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ABSTRACT: Herein, we depict isolation of neutral air-stable
atomically precise Cug [((R,-cAI)P(Dipp));CusCl,] (cAl = cyclic
alkyl(imino); Dipp = 2,6-diisopropylphenyl; R, = Cy (2a) and Et,
(2b)) and Cuq [((Et,-cAI)P(Dipp)),Cus(OSiMe,0SiMe,0),] (3)
nanoclusters, stabilized by bulky (imino)phosphide and mixed bis-
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dimethyl-siloxane/(imino)phosphide ligands. 2a—2b and 3 are
structurally characterized by X-ray single-crystal diffraction and
studied by XPS, FT-IR, and NMR spectroscopy. 2a—2b exhibit
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yellow emission at ambient temperature with photoluminescence
quantum yields (¢p;) up to 11% and significantly high average
lifetimes (z,, = 38—110 us). At 80 K, 2a—2b exhibit red emission
with S-fold to ~80-fold increased 7, values (191 ps—8.32 ms). Time-dependent density functional theory calculations, along with
natural transition orbital analyses, reveal that the singlet—triplet energy gap, AE(S;—T;) for 2a—2b lies in the order of ~0.2 €V,
which is comparable with the experimentally obtained value of 0.16 eV, suggesting thermally activated delayed fluorescence (TADF).
The spin—orbit coupling matrix (SOCM) calculations between different excited singlet and triplet states reveal significantly larger
values (~10—14 cm™"), which, along with lower AE(S,—T,) values, possibly facilitate an efficient spin-flipping process, enabling
TADF. 2a is fabricated to a converted-LED and utilized as an excellent photocatalyst for regioselective [2 + 3] cycloaddition of

v' Photocatalysis

aromatic alkynes and azides in the presence of a white LED, affording substituted triazoles (6) in good yields.

H INTRODUCTION

Structurally well-defined metal clusters, stabilized by various
ligand systems, have gained widespread importance owing to
their various molecular properties, such as photoluminescence,
catalysis, bioimaging, etc. The molecule-based optical materials
are fascinating and captivating for efficient light harvesting and
lighting purposes in modern electronic devices. However,
applications of photoluminescent coinage metal clusters in
designing organic light-emitting diodes (OLEDs)'™° are
largely restricted due to their inherent lower stability. Among
the various photophysical processes, phosphorescence involves
emission from the lowest energy triplet excited state (T,) to
the singlet ground state (S;). On the other hand, thermally
activated delayed fluorescence (TADF) involves the emission
from the lowest energy excited singlet state (S;) to S, via
intermediacy of the reverse intersystem crossing (RISC) from
T, to Sy, provided the singlet—triplet energy gap, AE(S,—T;)
is significantly smaller. This ensures a thermal equilibrium
between the two excited states (S; and T), enabling effective
RISC, and an increased radiative decay rate. For such thermally
equilibrated excited states S; and T), the temperature
dependence of the emission decay time can be expressed by
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the Boltzmann equation (eq 1) derived from the TADF model,
as given below.’

