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Monoanionic Phosphorus-Supported Air Stable Cu(I)8,
Ag(I)7, and Ag(I)5 Nanoclusters Exhibiting TADF: A Novel
Photocatalyst for Stereoselective Carbene Transfer Reactions

Ekta Nag, Asutosh Patra, Maria Francis, Usharani Patra, and Sudipta Roy*

Applications of structurally well-defined coinage-metal nanoclusters (NCs) as
optoelectronic materials and homogeneous catalysts have been restricted due
to their inherent lower stability. Herein, the syntheses, structural
characterizations, and photoluminescence properties of three novel air-stable
coinage-metal(I) NCs-supported by carbene-anchored monoanionic
phosphorus (cAAC=P−) with molecular formulae [(Cy-cAACP)4(Cu)4(CuCl)4]
(4), [(Cy-cAACP)4(Ag)4(AgOTf )3] (5), and [(Cy-cAACP)4(Ag)5]NTf2 (6) (cAAC =
cyclic alkyl(amino) carbene; Tf = CF3SO2) exhibiting thermally activated
delayed fluorescence (TADF) are reported. Apart from attractive metallophilic
interactions [M─M; M ═ Cu, Ag], the enhanced kinetic and thermodynamic
stability of 4–6 can be attributed to the excellent 𝝅-accepting ability of
cAAC=P− surrounding the metallic cores. cAAC=P− anion is generated either
in situ by anion-induced cleavage of P−Sb/B bonds of corresponding
stibanyl/boryl phosphaalkenes in the presence of
coinage-metal(I)-Cl/OTf/NTf2 salts or by directly introducing alkali-metal
phosphinidenide. The TADF properties of 4–6 are established by smaller
energy gaps between the lowest singlet excited state and triplet excited state.
In solid-state, the delayed fluorescence lifetimes of 4–6 are found to be in
the microsecond range with absolute photoluminescence quantum yields up
to 20%. The redox-active Cu(I)8 NC 4 is successfully exploited as an efficient
photo-catalyst for the selective carbene transfer reaction at ambient
conditions, affording cyclopropanated indoles/styrenes with excellent yields
and diastereoselectivity.

1. Introduction

Luminescent coinage metal nanoclusters (NCs) exhibiting ther-
mally activated delayed fluorescence (TADF) with smaller singlet-
triplet energy gapΔΕ(S1-T1), and weaker spin-orbit coupling have
recently attracted huge attention not only because of their appli-
cation in the manufacturing of efficient organic light-emitting
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diodes (OLEDs),[1,2] but also due to their
potential usage in the field of homoge-
neous catalysis,[3] chemical sensing, and
bio-imaging/labeling.[4] The delayed emis-
sion takes place from the lowest excited sin-
glet state S1 to the ground state S0 via re-
verse intersystem crossing (RISC) from the
triplet excited state T1 to S1 upon thermal
activation at ambient temperature (Figure
1).[5] Through this process, all the gener-
ated singlet and triplet excitons can be har-
vested from the lowest singlet excited state,
S1, and thereby the OLED generated us-
ing such materials can have nearly 100%
internal quantum efficiency. TADF mate-
rials with a larger radiative rate constant
at S1 compared to that of a non-radiative
process can have higher emission quantum
yields. However, the stability and/or struc-
tural rigidity of the NCs at various temper-
atures play a crucial role to reduce the non-
radiative decay, and hence obtaining a better
photoluminescence quantum yield (PLQY),
𝚽PL.

In general, the formation of a well-
defined metal NC largely depends on the
specific electronic and steric environments
exerted by the stabilizing ligands, which
in turn significantly controls the molecular
properties of such species, e.g., the specific

absorption features, photoluminescence, optical activity, poly-
morphism, etc. In this regard, syntheses of atomically precise
Ag, and Cu NCs are more challenging compared to the Au NCs
considering the inherently weaker cohesive energy in the former,
and the spontaneous tendency toward aerial oxidation in the lat-
ter due to the lower standard reduction potential. Therefore, a
careful selection of the stabilizing ligand becomes extremely im-
portant for the syntheses of such species. The solid–state isola-
tion of so far reported Ag-based NCs mainly relies on various soft
and hard ligand systems, viz., alkynyl,[6] thiolates,[7] sulfonate,[8]

phosphonate,[9] phosphine,[10] carboxylate,[11] amine,[12] and very
recently the cyanurate[13] derivatives. On the other hand, the
potential ligand systems identified for the stabilization of Cu-
based NCs include thiolates, di-thiocarbamates, sulfides, phos-
phines, halides, carboxylates, alkynes, and hydrides.[14] However,
the major challenge still remains with the stability, and solu-
bility of these NCs to be effectively utilized for generation of
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Figure 1. Schematic representation of various electronic transitions in-
cluding fluorescence, phosphorescence, and thermally activated delayed
fluorescence (TADF).

Figure 2. Representative Cu(I), and Ag(I) complexes stabilized by car-
benes and carbene-supported phosphinidenes.

OLEDs. Softer ligands, e.g., phosphines bind very weakly to the
metal centers, increasing the lability; whereas, the harder lig-
ands, e.g., alkynes, thiolates, etc. bind to the metal centers too
specifically in an unalterable fashion, enabling the exchange of
metal atoms leading to a decrease of the overall cluster stabil-
ity. The synthetic main group chemistry community has very of-
ten witnessed the superiority of carbenes over other 𝜎-donor lig-
ands; more precisely, with cyclic alkyl(amino) carbenes (cAACs)
as ligands addressing various synthetic challenges.[15] With re-
spect to the exciting photoluminescence properties exhibited by
the donor base-stabilized metal complexes, cAAC has achieved
remarkable success in the past decade.[16] In 2017, Di et al. re-
ported two-coordinate carbene-Cu-X, and carbene-Ag-X (X = Cl,
Br, I) complexes, A (Figure 2) with exciting green emissions hav-
ing maximum external efficiency of 9.7–26.3%.[16a] The lumines-
cent cAAC-Ag(I)-amide complexes (C) exhibiting TADF proper-
ties are also noteworthy in this regard (Figure 2).[16]

