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ABSTRACT: The synthesis, structural characteristics, and photophysical properties of
luminescent Cu-rich bimetallic superatomic clusters [Au@Cui2(S2CN"Pr;)s(C=CPh)4]* (1a*),
[Au@Cu12{S:P(OR)2}6(C=CPh)s]* (27, (2a* = 'Pr; 2b* = "Pr),
[Au@Cu12{S2P(C2H4Ph)2}6(C=CPh)4]* (2c*), and [Ag@Cu12{S2P(O"Pr)2}s(C=CPh)4]* (3*) were
studied. Compositionally uniform clusters 1*-3* were isolated from the reaction of dithiolato-
stabilized, polyhydrido copper clusters with phenylacetylene in the presence of heterometal salts.
By using X-ray diffraction, the structures of 1a*, 2a*, 2b*, and 3* were able to be determined.
ESI-mass spectrometry and elemental analysis confirmed their compositions and purity. The
structural characteristics of these clusters are similar to display gold (or silver)-centered Cusi.
cuboctahedra surrounded by six dithiocarbamate/dithiophosph(in)ate and four alkynyl ligands.
The doping of Au and Ag atoms into the polyhydrido copper nanoclusters significantly enhances
their PL quantum yields from Ag@Cuz> (0.58%) to Au@Cui2 (55%) at ambient temperature in
solution. In addition, the electrochemical properties of the new alloys were investigated by cyclic

voltammetry.




Introduction

Bimetallic nanoclusters (NCs) are extensively studied because of their ability to tune the
various properties (optical, catalytic, etc.) and possibly improve the stability of their
monometallic counterparts in a controlled way."? Photoluminescence (PL) is one of the major
properties broadly explored in bimetallic NCs, owing to its potential applications in bioimaging,
cell labeling, chemical sensing, drug delivery, or phototherapy.* The PL of NCs can be tuned by
several methods, such as aggregation-induced emission,® cluster-based networks via self-
assembly of the NC building blocks,® alloying metal kernels,” and engineering peripheral
ligands.® However, bimetallic copper-based clusters with a high PL quantum yield (QY) are still
rarely reported. Notable examples are AuxCus(PPhoPy)2(SCioHis)s (QY=11.7%), %
[Au7Cui2(dppy)s(TBBT)eBra](SbFs)s (QY=13.2%), ® and [AuCu14(SPh'Bu)12(PPh(C2H4CN)2)e]*
(QY=71.3%).1% Hence, new synthetic methodologies for the isolation of copper alloy NCs with
excellent quantum efficiency are still needed. In this research, we report new bimetallic two-
electron NCs based on copper that can be synthesized by both alloying the metal kernel and
engineering the peripheral ligands to exhibit a high QY of 55%.

In  previous studies, a series of copper-rich bimetallic 2-electron NCs,
[M@Cu12(S2CN"Bu2)s(C= CPh)s]" (M = Au, Ag), were obtained by a galvanic exchange
strategy involving the reaction of [Cuis(S2CN"Buz)s(alkynyl)s]* as a template with M(I) salts.*!
The doped species show differences in their optical and electronic properties and stability
compared to their template precursor. In particular, the Au-doped cluster exhibits a high PL
intensity with QY=59% at 77 K in MeTHF.1! Later, we uncovered that similar bimetallic Cu-rich
NCs stabilized by 1,1-dithiophosphate ligands can shift both emission and absorption spectra to
higher energy and display high QY at ambient temperature.

Herein, we report the synthesis of Cu-Au and Cu-Ag clusters generated from the
treatment of excess amounts of phenylacetylene with dithiolato-stabilized copper hydrides in the
presence of Au(l) and Ag(l) salts. This methodology is totally different from our previously
reported procedure of templated galvanic replacement.!! These clusters have a centered-
cuboctahedral M@Cus2 kernel surrounded by six dithiocarbamate/dithiophosph(in)ate and four
alkynyl ligands with one counteranion to balance the cluster charge. These cationic NCs show
idealized Tq symmetry and possess two free ns valence electrons (ns = 13-6-4-1), making them
pseudospherical 2-electron superatoms with a 1S? configuration.*? Varying both the nature of M



(Ag, Au) and of the dithiolate ligands allows the tuning of the stability, optical and PL properties

of the considered NCs, as described below.

Results and Discussion

Synthesis and Characterization

Au®, THF
[CUzg {SzCNnPrz}lz](PFe) +15HC=CPh — [Au@Cu12{52CN”Prz}ﬁ(CECPh)Ll]+
30°C, 48h 1a*
Au’, THF
0
30°C, 48h 94t
Au’ THF
[CUzo(H)11{S2P(C2HaPN)z}1z] + 11HC=CPh — 3m [AU@CU;,{S,P(C2H4Ph)s}6(C=CPh)1}]
0
30°C, 48h ot
M*, THF
[Cus {Szp(onPr)z}lz] +18HC=CPh 3 [M@Culz{szp(onPr)2}6(CECPh)4]+
30°c, 48h - + +
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Scheme 1. Synthesis of 1a*, 2a*, 2b*, 2¢* and 3".

