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Abstract: Rational syntheses under controllable reducing conditions
in the preparation of superatoms with cluster electron not exceeding
two are challenging. Herein a dithiolate-stabilized two-electron silver
nanocluster, Agio{S:P(OPr),}s (1), is isolated via a self-redox reaction
of Ag-(H){S.P(O'Pr).}s without adding extra reducing agents. The
metal framework of Ag;, a bicapped trigonal bipyramid, is highly
correlated to that of Agso, suggesting Ag-(H){S,P(O'Pr).}s acts as both
reducing agent and template in cluster growth. 1 is highly fluorescent
at ambient temperature and TD-DFT calculations indicate that the
emission is of 1P, — 1S nature.

The chemistry of atomically and structurally precise nanoclusters
(NCs) has undergone a renaissance over the past few years
owing to their numerous properties.t! The stability and structure
of NCs can often be rationalized within the concept of superatom
and its “magic” closed-shell electron counts of 2, 8, 18, 20, 34, 40,
58...21 Whereas the majority of reported silver superatoms are 8-
electron species,®! examples of 2-electron superatoms are
surprisingly ~ fewer (Table S1).4°  The first one,
Ag14(SCeH3F2)12(PPh3)s, was published in 2013.1 It was followed
in the same year by [Ags(y-H2SiW10036)2]%,!  and
Agis(dppe)4(SCsHsF2)14.8) Additional 2-electron Ag NCs were
reported only recently, thus becoming a hot topic in the NC
community.[-1% Most of the 2-electron Ag NCs listed in Table S1
have an octahedral [Age]** superatomic core, and the other silver
atoms of the cluster, if any, are formally Ag(l).*>7 The
tetracapped tetrahedral [Agg]®* core is also well represented.l’®
Other examples display rhombohedral [Ags]®* % fcc-packed
[Ag7]°*,® or anti-cuboctahedral [Agss]*** ! cores. Most of them are
co-protected by two or more types of ligands such as phosphines,
thiolates, alkynyls, or polyoxometalates.*®! So far, only one
homoleptic two-electron NC, [Ags(pfga)s]®, is known.l% In the
present contribution, we report the isolation of a homoleptic,
dithiolate-stabilized Ago 2-electron NC whose metal core is totally
different from the above mentioned structures. Whereas most of
the above-mentioned 2-electron species were prepared with
borohydride,*9 silane,® or DMFI"1% as reducing agents (Table
S1), controlling the amount of reductants used in their synthesis
to avoid the formation of 8-electron species can be problematic.
Herein we describe an unprecedented controllable synthesis of a
new 2-electron NC without additions of any reducing agent, that

is, starting from a pre-organized silver(l) hydride compound as a
both reducing agent and template. To the best of our knowledge,
it is the first example of a thermally induced internal redox reaction
of silver(l) hydride leading to the formation of a superatomic NC.

We have observed that the Ag-(H)}{S:P(O'Pr),}s! solution
gradually changes color from transparent to light purple at
ambient temperature, and then exhibits red emission under UV
irradiation. However, this color change takes a long time. To
speed up the process, the temperature was elevated to 60°C. The
experiment was carried out in a sealed NMR tube containing only
Ag7(H){S,P(O'Pr),}s and CDCl;. Time-dependent 3*P{*H} (Figure
1a) and H (Figure 1b) NMR spectra were acquired from 0 to 72
hours. Almost no change occurred during the first three hours and
a pseudo octet of octets coupling of hydride and silver nuclei was
clearly seen in the *H NMR spectrum. After six hours, a peak
centered at 104.5 ppm appeared in the 3*P{*H} NMR spectrum,
assignable to a new compound 1, identified later as
Ag10{S2P(O'Pr).}s (vide infra) and in-situ generated H, gas was
identified at 4.6 ppm in the *H NMR spectrum. As the reaction
continues, the intensities of the peak at 104.5 ppm and that of a
new broad peak at 106.5 ppm increase. After 72 hours, the
hydride resonance had completely disappeared, indicating that
the Ag7(H){S2P(O'Pr),}s reactant was completely consumed. The
residual products are 1 and the species resonating at 106.5 ppm