From our recent experience on isolation of higher nuclearity
homo- and/or mixed valence Ag NCs, e.g., J (Figure 2)[17]: pre-
suming that the combination of a soft/hard ligand system to-
gether might greatly overcome the stability issue of the NCs, we

decided to probe the applicability of the cAAC-supported mono-
anionic phosphorus, cAAC=P−[17] for the syntheses of struc-
turally well-defined Cu, and Ag NCs with exciting luminescence
properties. While carbene being a harder donor (C donor site),
and phosphorus (P donor site) being a softer donor, a combina-
tion of both can lead to unusual coordination modes, resulting in
novel cluster formation with increased structural rigidity, leading
to a reduced non-radiative decay rate along with the exciting lu-
minescence features. Considering the ease of in situ generation
of the monoanionic phosphorus atom from the easily available
alkali metal phosphinidenides (1)[18] in pure crystalline form and
quantitative yields, we have chosen 1 as the source of the stabiliz-
ing ligand for synthesizing novel coinage metal NCs. So far, there
are only a very few examples of the coinage metal complexes sta-
bilized by carbene-phosphinidenides, E–I (Figure 2).[19,20] More-
over, the existence of nano-sized coinage metal clusters of cAAC-
supported phospphinidenides is extremely rare.[17]

Utilizing the unique steric and electronic effects of combined
cAAC and monoanionic phosphorus, herein, we report on the
first syntheses, structural characterization, and detailed photolu-
minescence studies of three novel air-stable NCs containing Cu8,
Ag7, and Ag5 cores with well-defined molecular formulae [(Cy-
cAACP)4(Cu)4(CuCl)4] (4), [(Cy-cAACP)4(Ag)4(AgOTf)3] (5), and
[(Cy-cAACP)4(Ag)5]NTf2 (6).

2. Results and Discussion

Initially, the dark red crystals of cyclic alkyl(amino) carbene
(cAAC)-supported potassium phosphinidenide (cAACPK, 1)[21]

were treated with CuCl in various molar ratios in THF
as solvent at room temperature (rt). However, in all the
cases the respective 1H NMR spectra of the crude reac-
tion mixtures showed the presence of either cAACPH[22] or
cAAC2P2.[23] Failing to utilize cAACPK as the direct source of
monoanionic phosphorus, we decided to employ the cAAC-
supported stibanyl-phosphaalkene (Cy-cAAC)P−Sb(Tip)2 (2) (Cy-
cAAC = C(N-2,6-iPr2C6H3)(C6H10)(CMe2)(CH2), Tip = 2,4,6-tri-
isopropylphenyl),[24] which was treated with CuCl in 1:2 mo-
lar ratio at rt in THF. The resulting reaction mixture was
kept for overnight (12 h) stirring at rt to obtain a clear or-
ange solution. Upon removal of THF under high vacuum, an
orange crystalline solid was isolated, which was washed with
n-hexane to remove the soluble impurities, and further dis-
solved in DCM. The orange-red block shaped single crystals
of neutral cAAC-phosphinidenide-stabilized Cu(I)8-cluster [(Cy-
cAACP)4(Cu)4(CuCl)4] (4) were obtained after 5–7 days from the
concentrated DCM solution (1–2 mL) stored at −40 °C in 84%
yield (Scheme 1).

When stibanyl-phosphaalkene (2) was treated with the heav-
ier group 11 halide, viz., AgCl, and AgBr under similar reaction
conditions; although the colors of individual reaction mixtures
changed from bright yellow to orange, no crystals of the corre-
sponding metal complexes/clusters could be isolated. The 31P
NMR spectra of the crude reaction mixtures showed the forma-
tion of only Cy-cAACPH.[22] On the other hand, when Cy-cAAC-
supported boryl-phosphaalkene (Cy-cAAC)P−B(NiPr2)2 (3)[24]

was treated with AgOTf in a 2:1 molar ratio at rt in toluene, a
clear yellowish-brown reaction solution was obtained, which was
stirred for 12 h at rt, resulting in the formation of a brown color
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Scheme 1. Synthesis of carbene-phosphinidenide-stabilized neutral
Cu(I)8-nanocluster [(Cy-cAACP)4(Cu)4(CuCl)4] (4).

Scheme 2. Synthesis of carbene-phosphinidenide-stabilized neutral
Ag(I)7-cluster [(Cy-cAACP)4(Ag)4(AgOTf)3] (5).

precipitate. Upon filtration of the reaction mixture through a
frit, a brown crystalline residue was obtained, which was washed
a couple of times with cold n-hexane, and dissolved in DCM.
The DCM solution was further concentrated under reduced pres-
sure upto 1–2 mL, and stored at −20 °C to form the block-
shaped bright orange color single crystals of Ag(I)7-cluster [(Cy-
cAACP)4(Ag)4(AgOTf)3] (5) in 35% yield after 10 days (Scheme
2). In this context, it is noteworthy to mention that the reaction
of 3 with AgOTf in a 1:1 molar ratio at rt in toluene affords two dif-
ferent Ag NCs: the tri-cationic [(Cy-cAACP)6Ag12Cl3](OTf)3, and
the neutral mixed-valence [(Cy-cAACP)6Ag29], which we have re-
ported very recently.[17]

An analogous reaction of boryl-phosphaalkene 3 with AgNTf2
in 2:1, and 1:1 molar ratios at rt in toluene resulted in brownish-
red solutions from which no crystals could be isolated even after
stirring the reaction mixtures for 12–24 h. The 31P NMR analy-
sis of the reaction mixtures indicated the disappearance of the
starting material 3, and the formation of the corresponding bis-
phosphinidene, cAAC2P2.[23] However, when cAACPK (1) was
treated with AgNTf2 in 2:1 molar ratio at −40°C using toluene as
a solvent for 30 min, and further stirred at rt for 12 h, the color of
the reaction mixture changed from dark red to greenish-brown.
Upon removal of toluene, a yellowish-red crystalline solid was
obtained, which was extracted in DCM to give rise to a yellowish-
red solution along with the formation of some insoluble black
precipitate. The DCM solution was filtered, and concentrated un-
der reduced pressure to obtain orange color block shaped single
crystals of Ag(I)5 NC [(Cy-cAACP)4(Ag)5]NTf2 (6) from a −40°C
freezer in 24% yield (Scheme 3).