We previously reported the synthesis of 2-electron M@Cui2 (M = Ag, Au) clusters
obtained from a galvanic replacement reaction using [Cuis{S2CN"Bu.}s(C=CPh)s]" as a
template.!* In this paper, we describe a new synthetic procedure from as-synthesized copper(l)
hydrides with terminal alkynes in the presence of Au(l) or Ag(l) salts (Scheme 1). This approach
allows the use of either dithiocarbamate or dithiophosph(in)ate as stabilizing ligands.

An equimolar amount of Au(PPh3)Cl was added to a THF suspension of
[Cu2sH15{S2CN"Pr,}12](PFs),'® followed by the addition of fifteen equiv. of phenylacetylene. The
mixture was stirred for 48 hours at 30°C. Purifications led to the generation of the (CuCl») salt of
[AuCu12{S2CN"Pr;}s(C=CPh)4] (1a*) as a dark red solid in 39% vyield (Scheme 1). In this
reaction, [CugH(S2CN"Pr2)e]" was isolated as a byproduct. The positive-ion ESI mass spectrum
of 1a* clearly shows a prominent band at m/z 2420.60 (calcd 2420.30) corresponding to the
molecular ion [1a'], and its simulated and experimental isotopic patterns are in perfect
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agreement (Figure S1). In the negative-ion ESI mass spectrum, a band at m/z 134.9 (calcd 134.8)
can be assigned to the (CuCl,)™ counteranion (Figures S2). The latter species was obviously
formed via the liberation of free Cu(l) in the presence of free chlorides from Au(PPhs)CI. The 'H
and *C NMR spectra of 1a* show one type of ligand signal for both alkyl dithiocarbamate and
alkynyl ligands, suggesting that 1a* is highly symmetric in solution (Figure S3-S4). The FT-IR
spectra revealed the v(PhC=C") stretching frequency at 2018.7 cm, (Figure S5) which is lower
than that of free phenylacetylene (v = 2110 cm?) and comparable with those in
[Au@Cu12{S2CN"Bu,}s(C=CPh)4]* (1b*) (2015 cm™).1!

Compounds 2a(CuClz) and 2b(Cl) were synthesized by reacting copper(l) hydrides,
[Cuz20H11{S2P(O'Pr)2}s]** and [CusoH1s{S2P(O"Pr)2}],%® respectively, with one equivalent of
Au(PPh3)Cl in the presence of eleven (2a*) and eighteen (2b*) equiv. of phenylacetylene at 30°C.
Immediate workup of the mixture led to the isolation of [AuCu12{S2P(OR)2}s(C=CPh)4]*, where
R = 'Pr (2a*, 44% vyield) and "Pr (2b*, 42% vyield) as red precipitates. By a synthetic method
similar to 2a*, the (CuCl,) salt of 2c* was also isolated as a red precipitate (49% vyield) by using
[CuzoH11{S2P(C2H4Ph)2}0]*® as the starting reagent. The molecular ions [2a'], [2b*] and [2¢*]
appear at m/z 2642.10 (calcd 2642.37), m/z 2642.39 (calcd 2642.37), and 3196.49 (calcd
3195.63), respectively, and there is a good match between their experimental and simulated
isotopic patterns (Figures S6-S8). In the negative-ion mode ESI-MS, a unigque counteranion band
is observed in the case of 2a*, corresponding to (CuClz)” (m/z 134.9; calcd 134.8; Figure S9).
The H and 3C NMR spectra of 2a*, 2b* and 2c* show similar NMR patterns with one type of
alkyl dithiophosph(in)ate and alkynyl ligand signal, indicating highly symmetric structures in
solution (Figures S10-S15). This is also supported by their 3P NMR spectra: 2a* at 101.73 ppm,
2b* at 107.09 ppm, and 2c* at 81.09 ppm (Figure S16-S18). These results are consistent with the
fact that all the dithiolate and alkynyl ligands bind similarly to the Au@Cus2 kernel, as in la*.
The FT-IR spectra of clusters 2a*, 2b*, and 2c* exhibit v(PhC=C") stretching frequencies at
2014.3 (2a*), 2018.9 (2b*) and 1968.0 (2¢*) cm™ (Figure S19-S21), which are lower than the
value of the free phenylacetylene ligand (vc=c = 2110 cm™).

A similar synthetic procedure was conducted to obtain compound 3(PFs). An equimolar
amount of [Ag(CH3CN)4](PFs) was added to the THF suspension of copper(l) hydride
[CusoH1s{S2P(O"Pr)2}12]*° along with eighteen equiv. of phenylacetylene. The reaction was
stirred for 48 hours at 30 °C. Purification of reaction products led to the isolation of



[AgCu12{S2P(O"Pr)2}s(C=CPh)4]" (3%) as a dark magenta precipitate in 29% yields. A band for
[3*] at m/z 2554.30 (calcd 2554.30), consistent with its simulated isotopic pattern, is identified in
the positive-ion ESI mass spectrum of compound 3 (Figures S22). The 3P NMR signal of 3* was
observed at 105.71 ppm and that of its counterion PFe at -142.67 ppm, with a septet pattern
(Figure S23). Similar to clusters [1*] and [2*], only one type of alkyl ligand is found in the H
and ®C NMR spectra (Figure S24-S25). The FT-IR spectrum exhibits v(PhC=C") stretching
frequencies at 20150 cm? (Figure S26), similar to that reported for
[Ag@Cu12{S2CN"Buz}s(C=CPh)4]* (2015 cm™).*