3+ exp[i_AEIES;_ Tl)]
T. =
A 1 —AE(S, - T)
o+ |l o

where 7 represents the experimentally obtained average
lifetime, kg is the Boltzmann constant, and T is the absolute
temperature. The individual lifetime decays for the singlet and
the triplet lowest excited states are given by 7(S,) and 7(T,),
respectively. For an effective TADF to be in place, the AE(S,;—
T,) should be preferably less than 0.37 eV.® On the other
hand, phosphorescence relies on larger spin—orbit coupling
(SOC), common for precious transition metals with heavy-
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atom effect, e.g,, Pt Ir'™ etc. In the case of TADF, the smaller
value of AE(S;—T),) leads to poor spatial overlap between the
wave functions of the S, and the S states, resulting in a smaller
oscillator strength for the respective S; — S, transition, causing
a longer singlet-state decay time, which brings in the saturation
effect when applied in OLEDs. However, combining an
additional radiative decay process from the lowest energy
triplet state, ie., phosphorescence, along with TADF could
significantly enhance the overall rate of the radiative decay.
This can be achieved by exploiting the polynuclear metal
clusters, which can exhibit larger SOC induced by the presence
of multiple metal centers. Stabilization of structurally precise
polynuclear metal clusters depends on the steric and electronic
environments induced by the stabilizing ligands, which in turn
play a crucial role in controlling various molecular properties.
In recent times, there has been a huge interest observed among
synthetic chemists to employ such metal clusters as
homogeneous catalysts for various organic transformations
affording pharmaceutically relevant small molecules. The most
prominent ligand systems identified to date for the stabilization
of Cu(I)-based clusters include: alkynes, carboxylates,
cyanurate, hydrides, phosphines, sulfides, and thiolates.” "
Ligands with soft donor sites, such as phosphines, bind the
metal centers weakly, increasing the lability; whereas the
ligands with hard donors, e.g,, alkynes, thiolates, etc., approach
the metal centers with unalterable binding modes, enabling
metal exchange, resulting in a lower stability. Herein, we report
on the first syntheses and structural characterization of bulky
(imino)phosphide'* and mixed bis-dimethyl-siloxane/ (imino)-
phosphide-stabilized robust air-stable, neutral Cug (2a—2b),
and Cug (3) metal NCs, which have been further characterized
by XPS, FT-IR, UV-—vis, NMR spectroscopy, and mass
spectrometry. The photocatalytic properties of 2a—2b have
been explored by taking advantage of their exciting temper-
ature-dependent photoluminescence along with significant
SOC, longer lifetimes, and moderately high quantum yields.

B RESULTS AND DISCUSSION

Three equivalent of bulky (imino)phosphide ligand [((R,-
cAI)P(Dipp)),Cs,(THF),], (1)"* (cAI = cyclic alkyl(imino);
Dipp = 2,6-diisopropylphenyl; R, = Cy (1a), Et, (1b)) was
reacted with S equiv of anhydrous CuCl in THF at room
temperature (rt) under an argon atmosphere to obtain dark
yellow filtrate of Cug nanoclusters (NCs) [((R,-cAI)P-
(Dipp));CusCL] (R, = Cy (2a), Et, (2b)). The yields of
isolated pure crystals of 2a—2b are found to be 51 and 53%,
respectively (Scheme 1).

On the other hand, the reaction of a 1:1 molar ratio of 1b
and CuCl in the presence of silicone grease,” afforded the
yellow needles of mixed bis-dimethyl-siloxane/(imino)-
phosphide-supported Cug NC [((Et,-cAI)P-
(Dipp)),Cus(0OSiMe,0SiMe,0),] (3) in 42% yield via
activation of polymeric silicone grease in the presence of the
highly reactive (imino)phosphide nucleophiles (Scheme 1).
2a—2b and 3 are found to be thermally stable up to 172—173
°C (2a), 175—176 °C (2b), and 256 °C (3). The thermal
stability of the reported NCs was also studied by
thermogravimetric analyses (TGA) (see Supporting Informa-
tion). The crystals of were stable for several months in open air
under ambient conditions. The +1-oxidation state of the Cu
centers in the isolated clusters has been confirmed by the X-ray
photoelectron spectroscopy (see Supporting Information)
were further characterized by ESI-MS studies.

Scheme 1. Syntheses of NCs [((Cy-cAI)P(Dipp));CuCl,]
(2a), [((Et,-cAI)P(Dipp));CusClL] (2b), and [((Et,-
cAI)P(Dipp)),Cuq(0SiMe,08iMe,0),] (3)°
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“Inset: cyclic voltammograms of 2a in THF containing 0.1 M [n-
Bu,N]PF as the electrolyte (CE: Pt, WE: GC, RE: Ag).

The P NMR spectra of 2a and 2b in DCM-D,, exhibited
one quartet and two doublets at —66.1 (dd, J = 105.3, 42.1
Hz), —73.0 (d, ] = 98.8 Hz), and —99.2 (d, ] = 140.9 Hz) ppm
for 2a; and —67.0 (dd, J = 138.1, 94.5 Hz), —72.3 (d, ] = 101.7
Hz), and —97.1 (d, J = 130.8 Hz) ppm for 2b, respectively,
suggesting the presence of three chemically different P atoms.
The "*C NMR spectrum of 2a showed a doublet at 195.7 ppm
(Jo—p = 89.8 Hz) representing the Cy_¢ atom, which is slightly
upfield shifted compared to that of 1a (199.2 ppm, d, Jo_p =
73.7 Hz). Similarly, the *C NMR spectrum of 2b exhibited a
doublet at 196.2 ppm (J._p = 108 Hz), representing the Cy—c
atom. The *'P and *Si NMR spectra of 3 in DCM-D,
exhibited singlets at 7.6 and —21.8 ppm, respectively. The
cyclic voltammetry (CV) studies of a THF solution of 2a
containing 0.1 M [n-Bu,N]PF, as the electrolyte exhibited a
quasi-reversible one-electron reduction at E, /, in the range of
—0.87 V (potential vs (Cp),Fe/(Cp),Fe", used as a reference)
at various scan rates (Scheme 1, inset). Cluster 3 was found to
be redox-inactive under similar conditions.