The crystals/powders of 4–6 were found to be stable under an
argon atmosphere for more than a year. Upon exposure to air,
the crystals of 4 were found to be stable for 2 days at rt, and then

Scheme 3. Synthesis of carbene-phosphinidene-stabilized mono-cationic
Ag(I)5-cluster [(Cy-cAACP)4(Ag)5]NTf2 (6).

slowly decomposed to a yellow powder. The crystals of 5, and 6
were found to be stable in air for about a week, which has been
concluded from NMR studies. The clusters 4–6 were found to be
sparingly soluble in toluene/THF, and highly soluble in DCM.
The yellow color DCM solution of 4 was found to be stable in
air for an hour, and then slowly turned into a colorless solution
with the formation of insoluble black precipitate. However, the
DCM solutions of 5, and 6 were found to be stable in air for a
week. Under an inert atmosphere, the DCM solutions of 4–6 were
found to be stable at rt for more than six months. The powder of
4, 5, and 6 melted to brown liquids at 215–217°C, 175–177°C, and
150–152°C, respectively.

The solution structures for the NCs 4–6 were thoroughly an-
alyzed by NMR, and ESI-MS studies (see Supporting Informa-
tion). At rt, the 31P NMR spectrum of the DCM-d2 solution of the
Cu(I)8 nanocluster 4 exhibited a very weak singlet at −74.4 ppm,
which eventually became intense upon cooling down to 213 K.
The 31P spectrum of the DCM-d2 solutions of the Ag(I)7 nan-
ocluster 5 did not show any signal at rt. However, upon lowering
the temperature to 233 K, a triplet was observed at −127.3 ppm
(J31P-109Ag = 767.6 Hz), which is downfield shifted when com-
pared to that of the previously reported tri-cationic Ag12 nanoclus-
ter [(Cy-cAACP)6Ag12Cl3](OTf)3 (−132.2 (t, J31P-109Ag = 749.16 Hz)
ppm).[17] The 31P spectrum of the DCM-d2 solution of 6 exhibited
a broad triplet at −23.3 ppm (J31P-109Ag = 699.8 Hz) at rt, which
was comparably downfield shifted than that of 5, and previously
reported [(Cy-cAACP)6Ag12Cl3](OTf)3.[17] The characteristic 31P
chemical shifts observed for 4–6 show that in each case, all four
phosphorus atoms are having the same chemical environment in
solution. Moreover, the much upfield shifted 31P chemical shift
values compared to those for the other cAAC=P− precursors:
[cAAC=PK(THF)x]n (1, 206.9 ppm), stibanyl-phosphaalkene (2,
49.1 ppm), and boryl-phosphaalkene (3, 28.6 ppm), clearly sug-
gest the significant anionic nature of the phosphorus atoms in
4–6.

The Cu(I)8 NC [(Cy-cAACP)4(Cu)4(CuCl)4] (4) crystallized in
the monoclinic space group C2/c. The molecular structure of 4
is shown in Figure 3, which consists of four Cy-cAAC=P− an-
ions, eight Cu(I) ions, and four Cl− ions (Figure 3). The cen-
tral core of 4 possesses a near square planar CuI

4 unit [Cu-Cu-
Cu 88.76/91.05o, Cu-P-Cu 73.52/73.30o]. Each Cu−Cu arm of
the CuI

4 unit in 4 is bridged by a P atom of Cy-cAAC=P− an-
ion, leading to the formation of a non-planar sheet of Cu4P4
unit with two P atoms on top/below it (0.46/0.55 Å). The
average Cu−Cu and Cu−P distances are 2.64 and 2.207 Å,
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Figure 3. Molecular structure of neutral Cu8-cluster [(Cy-
cAACP)4(Cu)4(CuCl)4] (4). The ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected experi-
mental bond lengths [Å] and bond angles [˚]: Cu1-P1 2.2082(13), Cu1-Cu2
2.6416(8), P1-Cu5 2.1494(14), Cu5-Cl1 2.1081(16), Cu2-Cu4 2.6325(8),
P1-Cu5-Cl1 170.17(7), P1-Cu2-P2 164.93(6), Cu4-Cu2-Cu1 91.04(2).

respectively. The former is smaller in magnitude than that of the
sum of van der Waals radii (2.8 Å), but significantly longer than
those of original Cu(I)-mesityl complexes [2.46 Å],[25] Cu(I)2

n

complexes [2.4521(3), 2.3899(7), 2.3870(6) Å; n = +1, 0, −1] con-
taining μ-mesityl ligand on di-copper(I) with a PNNP ligand[26]

and other Cu-clusters.[27] The shorter Cu1−Cu2 distance in 4
is assumed to be due to the cuprophilic interaction,[25] which
is significantly shorter than the sum of van der Waals radii
(2.8 Å). Such short Cu─Cu contacts suggest extensive lumines-
cence behavior, as observed for other oligonuclear organo-[28–30]

and amido-copper frameworks,[31,32] which has indeed been con-
firmed by the observation of a structureless emission band at
≈650 nm in the solid-state excitation spectrum of mesityl-copper
complex (𝜆ex >350 nm).[28] Given the short Cu–Cu distances in
4, it was assumed that the emissive states are derived from the
metal-centered d→s transitions of CuI, modified by Cu–Cu in-
teractions. The P atom of each Cy-cAAC=P units of 4 is fur-
ther bonded to a terminal Cu─Cl unit with an alternating up
and down fashion around a non-planar sheet of Cu4P4 display-
ing a 𝜇3-bridging mode. The C─N bond length of Cy-cAAC
in 4 is 1.325(6) Å, which is shorter than that of Cy-cAACPK
(≈1.35 Å),[21] but longer than that of the free cAAC (≈1.30 Å)
suggesting the formation of a partial CcAAC−N double bond. The
CcAAC−P bond distance is 1.764(5)/1.759(5) Å, which is close to
that of cAACP−Cl (≈1.73 Å).[22] These bond parameters suggest
the bond between cAAC and P− anion of cAACP unit is a partial
double bond [CcAAC→P−/ CcAAC←P−].