Because in the above clusters, the 13 metal atoms have a +11 global oxidation state (2-
electron superatoms), the reactions in Scheme 1 correspond to a partial reduction of the
heterometal. The Au(l) or Ag(l) salts are reduced by the hydrides of the starting copper(l)
hydrides, as evidenced by the production of Hy, which can be detected by *H NMR spectroscopy
during the reaction process. This route has been demonstrated in the fabrication of the 2-electron
copper superatom, [CuisHz(dtc)s(alkynyl)s]™ via the degradation of an intermediate cluster,
[CuisHz(dtc)s(alkynyl)s] "1’

Structural Analysis



Au@Cuy, Au@Cuy, Ag@Cuy,

Figure 1. (a) Single crystal X-ray structures of cluster cations 1a*, 2b*, and 3" with hydrogen
atoms omitted for clarity; (b) Thermal ellipsoid drawings (50% probability) of centered
cuboctahedral kernels M@Cuz2 (M = Au, AQg).

Clusters 1a* and 2a* were isolated as salts of [CuClz]" with P21/c and P21/n space groups,
respectively. 2b* and 3" crystallized with CI" (space group P(-)1) and PFe¢ (Space group P2i/n)
counteranions, respectively. The X-ray structures of 1a*, 2a*, 2b*, and 3" are similar to that of
[Au@Cu12{S2CN"Bu2}s(C=CPh)4]* (1b*),!* as exemplified by the structural drawings of 1a*, 2b*,
and 3%, as shown in Figure 1. They all exhibit an M-centered Cui2 cuboctahedron, the six square
faces of which are capped by the six dithiolato ligands in a (M2, p2) binding mode and its four
triangular faces by the four alkynyl ligands in a (us-n!) binding mode. Selected metric data of
la*, 2a*, 2b*, and 3* are given in Table 1, together with that of 1b*!! for comparison. Not
considering their alkyl and phenyl substituents, all the complexes have idealized T4 symmetry.
Their averaged Mcent-Cu and Cu-Cu distances are almost equal, although the latter can be
divided into two groups. The dithiocarbamate derivatives 1a* and 1b* have metal-metal distances
(~2.74 A) slightly shorter than their dithiopho(phin)ate counterparts 2a*, 2b*, and 3* (2.76-2.77
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A). This trend results from the smaller dithiocarbamate “bite distance” compared to that of a
dithiophosph(in)ate. The Cu-S distances are slightly shorter in the case of the dithiocarbamate
ligands. The Cu-C distances increase slightly in the order 1 > 2 > 3. Overall, the five structures

are quite similar.

Table 1. Selected bond lengths (A) for 1a*, 1b*, 2a*, 2b*, and 3*.

Meent-Cu Cu-Cu Cu-S Cu-C C=C
la* 2.7143(11)-2.7533(11) | 2.5018(13)-2.9546(13) 2.265(2)-2.332(2) 2.011(8)-2.103(7) | 1.199(11)-1.234(10)
avg. 2.7356(11) avg. 2.7352(13) avg. 2.290(2) avg. 2.046(8) avg. 1.215(11)
1b* 1 | 2.7102(7)-2.7735(7) 2.5283(9)-2.9134(9) 2.2638(14)-2.3208(15) | 1.971(5)-2.089(5) 1.208(8)-1.218(7)
avg. 2.7336(7) avg. 2.7337(9) avg. 2.2927(15) avg. 2.037(6) avg. 1.213(8)
2a* 2.7575(11)-2.7942(10) | 2.5499(14)-3.0291(14) 2.296(2)- 2.334(3) 2.005(9)-2.081(9) | 1.192(12)-1.218(12)
avg. 2.7733(11) avg. 2.7723(14) avg. 2.313(3) avg. 2.030(9) avg. 1.208(12)
2b* 2.7380(11)-2.7866(11) | 2.5730(14)-2.9248(15) 2.283(3)-2.340(3) 2.003(10)-2.079(10) | 1.197(13)-1.211(12)
avg. 2.7641(11) avg. 2.7631(15) avg. 2.312(3) avg. 2.031(10) avg. 1.205(13)
3* 2.7394(6)-2.7916(7) 2.5416(8)-2.9022(8) | 2.2938(13)-2.3325(12) | 1.965(5)-2.080(4) 1.208(6)-1.220(6)

avg. 2.7636(7)

avg. 2.7629(8)

avg. 2.3178(13)

avg. 2.018(5)

avg. 1.214(6)

X-ray Photoelectron Spectroscopy

The oxidation state of the central metal in the cluster was evaluated by X-ray
photoelectron spectroscopy (XPS). The XPS spectrum exhibits an Au 4f7> peak for clusters 1a*
(83.68 eV), 2a* (83.98 eV), 2b* (83.88 eV), and 2c* (84.08 eV) (Figure S27-S30). These values
are close to that of bulk Au metal (84.0 eV). They are echoed by the previously DFT-calculated
natural (NAO) Au, -0.81, the
[Au@Cu12(S2CNH2)s(C=CH)4]*.* They are, however, lower than those reported for the alleged
Au(0) clusters Au2Cus(PPh2Py)2(SC1oH15)s (84.29 eV) and Auis37Cuiess(S-Adm)zo (84.30 eV)
reported by Zhu et al.%8218

atomic  orbital charge  of on model

A similar trend is found in the Ag 3ds,2 binding energy of cluster 3* (367.8 eV, see Figure
S31), which is intermediate between that of Ag metal (368.2 eV) and that of Ag(l) (367.5 eV).