(@ (b) e
Agy(H){SP(OPr);}s -+ ‘ v |
oh A Wy ‘I Oh
3h E i 3h
AgyofS,P(OPT) }s = (.,
4 6h NS [W__6h
9h 1 9h
A 24h s | IW__24h
— 36h v 36h
| |
el 48h | /. ash
| |
‘ \
. 72h j W 72h
120 110 100 pom g 7 3 5 4 ppm

Figure 1. (a) Time-dependent 3P{*H} and (b) *H NMR spectra of 1, recorded
in a sealed NMR tube.
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Figure 2. (a) A schematic representation of Agz(H) core, and (b) Ago core in 1. (c) The total structure of [Ago{S2P(O'Pr)2}s] with isopropoxy groups omitted for

clarity.

in the 3P NMR spectrum, which was identified as the
[Ag{S2P(O'Pr),}]» polymer (see below). The balanced reaction
equation (Scheme 1) describes a self-redox process. We suggest
that the encapsulated hydride of Ags;(H){S:P(O'Pr).}s partly
reduces the cluster silver(l) atoms, eventually yielding the 2-
electron superatom 1, concomitantly with the hydride oxidation in
Ha.

2AGED[SP(OPD;} ] — o [Agip(S:POP] + 40 [ARIS:POPL], + 1,

Scheme 1. The internal redox reaction of Agz(H){SzP(O'Pr)z}e.

Unfortunately, the slow transformation process at high
temperature also favors decomposition. As a result, the highest
yields possible reach ~42%. An alternative reaction was
performed by adding 0.5 equivalent of [Ag{S,P(O'Pr)2}ls*? to an
Ag7(H){S:P(O'Pr).}s solution, then kept stirring at 60°C (Figure S1,
Scheme S2). Compound 1 can be formed in larger quantities
within three hours, compared to the self-redox reaction of Scheme
1. H, is clearly detected in the *H NMR spectrum (Figure S2). As
aresult, the yield of 1 increases to ~53% after 24 hours, but starts
to decrease for longer periods due to thermal instability of 1. It can
be assumed that when the self-redox reaction of
Ag7(H){S:P(O'Pr)2}s occurs, the presence of [Ag{S:P(Q'Pr).}s
(Scheme S2) provides the building materials to speed up the
formation of 1. Nevertheless, the thermally induced internal redox
reaction of Ag7(H){S,P(O'Pr),}s discussed here is reminiscent of
the degradation of the Cu(l) hydride [Cuis(H)2(dtc)s(C2Ph)s]* (dtc
=  dithiocarbamate) into the  2-electon  superatom
[Cuys(dtc)s(C2Ph)4]*. The latter was proposed to be generated
from the former via sequential loss of [CuC,Ph] and H;
formation. 3!

Interestingly, the X-ray structure of 14 exhibits a metal
framework that is closely related to that of its precursor
Ag7(H){S2P(OEt),}s.'Y The Ag,(H) core of the latter can be viewed
as a bicapped trigonal bipyramid (Figure 2a) with an encapsulated
hydride lying in the yellow tetrahedron. The Agio metal framework
in 1 (Figure 2b) contains the bicapped trigonal bipyramid of Ag;
core, and additionally possesses two supplementary Ag atoms
(Agcap) that cap the bipyramid. The resulting tetracapped trigonal
bipyramid is further capped by an outer atom (Agex), which
connects two Agcap and one of the bipyramid equatorial atoms

(AQuwp-eq), as illustrated in Figure 2b. In the structure of 1 (Table
S2), the edge distances of the yellow tetrahedron (2.7985(13)-
2.9567(13) A, avg. 2.8562(13) A) are similar to those in green
tetrahedron (2.7848(14)-2.9192(13) A, avg. 2.8553(13) A). This is
not the case for Ag7(H){S2P(OEt).}s in which the edges of the
hydride-containing yellow tetrahedron (3.149(3)-3.161(3) A, avg.
3.155(3) A) are significantly larger than those in the green
tetrahedron (2.939(3)-3.161(3) A, avg. 3.050(3) A).l' Thus, the
equivalency between the yellow and green tetrahedra in 1 is
consistent with the absence of hydride encapsulation. The four
cyan tetrahedra in 1 are similar, with average edges (2.9495(13)
A) slightly larger than those of the bipyramid. The magenta
tetrahedron is the largest, with average edges of 3.150(1) A.
Overall, both Ag7(H){S:P(OEt).}s and 1 contain a similar bicapped
trigonal bipyramidal metal core, strongly suggesting that the
former behaves as a template to generate the latter.