The NCs 2a—2b and 3 are structurally characterized by
single-crystal X-ray diffraction. 2a—2b crystallize in P-1 and
P2,/n space groups, respectively. Considering the structural
similarities of 2a and 2b, the structures of only 2a and 3 are
described here. The molecular structures of 2a—2b and 3 are
depicted in Figures 1 and 3, respectively. The pentanuclear
Cu(I)-cluster (2a) comprises three monoanionic PN-donor
(imino)phosphide ligands [(Cy-cAI)P(Dipp)]~, five Cu(l)
ions, and two CI~ ions. A distorted Cu(I), tetrahedron (Cu2,
Cu3, Cu4, CuS) in the center of 2a is stabilized via three y-P
bridging atoms of three (imino)phosphide ligands, one u-Cl,
and one p;-Cl anion. The Cu2 atom of this tetrahedron is
further coordinated by one of the N atoms of the (imino)-
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Figure 1. Top: molecular structure of [((Cy-cAI)P-
(Dipp));Cus(Cl),] (2a). Selected experimental and computed
[calculated at B3LYP-D3BJ/def2-SVP] bond lengths [A] and bond
angles [°]: Cul—Cu3 2.7804(8) [2.736], Cu2—CuS 2.8018(8)
[2.791], Cu2-P4 2.2106(13) [2.238], Cu3—Cu4 2.8977(8)
[2.987], Cu3—Cu5 2.7591(8) [2.734], Cu3—-P3 2.2286 (14)
[2.247], Cu3—DP4 2.2284(14) [2.249], Cu4—Cu5 2.6031(8)
[2.639], Cu4—P1 2.2523 (13) [2.287], Cu4—P3 2.2651(14)
[2.287], P3—C17 1.819(5) [1.816], N2—C17 1.299(6) [1.293],
N2—C17-P3 118.1(4) [118.7]. Bottom: molecular structure of
[((Et,-cAL)P(Dipp));Cus(Cl),] (2b). Selected experimental and
computed [calculated at B3LYP-D3BJ/def2-SVP] bond lengths [A]
and bond angles [°]: Cu2—Cu3 2.8864(4) [2.978], Cu2—Cu$
2.7566(4) [2.718], Cu2—Cul (2.7385 4) [2.706], Cu2-P1
2.2426(6) [2.261], Cu2—P3 2.2406(6) [2.259], Cu3—CuSs
2.5851(4) [2.654], Cu3—P2 2.2677(6) [2.280], Cu3—P1 2.2774(6)
[2.286], Cud—CuS 2.8222(4) [2.755], P1-C1 1.828(2) [1.827],
N1-CI1 1.285(3) [1.290], N1-C1—P1 118.05(16) [118.3]. Hydro-
gen atoms and DCM solvent (for 2b) are omitted for clarity.

phosphide ligand [(Cy-cAI)P(Dipp)]~ (17':7*:u3), while the
two other N atoms from the other two ligands are linearly
coordinated to Cul. The central core of 2a remains intact due
to one p3-bridged Cl1, holding Cul, Cu2, Cu4, and u,-bridged
CI2, holding Cu5 and Cu3 atoms.