The XPS features of all other elements were found exactly as expected (Figure S32-S36).



Optical Properties

The UV-vis absorption spectra of compounds 1a(CuCl.), 2a(CuCly), 2b(Cl), 2¢(CuCly),
and 3(PFe) are shown in Figure 2. Their corresponding Amax Values are listed in Table 2, together
with that of (1b)(CuCl,)'! for comparison. They exhibit remarkably similar optical features.
Those of 1la* and 1b* (gold/dithocarbamates) are very close, as are those of 2a* and 2b*
(gold/dithiophophates). Those of 2¢ (gold/dithiophosphate) are closer to those of 2a* and 2b*. A
similar tendency can be noticed for 3 (silver/dithiophophates). Thus, a significant hypsochromic
shift in the lowest energy band when going from dithiocabamate to dithiophosph(in)ate ligands
can be traced. Since the low-energy band is a HOMO (1S)—LUMO (1P) transition,*! it follows
that this gap is slightly larger in the case of dithiophosph(in)ate ligands than in the case of
dithiocarbamates. This is in line with the fact that in the case of the dithiocarbamate series, the
1P LUMOs are somewhat stabilized by n*(CN) levels.!t With respect to the high-energy band,
an opposite (bathochromic) shift is observed upon going from dithiocabamate to
dithiophosph(in)ate ligands. Since 2b* and 3* differ only by the nature of their heterometal (Au
or Ag), it is possible to evaluate their effect on the absorption features. It appears that the effect
is negligible on both the low- and high-energy absorption bands. This result is somewhat
surprising because DFT calculations on related models found a significantly larger HOMO-
LUMO gap for gold-centered species.** A reasonable explanation is that in the case of 3, the

low-energy band is associated with a HOMO — LUMO transition that is mixed with another

transition of higher energy.
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Figure 2. UV-vis absorption spectra of salts of 1a*, 2a*, 2b*, 2c*, and 3* in CHCl,. The inset

shows photographs in CH2Cl. at ambient temperature.

The stability of the bimetallic alloys was evaluated by time-dependent UV-vis absorption
spectroscopy and recorded at 20°C in dichloromethane. The UV-vis spectra of 1a* revealed only
a minor change after 28 days (Figure S37), while the absorption profiles of 2a*, 2b*, and 2c* did
not change over 28 days (Figure S38-S40). The UV-vis spectra of 3" changed steadily over time,
and the cluster was completely decomposed within 8 days (Figure S41). Based on these
observations, alloy 1* is less stable than alloy 2*, for which the exact reasons are still unknown.
The bimetallic gold-centered, copper-rich clusters have enhanced stability relative to the Ag

analog.

Luminescence Properties
Bimetallic clusters, 1* ~ 3*, exhibit strong photoluminescence at ambient temperature in

both solution (in MeTHF) and the solid-state. As shown in Figures S43-S48, each cluster has a



one-exponential fitting lifetime falling on the microsecond scale in solution at room temperature
(Table 2). Such long emission lifetimes strongly suggest the emissive origin to be from a spin-
forbidden triplet excited state. The emission profiles of 1* ~ 3* are shown in Figures 3 and S42.
The photophysical data of their respective salts recorded at 298 K are summarized in Table 2
together with those of (1b)(CuCl2)!! for comparison. Previously, we reported that 1b* emits
intense red light with an emission wavelength centered at Aem = 616 NM (Aexc = 473 nm) at 77 K
in solution, where the quantum yield achieves 59%.'* For the emission Amax values, the room
temperature Aem values reported in Table 2 for clusters 1*-3* in solution can also be divided into 4
groups, namely, (1a*, 1b*), (2a*, 2b*), 2c* and 3*. Within the gold-derivative series (clusters 1*-
2%), the hyposchromic shift observed in the low-energy emission upon going from the
dithiocarbamate to the dithiophosph(in)ate ligands is also operative, in line with a larger HOMO-
LUMO gap for the dithiophosph(in)ate species. The significantly larger emission wavelength
(762 nm) observed for Ag-centered alloy 3*, compared to its Au relative 2b* (642 nm), is in line
with previous DFT-computed HOMO-LUMO gaps found for simplified related model clusters.!

In the solid-state (Figure S42), the room temperature emission wavelengths of 2a*, 2b*
and 2c* (623, 638 and 617, respectively) barely change compared to their solution counterparts.
In the cases of 1a* and 1b*, it is redshifted to 724 and 765 nm, respectively. This behavior could
be tentatively explained by the availability in 1a* and 1b* of the =n*(dithiocarbamate) orbitals.
These MOs, which are situated not far above the three superatomic 1P LUMOSs,'* could, by
simple C=N stretching, stabilize a low-lying triplet state that would be radiatively emitting only
in the solid-state.