To understand the bonding scenario, and electron densities
distribution in 4, we have performed natural bond orbital (NBO)
analysis at BP86/LanL2DZ level of theory (see Supporting Infor-
mation). The results from NBO analysis showed the polarized

Figure 4. Molecular structure of neutral Ag7-cluster [(Cy-
cAACP)4(Ag)4(AgOTf)3] (5). The ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected experi-
mental bond lengths [Å] and bond angles [˚]: Ag2-P3 2.5635 (10), Ag2-Ag3
3.0711(4), Ag2-P2 2.5312(10), Ag1-Ag3 2.8668(5), P1-Ag6 2.332(1),
P2-Ag2-P3 131.10(3), Ag4-Ag2-Ag1 85.691(11), Ag1-P1-Ag3 72.52(3),
Ag6-P1-Ag3 107.78(4).

partial double bond nature of the CcAAC─P bond given by the
Wiberg bond index (WBI) of 1.25 (see Supporting Information).
The WBI for a typical P─Cu bond of 4 ranging from 0.39 to 0.45
indicates a weaker bond. The Cu─Cl bonds are observed to be
more polarized toward the Cl atoms having negative NBO charge,
whereas Cu has a positive value of the NBO charge across the
bond. The HOMO-LUMO energy gap of 4 was calculated to be
1.85 eV, which is reasonably larger, indicating a greater stability
of 4.

The Ag(I)7 NC [(Cy-cAACP)4(Ag)4(AgOTf)3] (5) crystallized
in the monoclinic space group P21/c. The molecular struc-
ture (Figure 4) of 5 consists of seven Ag(I) ions, four Cy-
cAAC=P− anions, and three OTf− ions. 5 possesses a non-
planar and near rectangular Ag4 core [Ag-Ag 2.8668(5)/2.8816(4),
4.22/4.23 Å]. Each of these four Ag(I) ions is bonded to a Cy-
cAAC=P− anion. An Ag-OTf unit resides on the top of this
non-planar rectangular Ag4 unit to form an Ag(I)5 unit [Ag-Ag
3.0711(4), 3.0145(4), 3.1903(4), 3.0402(4) Å]. All four Cy-cAAC=P
units display a 𝜇3-bridging mode as seen in complexes 3/5.
The Ag─P─Ag bond angles around the central Ag4 unit are
72.52/72.65o and 124.34/124.82o. The Ag−P distances are in the
range of 2.3977(10) to 2.5635(10) Å. The overall non-planar tent-
shaped Ag7P4 core of 5 possesses an Ag5P2 unit in the middle
with two additional AgP units connected to shorter arms of the
Ag(I)4 rectangle. The average C─N and C─P distances of 5 are
1.32 and 1.76 Å, which are similar to those of 4. The central Ag
atom and two terminal Ag atoms of 5 are terminally bonded to
triflate anion. NBO analysis of 5 at the BP86/LanL2DZ level of
theory showed that the CcAAC─P bond is evidently a single bond,
given by the WBI of 0.97, and also more polarized toward the
carbon atom. The central core bonds across Ag─P─Ag are pri-
marily of 3-centered 2-electrons type bonds (see Supporting In-
formation).

The HOMO of 5 corresponds to the CcAAC=P 𝜋 bond, delo-
calized toward the d-type orbital on the Ag atom bonded to the
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Figure 5. Molecular structure of mono-cationic Ag5-cluster [(Cy-
cAACP)4(Ag)5]NTf2 (6). The ellipsoids are shown at the 50% probability
level. Hydrogen atoms, counter anion (NTf2), and the lattice solvents
(2 DCM) are omitted for clarity. Selected experimental bond lengths
[Å] and bond angles [˚]: Ag1-Ag2 3.0390(7), Ag2-Ag5 2.9960(7), Ag5-P4
2.3909(16), P4-Ag4 2.3922(16), Ag3-Ag2 2.8853(6), P1-Ag1 2.3708(16),
Ag3-P1 2.3879(17), Ag1-P1-Ag3 86.22(5), Ag5-P4-Ag4 85.12(5), Ag1-
Ag2-Ag4 91.558(17), Ag3-Ag2-Ag5 92.780(18), Ag1-Ag2-Ag3 66.531(16),
Ag5-Ag2-Ag4 66.411(16).

same. The LUMO of 5 corresponds to the 𝜋*
C═N orbital of cAAC.

The HOMO-LUMO energy gap for 5 was calculated to be 2.18 eV,
which is reasonably larger, indicating greater stability of the NC.

The non-planar tent-like Ag(I)5P4 core of the mono-cationic
complex [(Cy-cAACP)4(Ag)5]NTf2 (6) can be compared with the
core of complex 5 with a significant change in the bond parame-
ters (Figure 5). The Ag(I) ion, residing at the top pole position
in 6, is 1.26 Å above the average Ag4 plane, which is signifi-
cantly shorter than that of 5 [1.71 Å] with an Ag−Ag distance
of 2.96 Å [3.0390(7), 2.8853(6), 2.9099(6), 2.9960(7) Å], which is
slightly shorter than that of 5 [3.08 Å]. Two P−Ag bond distances
[≈2.54 Å] in 6 [ from P to the Ag(I) atom at the top pole posi-
tion] are slightly longer than those of 5 [2.49 Å], while the other
P-Ag distances of 6 are very similar to those of 5. The Ag−P−Ag
bond angle [85.11/86.22o] around two 𝜇-P bridges is significantly
wider than those [72.52/72.65o] of 5, which is a consequence of
Ag(I) at the top position coming closer to the Ag4 plane without
any coordination from any anion. The average C-N, and C-P dis-
tances of 5/6 are 1.32/1.33 and 1.76/1.74 Å, which are similar to
those of 4. The central Ag atom and the two terminal Ag atoms
of 5 are terminally bonded to the triflate anion. The metal ions
of three complexes (4–6) are bonded to each other in closer prox-
imity due to corresponding metallophilic interactions, which are
known to stabilize the complexes by nearly 7 kcal mol−1.[28–32]

The NBO analysis of 6 performed at the BP86/LanL2DZ level of
theory deciphers the CcAAC-P bond evidently as a partial double
bond (WBI of 1.38) with the 𝜎 bond polarized toward the carbene

carbon, and the 𝜋 bond polarized toward the P (see Supporting
Information).