The Ag.o framework of 1 is surrounded by eight dithiophosphate
ligands (Figure 2c) in three coordination modes: one in bimetallic
biconnectivity (u2: (nt, nt)), three in trimetallic triconnectivity (us:
(n*, n?), and four in tetrametallic tetraconnectivity (us: (n?, n?).
Discarding the Ag-Ag contacts, all the Ag atoms are tri-
coordinated (AgSs), but the three Agip-eq Which are bi-coordinated
(AgS). The room-temperature 3*P{*H} NMR spectrum reveals
eight ligands in two environments (105.4 and 104.5 ppm) with the
integration ratio of ~ 1:7 (Figure S3). The 293K-213K VT 31P{1H}
NMR spectra (Figure S5) display slightly broadened peaks at
213K, indicating that all coordination environments are not
discernible due to fluxional behavior in solution, even at low
temperature. Presumably, the small peak at 105.4 ppm can be
inferred to the unique ligand in bimetallic (n*, n!) connectivity.

The positive-mode ESI mass spectrum of 1 (Figure 3a) shows
a molecular ion peak at m/z 2892.0670 corresponding to the intact
neutral cluster with an additional silver ion, [1 + Ag*]* (calc. m/z
2892.0923). The compound resonating at 106.5 ppm in the 3P
NMR spectrum was separated by chromatography and its
positive-mode ESI mass spectrum displayed an enveloped
distribution corresponding to [Agn{S:P(O'Pr).}, + Ag*]*, n = 3-10
(Figure S6, Table S3), indicative of a [Ag{S,P(O'Pr),}], polymer.

The UV-vis absorption spectrum (Figure 3b) of 1 in 2-MeTHF
shows two prominent bands at 348 nm (¢ = 15500 Mt cm™?), 392
nm (g = 21300 Mt cm™), and a characteristic peak at 520 nm (¢ =
8100 M* cm™). Compound 1 shows red emission under UV
irradiation at ambient temperature, in both solid state (725 nm)
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Figure 3. (a) The positive-mode ESI mass spectrum of 1, the inset spectra are
experimental (top) and calculated (bottom) isotopic distribution pattern of
[Ag1o{S:P(OPr)2}s + Ag']*. (b) Experimental (blue), calculated (green)
absorption, and emission spectra of 1 in solid (black) and 2-MeTHF (red) at
ambient temperature. The intensity of 1 in 2-MeTHF is increased by 30 times
for comparison. The inset pictures are the compound 1 (left) in 2-MeTHF, and
1 in solid and 2-MeTHF irradiated under UV light (right).

and solution (762 nm), and the emission intensity in solid state is
~150 times stronger than that in solution (QY = 6.0%). A
pronounced emission blue-shift occurs at 77K (Figure S7) in both
solid (693 nm) and 2-MeTHF glass (687 nm). In contrast to 1,
[Ag7(H){S2P(O'Pr)2}s shows very weak yellow emission at 77K.
The stability of 1 can be determined by time-dependent UV-vis
absorption spectra. The absorption profiles do not change in dark
over 14 days (Figure S8a), but gradually decreases under day
light in 6 days (Figure S8b). The photoluminescence (PL) lifetime
of 1in 2-MeTHF recorded at room temperature (Figure S9) is 2.0
ns (96.5 %) and 7.3 ns (3.5 %), which differs significantly from the
lifetime (0.4 ns, 47.3%; 7.0 ns, 52.7%) in solid state at RT (Figure
S11). It demonstrated longer lifetime in both frozen glass (0.1 ns,
9.4%; 15.4 ns, 90.6%) and solid (0.6 ns, 7.6%; 12.9 ns, 92.6%) at
77K. This can be attributed to the hampering of molecular motion
in the condensed phases, which reduces non-radioactive decay.
In any event, the recorded lifetimes are consistent with a
fluorescence behavior. Photophysical data of 1 are summarized
in Table S4.
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Figure 4. Kohn-Sham orbital diagram of 1°. The MO localizations (in %) are
given in the following order: (Agtbp)s/(Agcap)a/Adex/ligands.