Ranging from 23% (1a*) to 55% (2b*), the QY reported in Table 2 is substantial for all
gold-centered species. The much lower value obtained for 3 is consistent with the expected small
spin-orbit coupling in the case of silver, as opposed to the heavier gold element, for which it
favors spin intersystem crossing.'® This result is also consistent with the fact that the Au-centered
species exhibit significantly shorter PL lifetimes than the Ag-centered cluster. Going down to Cu
renders spin-orbit coupling even more negligible, and consistently, [Cu@Cu12{S2CN"Bu}.(C=
CPh)4](CuCly) displays a very weak emission in the NIR region in a 2-MeTHF solution at 77 K
and no emission at all at ambient temperature.!! The results indicate that the PLQY for the two-
electron bimetallic alloy clusters follows the order Au@Cu> Ag@Cui2 >> Cu@Cuz2. Thus,

gold doping is an efficient method for boosting the luminescent QY of bimetallic Cu-rich alloys,
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and the fact that the Au@Cusi2 series has faster phosphorescence krap amplitudes than that of

Ag@Cus, species (see Table 2) can be attributed to the heavy atom effect.®

1.0 H

0.8 +

0.6 -

0.4 S

Intensity (a.u.)

0.2 S

0.0 +

y T y T T T y T T
500 600 700 800 900 1000 1100

Wavelength (nm)

Figure 3. Emission spectra of 1a*, 1b*, 2a*, 2b*, 2c*, and 3* in MeTHF at ambient temperature.

Whereas the solutions of dithiocarbamate species 1a* and 1b* have the largest radiative
rate constant, they also have the largest nonradiative rate constant (together with 2c*). With its
lowest nonradiative rate constant, 2b* reaches the highest QY. Among the four gold-centered
species, 2b* is the only one having chloride as a couteranion, and the others have a complex
anion (CuCl,)". An explanation (among others) for the limited nonradiative processes in 2b* is
that the specific interactions with the chloride couteranion in the excited state could limit the
nonradiative decay by enhancing the rigidity. More experiments with various salts of various

gold/dithiophosphate relatives are needed to obtain a better understanding of the PL efficiency.

Table 2. 298 K absorption, emission, and lifetime of 1a*, 1b*, 2a*, 2b*, 2c*, and 3* in 2-MeTHF
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Lifetime,

Amax(nm) Aem Kobs, 1/t(us™); | kran® | Knro
Compound - T(US) | Dem®

[e(M#mH)] | (nm) one-exp | (us?) | (us™)

One-exp?

311, 475,
1a(CuCly) 657 0.76 0.23 1.3 0.30 | 1.0

508, 560 [8150]

310, 476, 509,
1b(CuClp)* 561 658 1.41 0.43 0.710 0.31 | 0.40

[6400]

326, 433
2a(CuCly) 637 3.20 0.32 0.31 0.10 | 0.21

480,540 [8510]

324, 427, 480,
(2b(Cl) 642 367 | 055 0.27 0.15 | 0.12
536 [5310]
333, 427, 477,
2¢(CuCly) 618 186 | 0.25 0.53 0.13 | 0.40
533 [8340]
321, 476, 503,

762 147 | 0.058 0.068 0.0039| 0.064
3(PFe) 537 [11700]

amean emission lifetime (t). ® emission quantum yield (see page S1(SI)). ¢ ®em= KraorKobs, Krap = radiative
rate constant and ko»s = mean excited-state decay rate constant. ¢ Keps = Krap + Knro, Knro = nonradiative

rate constant. ¢ 77 K emission in 2-MeTHF glasses, weak emission intensity.

Electrochemical Investigations

The electrochemical behavior of clusters 1*-3* was investigated in CH2Cl> solution at 233
K. The results, shown in Figures 4, S49 and S50, are summarized in Table 3. Cyclic
voltammograms (CVs) and differential pulse voltammograms (DPVs) of dithocarbamate species
la* and 1b* display one irreversible reduction process (Epc) at approximately —2.15 V and four
quasi-reversible oxidation processes (Epa) between -0.21 and +0.57 V. In the case of

dithiophosphate derivatives 2a* and 2b*, the reversibility of the redox processes is improved,
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with two quasi-reversible Epc waves in the same region and two Epa oxidations, in which the
second process is quasi-reversible. Dithiophosphinate species 2c* exhibits one E,c wave and
three Epa processes, of which the second is quasi-reversible. Regarding 3*, the Ag analog of 2b*,
two irreversible reductions and four oxidations, of which the second is quasi-reversible, are
recorded. From previous DFT calculations on related simplified models,'* the reduction should
correspond to electron transfer into the triply degenerate 1P LUMO, and the first two one-
electron oxides should concern the 1S HOMO. The mono- and di-oxidized species were
computed to be thermally stable. According to the results of the electrochemical study, the di-

oxidized species is more stable than the mono-oxidized species.

10
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Figure 4. Cyclic voltammogram (black) and differential pulse voltammograms (blue and red line)
of 2a* (0.6 mM) at 233 K in CH.Cl> containing 0.1 M ["BusN][B(CeFs)4] solution under N
atmosphere.