The bonds across the central Ag-P-Ag core are primarily of 3-
centered 2-electron type (observed across Ag1-Ag2-P7, Ag3-Ag5-
P8 centers), where the three atomic species (two Ag, and one P
atom) provide a stabilizing effect. The P atom contributes ma-
jorly (86%) to this stabilization with minor contributions from
the Ag atoms. The HOMO of 6 is a p-type orbital representing
the lone pairs on the two P atoms, and the LUMO corresponds
to the 𝜋*

C═N of cAAC as observed in both the NCs 4, and 5 (see
Supporting Information).

The stability of the NCs 4–6 in the solid state was studied
by the thermogravimetric analysis (for TGA see Supporting In-
formation). The solid powder of 4 was exposed to air at rt for
24 h without any significant decomposition, which was also con-
firmed by the NMR spectroscopic measurements of the respec-
tive air-exposed samples. However, the powder of 5 and 6 decom-
posed after 12 h of exposure to air to a brown solid, which could
not be characterized further by NMR studies.

The stability of the NCs [(Cy-cAACP)4(Cu)4(CuCl)4] (4), [(Cy-
cAACP)4(Ag)4(AgOTf)3] (5), and [(Cy-cAACP)4(Ag)5]NTf2 (6) in
DCM solution was further confirmed by ESI-MS spectrometry
(Figure 6; Figure S60, Supporting Information). There were no
additional signals observed in the 31P NMR spectra of the respec-
tive DCM-d2 solutions of the NCs 4–6 upon aerial exposure for
≈30 min to 1 h.

2.1. Photophysical Properties

The solid powder, and DCM solutions of NCs 4, and 6 were found
to be bright luminescent, emitting red to orange light under a lab-
oratory UV lamp of 365 nm wavelength at rt, and at 77 K (liquid
nitrogen bath, see Supporting Information). On the other hand,
the DCM solution of 5 was observed to emit green light at rt,
and bright yellow light at 77 K (liquid nitrogen bath) under the
laboratory UV lamp of 365 nm wavelength (see Supporting In-
formation). Fascinated by these initial luminescence studies, we
performed detailed investigations of the photophysical properties
for all the NCs 4–6 (Figures 7–13; see Figures S8–S22, Support-
ing Information).

The UV–vis absorption spectrum of a DCM solution of 4 was
recorded at rt (300 K) under an argon atmosphere, which showed
the absorption maximum (𝜆max) at 411 nm with a shoulder at
344 nm, and a less intense band between 550 and 650 nm
(Figure 7, blue line). Similarly, the DCM solutions of 5, and 6 ex-
hibited absorption maxima (𝜆max) at comparatively higher energy
wavelengths of 370 (Figure 7, red line), and 357 nm (Figure 7,
green line), respectively, at 300 K under an argon atmosphere.
The above UV–vis studies revealed that the higher the nuclearity
of the cluster, the higher the wavelength of the absorption
bands. The time-dependent density functional theory (TD-DFT)
calculations performed at BP86/LanL2DZ level of theory on 4
inferred a well-resolved calculated absorption band in its neutral
singlet state at 412.3 nm, composed of four major excitations
≈3.01–3.02 eV along with a weaker absorption at 353.6 nm hav-
ing relatively highest oscillator frequencies of f = 0.0037, and f =
0.0128, respectively (see Supporting Information). These values
are in very good agreement with the experimentally observed
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Figure 6. A) Experimental (bottom) and simulated (top) ESI-MS spec-
tra of (Cy-cAACP)4Ag7(OTf)2 mono-cation of 5. Cy-cAACP = C23H35NP,
OTf = CF3SO3. B) Experimental (bottom) and simulated (top) ESI-
MS mass spectra of [(Cy-cAACP)3Ag5 + H] cation of 6. Cy-cAAC =
C23H35NP. See Supporting Information for the ESI-MS spectrum of [(Cy-
cAACP)4(Cu)4(CuCl)4] (4).

absorption wavelengths (Figure 7). TD-DFT calculations showed
that the above absorptions of 4 correspond to the electronic
transition from HOMO-8→LUMO+4, i.e., from the dz

2 type
orbital on Cu atom with lone pair contribution from the chlorine
(HOMO-8) into the 𝜋*C═N (LUMO+4) of cAAC. This confirms
the metal-to-ligand charge transfer (MLCT)[14k,16b] in 4.

On the other hand, TD-DFT calculations on 6 revealed that the
𝜆max corresponds to the transition of HOMO-3→LUMO+6, i.e.,
from the 𝜋CcAAC═P bond, which is delocalized over the d-type or-
bital on Ag atom to the 𝜋* orbital of the phenyl ring of the Dip
group (Dip = diisopropylphenyl) of cAAC.

The UV–vis absorption spectrum of the pure crystals and/or
powder of 4 exhibited a broad band ranging from 300 to 800 nm
approximately with the 𝜆max at 450 nm (Figure 8).

The photoluminescence (PL) spectrum of DCM solution of 4
at 300 K exhibited a bright red emission with 𝜆em of 683 nm (see
Supporting Information).

Figure 7. UV–vis absorption spectra of [(Cy-cAACP)4(Cu)4(CuCl)4] (4),
[(Cy-cAACP)4(Ag)4(AgOTf)3] (5), and [(Cy-cAACP)4(Ag)5](NTf2) (6) in
DCM solution at rt. The absorption maximum (𝜆max) was observed at 411,
370, and 357 nm, respectively.

Figure 8. Left: UV–vis absorption spectrum of [(Cy-cAACP)4(Cu)4(CuCl)4]
(4) in solid state at rt. The absorption maximum (𝜆max) was observed at
450 nm. Right: Powder of [(Cy-cAACP)4(Cu)4(CuCl)4] (4) under white light
(top), under short UV at 254 nm (middle), and under long UV at 365 nm
(bottom) at rt.