DFT calculations (see Sl for details) were performed at the
BP86-D3/Def2-TZVP  level on the simplified model
Adi10{S2P(OMe),}s (1°). Its optimized geometry, characterized as
an energy minimum, matches quite well with the X-ray structure
of 1 (Table S2), with a overestimation by ~ 3% of the Ag-Ag
contacts, as expected at this level of theory. Its Kohn-Sham orbital
diagram (Figure 4) exhibits a substantial energy gap of 1.85 eV.
The HOMO lies 0.38 eV above the HOMO-1. It can be identified
as the 1S superatomic orbital, with significant ligand admixture. It
has a 35% contribution from the trigonal bypyramid (with almost
equal participation of the five atoms). The four Agcap participate to
a total of 18%, whereas that of Agex: is only 2%. The three lowest
vacant MOs can be viewed as the split 1P shell and their ligand
contribution is modest. The averaged metal natural atomic orbital
(NAO) charges range 0.32 (AQip-eq): 0.62 (AQibp-ax), 0.68 (AQcap)
and 0.76 (Agex). The Wiberg bond indices (Table S5) indicate
significant AQwp-eq-AJip-eq DONding, whereas the Agcap and Agex:
atoms are mainly involved in metallophillic-like interactions. Taken
all together, these results suggest that the two superatomic
electrons are mainly localized on the trigonal bipyramid and
mainly on its equatorial triangle. The TD-DFT-simulated UV-vis
spectrum of 1’ is shown in Figure 3b. It reproduces nicely the
experimental spectrum. The band at 509 nm corresponds to a
HOMO (1S) — LUMO (1Py) transition and that at 385 is mainly of
HOMO (1S) —» LUMO+1 (1P;) character. The band of higher
energy is split into two components (338 and 314 nm), which are
a mixture of the HOMO (1S) —» LUMO+2 (1Py) and various ligand
— metal transitions. An estimated S1 — S0 emission wavelength,
calculated by TD-DFT yielded a value of 688 nm, corresponding
to a 1Py — 1S transition.
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In conclusion, a new methodology is developed to prepare
superatomic  nanoclusters in a controllable fashion.
Ag7(H){S2P(O'Pr)2}s in solution proceeds self-redox reactions to
yield H, and a new 2-electron silver superatom, Agio{S2P(O'Pr)2}s
of unique trigonal bipyramidal core structure. The transformation
is triggered by visible light in slow speed or boosted by heating.
Both Agr(H) and Agio cores have a similar trigonal bipyramidal-
based skeleton, indicating that Ag;(H){S.P(O'Pr),}s plays dual
roles: a reducing agent and a template for cluster growth.
Ag10{S:P(O'Pr),}s exhibits strong red emission at ambient
temperature in solution with quantum yield of 6.0%. We hope this
work, which uses a hydrido silver(l) cluster without adding extra
reducing agents, can provide a new concept for synthesizing
superatomic NCs. This work also provides a solid experimental
proof that a hydrido silver(l) complex is a key component for the
growth of superatoms even though they have been proposed in
several occasions.*® |t is anticipated those structurally
characterized group 11 hydride clusters,*l if thermally stable,
may eventually reach the stage of higher electron-count
superatoms by applying this methodology.
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[Ag;(H){S;P(OR),}¢] (0e) [Ag15{S;P(OR)}s] (2€)

A self-redox reaction of Agz(H){S.P(O'Pr),}s leads to the formation of a highly emissive, two-electron Ag nanocluster, Ag:o{S,P(O'Pr).}s,
without adding extra reducing agents. The metal framework of Agr, a bicapped trigonal bipyramid, is highly correlated to that of Agio,
suggesting Agz(H){S:P(O'Pr).}s acts as both reducing agent and template in cluster growth.