The Au-centered clusters exhibit higher stability in the reduced state relative to the Ag-
doped derivative. Regarding the ligand influence, the dithiocarbamate-ligated clusters display
greater susceptibility toward decomposition upon redox events. This observation is consistent
with the results of time-dependent electronic spectra, revealing faster decay of the
dithiocarbamate clusters compared with the corresponding dithiophosph(in)ate derivatives. The
resulting electrochemical HOMO-LUMO gaps (EEy) are all approximately 2 eV (Table 3), and
that of Ag derivative 3 is definitely lower than that of its Au congeners. These values are
consistent with the optical HOMO-LUMO gaps computed from the lowest energy absorption
band Amax Values (E¢°) as well as those computed from the recorded PL Am values (Eg™1). The
only inconsistent value is that of E¢° for 3*, for which we suspect that the Amax transition is not
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associated with a pure HOMO—LUMO transition (see above). Indeed, DFT-computed HOMO-
LUMO gaps on related species support the view of lower HOMO-LUMO gaps in the case of Ag-
centered species.!! Within the Au-centered series, the increasing HOMO-LUMO gaps in the
order 2c* > (2a*, 2b*) > (1a*, 1b*) are fully consistent with the variation of the PL Xem

wavelength, as well as the lowest optical Amax value.

Table 3. Summary of redox potentials (V vs Fc*/Fc) and estimated

band gaps (eV) of compounds 1-3.

Cluster Epa' Epc' Eff® E°° Egft8
lat -0.12, +0.17, 214 202 221 1.89
+0.37, +0.57
1b+1  —0.21,+0.12, -215 194 221 1.89
+0.25, +0.54
2a* +0.26, +0.56% -1.96%, 222 230 1.95
—2.19%
2b* +0.16, +0.65% -1.95%, 211 231 1.93
-2.17*
2ct +0.19, +0.58%, -2.04 223 233 2.01
+0.82
3* -0.07, +0.15%, -1.95, 188 231 1.63
+0.55, +0.76 -2.16

"Potentials were determined by DPV. The measurements were collected at 233 K. All redox

processes are irreversible unless they are labeled as I, indicating quasi-reversible processes. 8EqF
and E¢° are the electrochemical and optical HOMO-LUMO gaps, respectively. EqF = Epc— Epa,
and Eq° = 1240/Amax, where Amax (in mm) corresponds to the lowest electronic transition. Eg™- =

1240/Aem where Aem (in mm) is the PL wavelength. *Quasi-reversible.
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Conclusions

In summary, we report a new synthetic procedure for the preparation of atomically
precise  gold- and silver-doped copper 2-electron clusters of the type
[M@Cuz(dithiolate)s(C=CPh)4]*, where the dithiolate is dithiocarbamate, dithiophosphate, or
dithiophosphinate. Five new types of compounds were synthesized and fully characterized from
the reaction of various copper(l) hydrides with phenylacetylene in the presence of Au(l) or Ag(l)
salts. These 2-electron clusters of ideal Tq symmetry have a gold- (or silver-) centered Cui
cuboctahedral core protected by six dithiolate and four alkynyl ligands. UV-vis, PL, and
electrochemical experiments are consistent with a HOMO-LUMO gap depending on the
dithiolate nature and increasing in the order dithiophosphinate > dithiophosphate >
dithiocarbamate. The silver-centered cluster appears to behave somewhat differently from its
gold-centered relatives: whereas the latter exhibits good PL efficiency, the former only weakly
emits. The largest recorded QY (55%) was obtained for one of the gold-centered dithiophosphate
derivatives, which are the most thermally stable among the investigated families. Further
research is planned to design new salts of [Au@Cuzz(dithiolate)s(C=CPh)4]" cationic clusters to
enhance their QY and tune their emission wavelengths for various potential applications.

Experimental Section

All chemicals were purchased from commercial sources and used as received. Solvents were
purified by following standard protocols. All reactions were performed in oven dried Schlenk
glassware and carried out under N atmosphere. The starting copper hydrides
[CuzsH1s{S2CN"Pr2}12](PFe),2®  [CuzoH11{S2P(O'Pr)2}s],*  [CusoH1s{S2P(O"Pr)2}12],°* and
[CuzoH11{S2P(C2H4Ph)2}0]*® were prepared by slightly modified procedures reported earlier in
literature. NMR spectra were recorded on a Bruker Advance DPX300 FT-NMR spectrometer
operating at 300 MHz. The chemical shifts (6) and coupling constants (J) are reported in ppm
and Hz, respectively. 'P NMR spectra are referenced to external 85% HsPO,. ESI-mass spectra
were recorded on a Fison Quattro Bio-Q (Fisons Instruments, VG Biotech, U. K.). XPR
experiments were performed with an X-ray photoelectron spectrometer XPS, VG Multilab 2000-
Thermo Scientific Inc. UK, Ka, with a microfocus monochromated Al Ka X-ray working with
high photonic energies from 0.2 to 3 KeV. The room temperature absorption spectra in 2-
MeTHF  (2-Methyltetrahydrofuran) were recorded on a Shimadzu UV-3101PC
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spectrophotometer. Emission spectra and lifetimes in solution were obtained in 2 mm cylindrical
quartz cells in a spectroscopic quartz Dewar as described in elsewhere.??! Emission spectra at
room temperature were obtained by using a Xe lamp for wavelengths and an Oriel model 63358
or 63966 Quartz Tungsten Halogen (QTH) lamp for intensities. The emission spectra were
collected using a HORIBA JOBIN YVON iHR 550 spectrometer with three gratings (300 I/mm,
600 nm blaze; 300 I/mm, 1 um blaze; and 600 I/mm, 1 um blaze) and a HORIBA Symphony
INnGaAs-1700 (for the NIR) detector head was mounted on the exit port. This system was
operated through the SynerJY software. The detector heads was cooled to -90°C and the
spectrometers was purged with dry Nz. The room temperature emission lifetimes were
determined using a LTB Model MNL 103-PD nitrogen laser-pumped, a LTB Model DUL 100
Dye laser system for excitation, a Hamamatsu P928 PMT/E717-63 socket assembly mounted on
a Jobin-Yvon H-100 spectrometer for detection in the visible region and a Hamamatsu NIR-PMT
Modul H10330A-75 for collection in the NIR region. Both detector systems for detection in the
visible and NIR regions were output digitized using the LeCroy WaveRunner 6030A software.
Electrochemical measurements were recorded on a CH Instruments 733B electrochemical
potentiostat using a gastight three-electrode cell under N2 at 273 K or 233 K. A vitreous carbon
electrode (1 mm or 3 mm in diameter) and a platinum wire were used as working and auxiliary
electrode, respectively. Reference electrode was a non-aqueous Ag‘/Ag electrode (0.01 M
AgNO3/0.1 M [nBusN][BArFz], BArFzs~ = B(3,5-CeH3(CF3)2)47). All experiments were
measured in CH2Cl> solutions with 1 mM analyte and 0.1 M [nBusN][BArF24] supporting
electrolyte concentrations and were recorded at a 100 mV/s scan rate unless otherwise stated.