The PL spectrum of the powder samples of pure crystals of
Cu8 nanocluster 4 at 300 K exhibited an intense red emission
band at 680 nm (𝜆em), analogous to that observed in the solution
with a high photoluminescence quantum yield (PLQY), 𝚽PL of
20%, and a considerably higher average lifetime (𝜏) of 26.3 μs
(see Supporting Information), indicating a spin-forbidden inter-
system crossing (ISC), which can very often lead to an exciting
light emitting material with thermally activated delayed fluores-
cence (TADF) with a real-time application in OLED generation.

To have a vivid understanding of the excited state transitions,
we recorded the PL spectra of the powder of pure crystals of 4
at various temperatures ranging from 80 to 300 K (Figure 9). A
gradual increase in the intensity of the PL spectra was observed by
increasing the temperature from 80 K (𝜆em = 760 nm) to 300 K
(𝜆em = 680 nm) along with a red shift of 𝜆em of ≈80 nm going

Adv. Optical Mater. 2023, 2301256 © 2023 Wiley-VCH GmbH2301256 (6 of 12)
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Figure 9. Temperature-dependent photoluminescence (PL) spectra of
[(Cy-cAACP)4(Cu)4(CuCl)4] (4) in solid state. Inset: The PL color coordi-
nates of 4, plotted in the CIE 1931 chromaticity diagram. The blue dot cor-
responds to the coordinates attributed to pure red-light emission (0.68,
0.31).

Figure 10. Temperature dependent decay plot of [(Cy-
cAACP)4(Cu)4(CuCl)4] (4) in solid state at 𝜆em = 690 nm, and 𝜆ex
= 450 nm.

down from rt to the 80 K (Figure 9).[14i–j] Considering the fact that
TADF is ruled out at a very low temperature (80 K), it is assumed
that only the energetically lower-lying phosphorescence prevails
at 80 K.

The temperature-dependent decay plots of the same sample of
4 showed a bi-exponential nature with around ten-fold increase in
the average lifetime, 𝜏 from 26.3 (at 300 K) to 267.15 (at 80 K) μs,
suggesting that the emission in the solid state originates from
two different excited states, i.e., S1 and T1, which are in thermal
equilibrium (Figure 10). For such thermally equilibrated excited
states S1, and T1; the temperature dependence of the emission

Figure 11. Lifetime versus temperature plot for [(Cy-
cAACP)4(Cu)4(CuCl)4] (4) in solid state (𝜆em = 690 nm).

Figure 12. Top: Temperature-dependent photoluminescence (PL) spectra
of [(Cy-cAACP)4(Ag)5](NTf2) (6) in solid-state on excitation at 445 nm. Bot-
tom: Temperature dependent decay plot of [(Cy-cAACP)4(Ag)5](NTf2) (6)
in solid-state at (𝜆em = 660 nm and 𝜆ex = 475 nm).

Adv. Optical Mater. 2023, 2301256 © 2023 Wiley-VCH GmbH2301256 (7 of 12)
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Figure 13. Plot of emission lifetime at 660 nm against various tempera-
tures for [(Cy-cAACP)4(Ag)5](NTf2) (6).

decay time can be expressed by the following Boltzmann equa-
tion (Equation 1) derived from the TADF model.[33]

𝜏av =
3 + exp

[
−ΔE(S1−T1)

kBT

]

3
𝜏(T1)

+
[

1
𝜏(S1)

]
exp

[
−ΔE(S1−T1)

kBT

] (1)

Where 𝜏 represents the experimental average lifetime, KB is the
Boltzmann constant, and T is the absolute temperature. The in-
dividual lifetime decay for singlet and triplet lowest excited states
are given by, 𝜏(S1) and 𝜏(T1), respectively. The ΔE(S1-T1) corre-
sponds to the energy difference between the S1 and T1 states. For
an effective TADF to be in place, the ΔE(S1-T1) should preferably
have a value less than 0.37 eV.[34] The fits of the temperature-
dependent PL decay curve to Equation 1 gave the ΔE(S1-T1) =
0.105 eV (coefficient of determination, COD, (R)2 = 0.995).

The radiative lifetimes for 4 derived from the fit to Equation 1
were found to be 𝜏(S1) = 134 ns, 𝜏(T1) = 548 μs, (Figure 11).

The fitted 𝜏(T1) value for 4 was observed to be very close to
the experimentally obtained value of 507 μs at 120 K, which was
comparable (𝜏(S1) = 150 ± 15 ns) with the values reported by
Hamze et al. in 2019 for the cAAC-Cu-amide.[16b] For the Cu(I)8
NC 4, the emissions at lower temperatures are assumed to be
mostly of a phosphorescence nature. The radiative rate constant
of TADF (k(S1)) was calculated to be 0.75 × 104 s−1. The signif-
icantly lower singlet-triplet energy gap and all other calculated
and/or experimentally observed photophysical parameters un-
ambiguously point toward the TADF nature of the Cu8 nanoclus-
ter 4.[35–37]

Similar photophysical studies have also been performed for
Ag(I)7 (5), and Ag(I)5 (6) NCs (see Supporting Information). The
temperature-dependent PL spectra of 5 in DCM solution showed
a redshift of the 𝜆em values of ≈17 nm with a considerable in-
crease in the emission intensity by lowering the temperature
from 300 K (𝜆em = 560 nm, 𝜏 = 60.48 μs) to 200 K (𝜆em = 577 nm,
𝜏 = 285 μs). The radiative rate constant of TADF (k(S1)) was calcu-
lated to be 1.65 × 104 s−1. The PLQY, 𝚽PL was found to be 2.71%

Figure 14. Cyclic voltammograms of the nanocluster [(Cy-
cAACP)4(Cu)4(CuCl)4] (4) in DCM containing 0.1 m [n-Bu4N]PF6 as
the electrolyte (CE: Pt, WE: GC, RE: Ag).

in DCM solution. To establish the nature of the emission for 5, we
calculated the energy gap between the singlet and triplet excited
states by fitting the lifetime versus temperature plot to the Boltz-
mann equation (Equation 1) with values of 𝜏(S1) = 0.26 ns, 𝜏(T1)
= 278.8 μs, and the ΔE(S1-T1) was found to be 0.30 eV, which is
well within the range of TADF.[34]

The rt PL spectrum of 6 showed an intense red emission with
𝜆em of 650 nm with a comparably higher average lifetime, 𝜏 of
5.26 μs at rt, and the PLQY, 𝚽PL of 6% (Figure 12, Top).

