their precise formula were assigned based on the
good agreement between the observed and simulated iso-
topic distribution patterns.

In detail, after one hour reaction with cPrC=CH, original
single peak was transformed to a group of peaks. The in-
tensities of the peaks don’t fit the Gaussian distribution, and
a closer analysis revealed that they consist of at least ten
species, which are assigned to [®(p-MePhC=C),, .-

Sci China Chem  December (2021) Vol.64 No.12

(cP YCEC)x]3+ (O = AgssSe(M0O,),(PhyPSy) 1, x = 1, 2,
RREREE 10). The most abundant species at m/z = 4,050.1963
can be assigned to [@(p-MePhCEC)M,](cPrCEC)l]3+ (Figure
S19a), and every two adjacent species at lower m/z range
were generated by replacing one p-MePhC=C by one
¢PrC=C" ligand. The total profile of these grouped peaks is
basically in accordance with the Gaussian distribution after
4-h reaction. The most dominated species are [O(p-
MePhC=C),,_(cPrC=C),]" (x =9, 13, 17) (Figure S19d—),
indicating that 9, 13 and 17 p-MePhC=C" have been replaced
by cPrC=C, respectively, after reacting for 4, 5 and 6 h.
Along the reaction going on, more and more ¢PrC=C re-
place p-MePhC=C . Until reacting for 10 h, only one peak at
m/z = 3,666.4378 was observed, which can be assigned to
[@(cPrCEC)M]3+ (Calcd 3,666.4233, Figure S20). The ki-
netics of ligand exchange reaction on the surface of na-
noclusters was also studied and the details are in the Figure
S21. These dynamic phenomena in the process of ligand
exchange indicated that (i) the occurrence of ligand exchange
in SD/Ag55b is a time-dependent process; (ii) the com-
pletely substituted product can be obtained finally; (iii) the
binding of Ph,PS, to silver nanocluster is quite strong and is
not influenced by such a ligand exchange process, and (iv)
the metal core can keep intact during ligand exchange. The
real-time ESI-MS monitoring approach developed in this
study could also be extended to other ligand exchange sys-
tems to reveal the reaction dynamics of ligands on the sur-
face of metal cluster as well as mechanism aspects. We also
envisaged that the ligand exchange approach may modify the
surface structure and the fraction of ligand coverage, bring-
ing new functionality to silver nanoclusters.

2.4 Photoluminescence properties of SD/Ag55b and
SD/Ag54b

The photoluminescence of SD/Ag55b and SD/Ag54b was
studied in CH,Cl, solution at room temperature. SD/Ag54b
emits orange-red light with an emission maximum at 622 nm
excited by 365 nm. In contrast, SD/Ag55b displays a lower
energy band emission under the same excitation wavelength,
which has a 40 nm red-shift compared with SD/Ag54b (Fig-
ure 4a). The luminescence lifetimes of SD/AgS55b and SD/
Ag54b at 293 K are 95.35 and 985.90 ns, respectively (Figure
4b). The 10-fold shorter lifetime of SD/AgS55b should be
caused by additional CH; groups on phenylacetylene that
accelerate the irradiation deactivation process through the
rotation motions. The large Stokes shift of ~250 nm (Figure
S22) and the long lifetimes imply the origin of triplet excited
states [S8—60]. These emissions should be tentatively attrib-
uted to ligand-to-metal-charge-transfer (3LMCT) transition
from the RC=C" and Ph,PS, to Ag atoms mixed with cluster-
center (3CC) transitions [61]. However, considering their si-
milar shell structures, we can reasonably assign the red-shifted
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Figure 4 (a) The emission spectra of SD/Ag55b and SD/Ag54b in
CH,Cl, (l.3><1074 mol Lfl) under 365 nm excitation. Insets: the photo-
graphs of SD/Ag55b and SD/Ag54b under 365 nm UV light at room
temperature. (b) Emission decay of SD/Ag55b and SD/Ag54b in the
CH,CI, at 293 K (color online).

behavior to their different core structures [62,63]. In detail,
SD/Ag55b has a larger Ag; core that possesses more and
stronger Ag---Ag interactions (average Ag---Ag distance:
3.03 A) compared to the smaller Agq core (average Ag---Ag
distance: 3.12 A) in SD/Ag54b. Due to the similar Ag,s outer
shell, the larger core structure, the stronger confinement effect
of inner space, which surely compresses Ag---Ag distances in
the core, producing stronger argentophilic interactions [64].
As we know, *CC transition state is predominately controlled
by argentophilic interactions, and therefore the more and
stronger argentophilic interactions can effectively lower the
energy level of ’CC transition state, producing the red-shifted
emission for SD/AgSSb.

In addition, in order to further eliminate the effects of
cluster aggregation on the photoluminescence of SD/Ag55b
and SD/Ag54b in crystalline state, the emission spectra of
them in dilute solutions of three different concentrations
(¢, = 13x10*molL™", ¢, = 3.5x10 "molL ", ¢; =
7.0x10 *mol L") were obtained in detail, respectively. It
was found that the emission maximum was not concentra-
tion-dependent (Figure S23). These emission spectra ob-
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tained in extremely dilute solution approximately
represented the intrinsic emission properties of single cluster,
which ruled out the influences from aggregation of clusters
on the photoluminescence when they are in solid state or
concentrated solution. Further, the luminescence in solid
state at room temperature of SD/Ag54b and SD/Ag55b
shows emission maxima at 625 and 656 nm, respectively,
which is basically the same with the isolated clusters in so-
lution (Figure S24). All these results evidence that the red-
shifted emission of SD/Ag55b is genuinely attributed to the
more and stronger argentophilic interactions of the Ag; core.
The work provides us a rare pair of comparable examples to
reveal precise structure-function relationships. Based on
above good emissive properties of SD/AgS55b, we also at-
tempt to fabricate white light-emitting diode (WLED) de-
vices using the commercial blue phosphor and SD/Ag55b, as
details shown in Figure S25.

3 Conclusions

In conclusion, we synthesized and characterized two silver
nanoclusters synergistically constructed by RC=C /Ph,PS,
ligands. The RC=C and Ph,PS, ligands play crucial roles in
shaping silver trigons and tetragons, respectively, which then
build the polyhedral silver nanoclusters. The latter also be-
haves as sulfur-releasing agent to form the central [Ag,,S¢]
cores. Specially, two silver nanoclusters have a similar Ag,g
shell that however encages different cores, which should be
dictated by alkyne ligand with different substitution groups.
Although no directly binding between organic ligand and
core was found in final structures, alkyne ligands possibly
impact the incipient nucleation growth of metal core in a
non-invasive manner, which helps us to understand the elu-
sive core modulation details in core-shell silver nanoclusters.
The bulk alkyne ligands on the shell can be completely ex-
changed by a smaller one within 10 h at room temperature, as
revealed by time-dependent mass spectrometry, which may
be beneficial to exposing the potential catalytic sites by re-
ducing the steric congestion on the ligand shell. The core
structure in silver nanocluster with more and stronger ar-
gentophilic interactions will trigger lower energy emission
by correlating their structures and luminescent properties.
We believe the synergistic effect of RC=C /Ph,PS, ligands
and the insights about core regulation by alkyne ligands
could provide some fundamental understanding about the
rationally assembly and related properties of core-shell silver
nanoclusters.
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