The potentials are reported against the ferrocenium/ferrocene (Fc*/Fc) couple.

Synthesis of 1a(CuCly):

In a flame-dried Shlenck tube, [Cu2sH15{S2CN"Pr2}12](PFs), (0.1 g; 0.025 mmol) was suspended
in THF (5 mL) along with Au(PPh3z)CI (0.012 g; 0.025 mmol) and phenylacetylene (40 uL;
0.375 mmol), the resulting mixture was stirred at 30°C for 48 hours. The solvent was evaporated
under vacuum and residue washed with diethyl ether (3x15 mL) to remove impurities from the
ligands. The red residue was extracted in methanol and passed through Al.Os. Finally, the

solvent was evaporated to dryness under vacuum to get a pure dark red powdered 1a(CuCly) in
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0.052 g (38.35 % based on Cu) vyields. In this reaction, corresponding alkenes and
[CusH{S2CN"Pr2}6]" has been produced as by products.

1a(CuCly): ESI-MS: m/z 2420.60 (M*), 134.90 (M"). *H NMR (300 MHz, CDCls): 7.26-7.49
(20H, CgHs), 3.82 (24H, NCH,), 1.70 (24H, CH>), 0.86 (36H, CH3) ppm; *C NMR (100.61
MHz, CDClz): 203.26, 131.98, 128.28, 123.79, 77.81, 77.30, 59.53, 20.45, 11.19; FT-IR data in
Csl pellet (cm™); 2962.4, 2932.5, 2873.3, 2018.7, 1592.3, 1304.9, 1238.8, 940.4, 893.8. Anal.
Calcd for C74H104AUCI>Cu13NeS12: C, 34.77; H, 4.10; N, 3.29; S, 15.05. Found: C, 33.21; H, 4.22;
N, 3.92; S, 14.68

Synthesis of 2a(CuCly):

In a flame-dried Shlenck tube, [Cu20H11{S2P(O'Pr)2}s] (0.1 g; 0.031 mmol) was suspended in
THF (5 mL) along with Au(PPh3)CI (0.015 g; 0.031 mmol) and phenylacetylene (40 uL; 0.341
mmol), the resulting mixture was stirred at 30°C for 48 hours. The solvent was evaporated under
vacuum and residue washed with diethyl ether (3x15 mL) to remove impurities from the ligands.
The red residue was extracted in methanol and passed through Al.Os. Finally, the solvent was
evaporated to dryness under vacuum to get a pure red powdered 2a(CuCl,) in 0.058 g (43.44 %
based on Cu) yields. In this reaction, corresponding alkenes and [CusH{S:P(O'Pr)2}6]* has been
produced as by products.

2a(CuCly): ESI-MS: m/z 2642.10 (M*), 134.90 (M"). *H NMR (300 MHz, CDCls): 7.60-7.61
(20H, CgHs), 4.82 (12H, OCH), 1.17 (72H, CHs) ppm; 3C NMR (100.61 MHz, CDCls): 132.82,
128.27, 123.79, 75.80, 74.83, 53.84, 23.26 ppm; P NMR (121.49 MHz, CDCls); 101.73 ppm;
FT-IR data in Csl pellet (cm™); 2979.7, 2932.8, 2872.3, 2014.3, 1592.3, 1261.6 951.7, 887.0.
Anal. Calcd for CegH104AUCI2Cu13012P6S12: C, 29.40; H, 3.77; O, 6.91; S, 13.85. Found: C,
29.27; H, 3.57; 0, 6.75; S, 13.70.

Synthesis of 2b(Cl):

In a flame-dried Shlenck tube, [CuzoH18{S2P(O"Pr).}12], (0.05 g; 0.01 mmol) was suspended in
THF (5 mL) along with Au(PPh3)CI (0.005 g; 0.01 mmol) and phenylacetylene (25 pL; 0.18
mmol), the resulting mixture was stirred at 30°C for 48 hours. The solvent was evaporated under
vacuum and residue washed with diethyl ether (3x15 mL) to remove impurities from the ligands.