To investigate the mechanism of the excited state emission tak-
ing place in 6, we recorded the temperature-dependent emission
and the decay times ranging from 80 to 300 K in the solid state
(Figure 12, Bottom). The temperature-dependent PL spectra of
6 (Figure 12, Top) showed a similar pattern as that of 5 with a
redshift in the 𝜆em values of 10 nm, while raising the tempera-
ture from 80 to 300 K with a steady decrease in the lifetime, 𝜏
from 149 to 5.26 μs. The fitting of the experimental temperature-
dependent decay data to the Boltzmann equation (Equation 1)
afforded the values of 𝜏(S1) = 454 ns, 𝜏(T1) = 184 μs, and ΔE(S1-
T1) = 0.0434 eV (with an (R)2 (COD) of 0.999), once again con-
firming that the emission in 6 is due to the delayed fluorescence.
However, the reduced emission intensity for both the Ag NCs
5 and 6 at rt can be attributed to the higher rate of non-radiative
decay compared to that of the radiative decay, which was also con-
firmed by the respective kr and knr values calculated (For 5: kr =
0.044 × 104 s−1, knr = 1.57 × 104 s−1; for 6: kr = 1.14 × 104 s−1, knr
= 1.575 × 105 s−1) (Figure 13).

The redox properties of the NCs 4–6 were studied by the
cyclic voltammetry (CV) analyses in DCM solution, using 0.1 m
solution of [n-Bu4N]PF6 as the electrolyte (see Supporting In-
formation). The cyclic voltammograms of the Cu(I)8 NC [(Cy-
cAACP)4(Cu)4(CuCl)4] (4) exhibited a near quasi-reversible oxi-
dation process at 0.27 V (Figure 14; see Supporting Information
for the CV of NCs 5 and 6).

Adv. Optical Mater. 2023, 2301256 © 2023 Wiley-VCH GmbH2301256 (8 of 12)
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2.2. Catalytic Property of 4

Driven by the unique TADF property of the redox-active Cu(I)8
NC 4 having the largest PLQY of 20% among the three NCs 4–6,
we decided to investigate the photocatalytic activity of this species
under ambient conditions. In general, a redox-active photocat-
alyst (PC) can be defined as a light-absorbing material, which
uses light as the source of energy for increasing the rate of
a reaction. A PC accesses its excited state, PC* upon absorp-
tion of light, from where either photoinduced energy transfer
and/or photoinduced electron transfer can take place between
PC* and the substrate molecule. Since 2007, there have been
huge efforts put forward in order to develop novel photoactive
organometallic complexes to mediate various organic transfor-
mations under ambient reaction conditions. In this regard, the
pioneering demonstrations depicted by the research groups of
MacMillan, Yoon, and Stephenson are noteworthy.[38] The long
excited-state lifetime of the neutral Cu8 nanocluster 4 suggested
that it may serve as an earth-abundant photocatalyst. Consider-
ing the literature precedence for Cu(I)-based catalysts involved
in carbene transfer reactions, we decided to study the photocat-
alytic activity of nanocluster 4 for the C2-C3 cyclopropanation
of N-protected indoles.[39] We commenced our studies by choos-
ing N-pyrimidyl indole (7a) and methyl-2-diazo-2-phenylacetate
(9a) as model substrates to react at rt using DCM as a solvent
in the presence of 0.1 mol% of the TADF nanocluster 4 (see
Table S18, Supporting Information, entry 1) under blue LED
(456 nm).

To our delight, after 2 h, the C2-C3 cyclopropanated N-
pyrimidyl indole 10a was obtained as a single diastereomer (exo-)
in 81% isolated yield. With this initial result, we moved to op-
timize the reaction condition (Table S18, Supporting Informa-
tion). Upon increasing the catalyst loading to 1 mol% under blue
LED (456 nm) at rt, using DCM as the solvent resulted in the
formation of the desired product 10a in 94% yield. Control exper-
iments have been performed by replacing the NC 4 using only
blue LED, keeping other reaction conditions the same. After 24 h,
no conversion was observed, and the starting material 7a was re-
isolated from the reaction mixture with quantitative yield. Having
the optimized reaction condition in hand, we probed the gener-
ality of this photocatalytic reaction by varying the indoles 7 and
diazoesters 9 (Scheme 4). In all the cases, the exo-diastereomers
of the desired cyclopropanated products (10b-10i) were obtained
exclusively in good to excellent yields (26–96%). Moving to the
un-activated olefins, e.g., the styrenes (8); the optimized reac-
tion conditions afforded the desired cyclopropanated products
(11a-11i) with good yields (43–84%) and excellent diastereoselec-
tivity. The relative stereochemistry of the cyclopropanated prod-
ucts: 10, and 11 was unambiguously established by single-crystal
X-ray diffraction (Scheme 4, see Figures S97–S99, Supporting
Information). Carrying out the catalytic cyclopropanation under
similar reaction conditions, replacing the blue LED with a green
LED (530 nm) resulted in reduced yields of the corresponding cy-
clopropanated products. For example, under optimized reaction
conditions in the presence of green LED, reaction of 4-methoxy
styrene (8a), and methyl 2-diazo-2-phenylacetate (9b) afforded the
cyclopropanated product 11a after 2 h with a lower yield of 55%
as compared to that of 70%, which was obtained previously in
presence of Blue LED.

Scheme 4. [(Cy-cAACP)4(Cu)4(CuCl)4] (4)-catalyzed stereoselective cyclo-
propanation of substituted indoles and styrenes in the presence of dia-
zoesters.