The Cu---Cu interactions found in 2a vary from 2.6031(8)—
2.8018(8) A, which are shorter than the sum of the van der
Waals radii (2.80 A) and therefore can be considered as a
closed-shell d'°—4d'° cuprophilic interaction, comparable to
those of the clusters [((Et,-cAI)P(Dipp));Cu,Cl1]"’
(2.6181(6) A), [Cuy{(py),im},(PhCuC),(CF;CO,),] (PFy)
(2.497(1)-2.741(1) A (with an average of 2.574 A))."” The
average Cu—P bond distance in 2a is found to be 2.242 A,
which is longer than that of [((Et,-cAI)P(Dipp));Cu,Cl]
(2.4098(7) A),'* but comparable with {[IMes-PPh](CuCl),},
(2.1828(7)—2.2110(7) A)."® The P3—C17 and C17—N2 bond
lengths are found to be 1.819(5) and 1.299(6) A, respectively.
The calculated (at B3LYP-D3BJ/def2-SVP level of
theory)'”~' bond parameters of 2a are in well agreement
with those obtained experimentally (Figure 1, see Supporting
Information). The generated Hirshfeld surface and fingerprint
plots™ of 2a—2b revealed significant Cu--Cu interactions (see
Supporting Information).

The space-filling view of 2a represents the well-protected
central Cus metallic cores by the aromatic and aliphatic groups
of the respective ligands (Figure 2, left). The molecular
electrostatic potential (MEP) plot (Figure 2, right) of 2a
shows that charge accumulation at the inorganic P;Cu;Cl, core
is higher than that at other parts of the complex. The electron
excitation from this core to z*-orbitals of three N=C units is
most likely to occur under photoirradiation. Structural analysis
reveals that both Cug clusters 2a and 2b have comparable bond
parameters, except the Cu—Cu distances within the tetrahedral
core of the NCs, which vary in the range of 2.58—3.04 A (see
Supporting Information for detailed structural description of
2b).

The hexanuclear Cu(I)-cluster, 3 crystallizes in P2,/n space
group and comprises of six Cu(I) centers, supported by two
[(Et,-cAT)P(Dipp)]~ ligands and two dianionic bis-dimethyl-
siloxane ligands (Figure 3). The latter originated in situ via
activation of silicone grease.'” The Cu—O inorganic core of 3
consists of a distorted Cu, unit (Cul, Cu2, Cu3, and Cu4).
The Cu(I) ions present in 3 are bridged by four y,-O atoms
derived from two dianionic chelating [~O—Si(Me,)—O—
Si(Me,)—07] ligands (7*n:*u,). The Cu,—(u-O), unit is
capped from opposite sides by the remaining two copper
atoms (CuS and Cu6). Notably, no chloride bridges are
observed between the central Cug core of 3 unlike those of
2a—2b. The Cu--Cu distances in 3 range from 2.6434(4)—
3.0007(4) A, which are comparatively longer than those of 2b
(2.5851(4)—3.0482(5) A). Each Cu atom in the Cu, core of 3
is stabilized by two (Et,-cAI)P(Dipp) ligands, with Cu—P
distances ranging from 2.1570(6) to 2.1824(7) A. Notably, the
Cu—P bond lengths in 3 are slightly shorter than those of 2b
(2.2011(6)—2.2774(6) A). It is important to mention that the
Cu atoms in the Cug NCs are coordinated by the N atoms of
the two (imino)phosphide ligands (Et,-cAI)P(Dipp), while in
Cug NC (3), the Cu atoms are solely coordinated through
oxygen atoms of the bis-dimethyl-siloxane ligands.

Photophysical Studies. Interestingly, the pure crystals
and powders of 2a—2b were found to exhibit bright yellow
emission at ambient temperature (300 K) and red emission at
80 K (using a liquid nitrogen bath, see Supporting
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Figure 2. Left: space-filling view of the Cug metallic core. Right: MEP plot of NC [((Cy-cAI)P(Dipp));Cus(Cl),] (2a), calculated at B3LYP-

D3BJ/def2-SVP level of theory.

Figure 3. Molecular structure of [((Et,-cAI)P-
(Dipp)),Cus(0SiMe,0SiMe,0),] (3). Hydrogen atoms are omitted
for clarity. Selected experimental bond lengths [A] and bond angles
[°]: Cul—Cu2 2.8592(4), Cul—Cu3 2.8049(4), Cul—CuS
2.7404(4), Cul—P1 2.1570(6), Cul—02 1.8556(16). Cu2—Cu4
3.0007(4), Cu2—Cu6 2.6434(4), Cu2—P2, 2.1645(6), Cu3—Cud
2.7684(4), Cu3—Cu6 2.8867(4), CuS—N2 1.8788(19), CuS—N3
1.8813(19), P1-C8 1.812(2), P2—C16 1.822(2), Cu4—CuS—Cul
74.721(11), Cu2—Cu6—Cu3 89.026(12).