The red residue extracted in methanol and passed through Al2Os. Finally, the solvent was
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evaporated to dryness under vacuum to get a pure red powdered 2b(Cl) in 0.049 g (41.56 %
based on Cu) yields. In this reaction, corresponding alkenes and [CusH{S2P(O"Pr)2}s]* have
been produced as by products.

2b(Cl): ESI-MS: m/z 2642.39 (M*). *H NMR (300 MHz, CDCls): 7.33-7.56 (20H, CgHs), 3.97
(24H, OCH?y), 1.36 (24H, CHy), 0.75 (36H, CH3) ppm; *C NMR (100.61 MHz, CDCls): 132.11,
128.48, 122.79, 72.08, 71.51, 23.16, 10.05 ppm; P NMR (121.49 MHz, CDCls); 107.09 ppm;
FT-IR data in Csl pellet (cm™); 2969.1, 2937.3, 2879.2, 2018.9, 1593.1, 1200.0, 912.3, 844.4.
Anal Calcd for CegH104AUCICu12012P6S12: C, 30.49; H, 3.91; S, 14.36. Found: C, 33.11; H, 4.22;
S, 14.60.

Synthesis of 2¢(CuCly):

In a flame-dried Shlenck tube, [Cu20H11{S2P(C2H4Ph)2}¢], (0.1 g; 0.025 mmol) was
suspended in THF (5 mL) along with Au(PPhz)CI (0.012 g; 0.025 mmol) and phenylacetylene
(30 uL; 0.275 mmol), the resulting mixture was stirred at 30°C for 48 hours. The solvent was
evaporated under vacuum and residue was washed with diethyl ether (3x15 mL) to remove
impurities from the ligands. The red residue was extracted in methanol and passed through Al>Oz.
Finally, the solvent was evaporated to dryness under vacuum to get a pure powdered 2¢c(CuCly)
in 0.066 g (49.39 % based on Cu) yields. In this reaction, corresponding alkenes and
[CusH{S2P(C2H4Ph)2}6]" have been produced as by products.
2¢(CuClp): ESI-MS: m/z 3196.49 (M*). 'H NMR (300 MHz, CDCls): 6.70-7.19 (80H, CgHs),
2.86 (24H, PCH,), 2.55 (24H, CH,) ppm; 3C NMR (100.61 MHz, CDCls): 139.04, 131.55,
128.90, 128.78, 127.90, 126.70, 121.43, 77.39, 74.04, 34.55, 30.69 ppm; 3P NMR (121.49 MHz,
CDCls); 81.9 ppm; FT-IR data in Csl pellet (cm™); 3060.4; 3027.4, 2929.9, 2861.0, 1968.0. Anal.
Calcd for Ci2sHi128AUCI2CuisPsS12: C, 46.16; H, 3.87; S, 11.55. Found: C, 46.93; H, 4.04; S,
11.20.

Synthesis of 3(PFs):

In a flame-dried Shlenck tube, [CuzoH18{S2P(O"Pr)2}e], (0.045 g; 0.01 mmol) was
suspended in THF (5 cm® along with [Ag(CHsCN)4(PFs) (0.004 g; 0.01 mmol) and
phenylacetylene (20 uL; 0.18 mmol), the resulting mixture was stirred at 30°C for 72 hours. The
solvent was evaporated under vacuum and residue washed with diethyl ether (3x15 mL) to
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remove impurities from the ligands. The black residue was extracted in methanol and passed
through Al20s. Finally, the solvent was evaporated to dryness under vacuum to get a pure black
powdered 3(PFg) in 0.019 g (29.27 % based on Cu) yields. In this reaction, corresponding
alkenes and [CugH{S2P(O"Pr);}s]" have been produced as by products.

3(PFe): ESI-MS: m/z 2554.30 (M*). 'H NMR (300 MHz, de¢-acetone): 7.46-7.67 (20H, CgHs),
4.07 (24H, OCHy), 1.40 (24H, CH,), 0.74 (36H, CH3) ppm; *C NMR (100.61 MHz, CDCls):
132.17, 128.48, 122.76, 77.24, 72.06, 71.41, 23.11, 10.06 ppm; 3P NMR (121.49 MHz, de-
acetone); 105.70, -143.0 (Jr-r= 708.29 Hz) ppm; FT-IR data in Csl pellet (cm™); 2969.2, 2937.7,
2880.5, 2015.0, 1592.7, 1199.4, 913.1, 844.4. Anal. Calcd for CesH104AgCuU12F6012P7S12: C,
30.26; H, 3.88. Found: C, 29.86; H, 3.84.

X-ray Crystallography

Single crystals suitable for X-ray diffraction analysis of salts of 1a*, 2a*, 2b*, and 3*
were obtained by slowly diffusing hexane into a concentrated acetone solution at -5 °C
temperature. The single crystals were mounted on the tip of glass fiber coated in paratone oil,
then frozen at 150 K. Data were collected on a Bruker APEX Il CCD diffractometer using
graphite monochromated Mo Ka radiation (A = 0.71073 A). Data reduction was performed with
SAINT,?? Absorption corrections for the area detector were performed by using the SADABS
program.? The structure was solved by direct methods and refined by least-squares against F2
using the SHELXL-97 package, ?* incorporated in SHELXTL/PC V5.10.6.% Selected
Crystallographic data is given in Table S1.
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