3. Conclusion

In conclusion, we have successfully synthesized three novel oxy-
gen, and moisture-tolerant coinage metal(I) nanoclusters (NCs)
(with average diameters of 1.6–2 nm) with Cu8 (4), Ag7 (5), and
Ag5 (6) metallic cores stabilized by cyclic alkyl(amino) carbene
(cAAC)-supported monoanionic phosphorus as the ligand. The
structural elucidations of all the atomically precise NCs have been
established by NMR, ESI-MS, and single-crystal X-ray diffrac-
tion. The PL spectra of 4, 5, and 6 in the solid-state exhibited
intense red to yellow to orange emission, and high photolumi-
nescence quantum yield (PLQY) of up to 20% at room temper-
ature (rt) with considerably higher average lifetimes (𝜏) of 26.3,
60.48, and 5.26 μs, respectively, indicative of the thermal equi-
librium between the triplet excited state (T1) and the lowest en-
ergy singlet excited state (S1). The observed red shift of the emis-
sion maxima for the temperature-dependent PL spectra of 4, 5,
and 6 within a temperature range of 300–80 K, and the smaller
ΔE(S1-T1) values confirm the thermally activated delayed fluores-
cence (TADF) nature of all the reported NCs. Together with the
improved stability of the NCs by careful utilization of the unusual
ligand field of cAAC=P−, and sufficient solubility in organic sol-
vents may find them potential applications for the fabrication
of inorganic and organic light emitting diodes ( LEDs). Further-
more, we have shown that the TADF nature of the redox active
photocatalyst Cu(I)8 nanocluster 4 can be efficiently utilized as

Adv. Optical Mater. 2023, 2301256 © 2023 Wiley-VCH GmbH2301256 (9 of 12)
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the novel photocatalyst for the stereoselective cyclopropanation of
N-protected indoles, and unactivated styrenes by carbene trans-
fer reactions from the respective diazoesters with excellent yields.
This work brings the first example of cAAC-phosphinidenide be-
ing utilized as the excellent stabilizing ligand for the generation
of redox-active Cu(I), and Ag(I) NCs exhibiting TADF properties
with further application of the former as the efficient photo-redox
catalyst.

4. Experimental Section
Crystallographic Details: The single-crystal X-ray data for 4–6 were col-

lected on a Bruker D8 VENTURE diffractometer equipped with PHOTON
III C28 detector using IμS 3.0 microfocus sealed X-ray source with Molyb-
denum K𝛼 (𝜆= 0.71073 Å) radiation. A complete data set was collected fol-
lowing the strategies generated using the APEX4 [40] module of the Bruker
software suite. The data reduction was carried out using SAINTPLUS,[40]

and multi-scan absorption correction was performed using the program
SADABS.[41] The crystal structures were solved by the intrinsic phasing
method (SHELXT)[42] and were refined with full-matrix least squares on
F2 using ShelXle[43] plug-in included in APEX4. All non-hydrogen atoms
were refined anisotropically. Crystallographic Information Files can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures/, using the Deposition Numbers 2149753
(for 4), 2194457 (for 5), 2242237 (for 6).

Photophysical Studies: All photophysical studies were performed un-
der an argon atmosphere using standard quartz cuvettes (1 cm x 1 cm
cross-section) with pure crystals of 4–6. The UV–vis absorption spectra
were recorded using Agilent Cary Series UV–vis–NIR spectrophotome-
ters. The emission, lifetime, and absolute quantum yield measurements
of 4–6 in solution and/or solid states were recorded on EDINBURGH
FLS1000 photoluminescence spectrometer, attached with an Optistat DN
cryostat.

General Procedure for Photocatalytic C2-C3 Cyclopropanation of Aromatic
Heterocycles: A mixture of N-pyrimidyl-indole, 1 (0.1 mmol), and [(Cy-
cAACP)4(Cu)4(CuCl)4] complex 4 (0.5 mg, 1 mol%) were taken in an oven
dried reaction vial. To this, 1 mL of dry DCM was added with vigorous stir-
ring under an argon atmosphere. Thereafter, the reaction flask was cooled
to 0 °C. To this, a solution of the diazoester derivative 9a (0.13 mmol) in
1 mL of dry DCM was added dropwise under an argon atmosphere over
a period of 20 min. Afterward, the reaction mixture was irradiated in Blue
LED (456 nm) and then allowed to stir for the next 2 h. After completion of
the reaction, as monitored by TLC, DCM was evaporated by using a rotary
evaporator under reduced pressure, and the crude solid was purified by
column chromatography on silica gel (230–400 μm) with hexane/EtOAc
as an eluent to afford the desired cyclopropanated product 10a as a white
solid in 94% yield. Rf = 0.53 (Hex/EA = 10:3); MP: 216–219 °C; 1H NMR
(400 MHz, CDCl3, ppm) 𝛿: 8.56 (d, J = 4 Hz, 2H, ArH), 7.97 (d, J = 8 Hz,
1H, ArH), 7.45 (d, J = 8 Hz, 1H,ArH), 7.04 (t, J = 8 Hz, 1H,ArH), 7.00–6.94
(m, 1H,ArH), 6.91 (t, J = 8 Hz, 3H,ArH), 6.84 (dd, J = 12, 4 Hz, 3H,ArH),
5.40 (d, J = 4 Hz, 1H), 3.86 (d, J = 8 Hz, 1H), 3.70 (s, 3H,─CO2CH3);
13C NMR (101 MHz, CDCl3, ppm) 𝛿: 174.3, 157.9, 142.9, 132.4, 130.8,
129.7, 127.8, 127.6, 127.2, 125.5, 121.8, 115.6, 113.2, 52.9, 51.9, 35.5,
32.1; FT-IRʋmax (neat)/cm−1: 3028.83, 2950.88, 1605.63, 915.03, 1090.49,
984.21, 863.48, 997.25, 1075.84, 679.09, 1023.42, 1157.17, 1342.9,
1118.52, 968.19, 1387.92; HRMS (ESI): m/z calculated for C21H18N3O2
[M+H]+ 344.1399, found: 344.1509. Detailed synthetic procedures and
analytical data of complexes 4–6 are provided in the Supporting
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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