Information) under the laboratory UV lamp of 365 nm
wavelength. In contrast, cluster 3 was found to be nonemissive
under similar conditions both in solution and in the solid state.
We performed detailed investigations of the photophysical
properties of 2a—2b (Figures 4—8, see Supporting Informa-
tion). The UV—vis absorption spectra of DCM solutions of
2a—2b (Figure 4) recorded at ambient temperature (300 K)
under an argon atmosphere exhibited the absorption maxima
(Amay) at 323 nm with a shoulder at 405 nm (for 2a) and 4,,,,
at 319 nm with a shoulder at 389 nm (for 2b). The
photoluminescence (PL) spectrum of the same DCM solution
of 2a at 300 K exhibited the emission band ranging from 500

1.0 /430 nm ——2ain solid state
327 nm 2a in solut{on
/ —=— 2b in solution
0.8 |
P
‘®
C
i)
06
©
o)
0
©
04
—
s
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T T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 4. Normalized UV-vis absorption spectrum of [((Cy-
cAI)P(Dipp));CusCL] (2a) in DCM solution (yellow) and [((Et,-
cAI)P(Dipp));CusClL] (2b) in DCM solution (orange), and diffused
reflectance spectrum of [((Cy-cAI)P(Dipp));CusClL] (2a) in solid
state (green) at 298 K. The absorption bands were observed at 323
and 405 nm for 2a, 319 and 389 nm for 2b (in DCM), and 327 and
430 nm for 2a (solid-state), respectively.

to 850 nm with 4., at 650 nm (see Supporting Information).
The temperature-dependent emission spectra of 2a in DCM
solution exhibited a sharp decrease in the emission intensities
with the increase of temperature from 200 to 300 K, with a
blue shift from 680 to 650 nm (see Supporting Information).
The average lifetime (7,,) observed at 200 K was 14.1 us (see
Supporting Information).

The UV—vis diffused reflectance spectrum of 2a in the solid
state exhibited two broad bands at 300 K, ranging from 250 to
500 nm approximately, with the corresponding 4, values at
327 and 430 nm, respectively (Figure 4).

The estimated photoluminescence quantum yields (PLQY,
¢p) of 2a—2b in the solid state at 300 K were found to be 11
and 5%, respectively.

To have a deeper knowledge of the excited state transitions,
we recorded the PL spectra of 2a in pure powder form at
various temperatures, ranging from 80 to 300 K (Figure 5). A
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Figure S. Temperature-dependent photoluminescence (PL) spectra of [ ((Cy-cAI)P(Dipp));CusCl,] (2a) in the solid state at 370 nm of excitation
wavelength. Inset: powder form of the pure crystals of 2a under laboratory UV lamp of wavelength 365 nm.
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Figure 6. Photoluminescence color coordinates of [ ((Cy-cAI)P(Dipp));CusCl,] (2a) at 300 K (left) and at 200 K (right), plotted in the CIE 1931
chromaticity diagram. The gray dots correspond to the coordinates attributed to yellow-light emission (0.4S, 0.52), and red-light emission (0.63,

0.35), respectively.

gradual decrease in the emission intensity of the PL spectra
was observed by increasing the temperature from 80 K (4, =
595 nm) to 300 K (4, = 570 nm) with a blue shift (25 nm) in
the respective A., maxima (Figure S, see Supporting
Information),'”** suggesting a TADF process.”

Conversely, the temperature-dependent PL spectra of 2b
exhibited a progressive enhancement in emission intensity as
the temperature decreased from 300 K (4., = 579 nm) to 80 K
(Aem = 571 nm), accompanied by a blue shift of 8—9 nm in the
emission maximum (Figures S30 and S31).

The photoluminescence color coordinates of 2a at 300 K
(Figure 6, left) and at 200 K (Figure 6, right), plotted in the
CIE 1931 chromaticity diagram, are represented in Figure 6,
which shows a transition in the emission property from yellow

at 300 K to red at 200 K. A similar transition is also seen for 2b
(see Supporting Information).

The temperature-dependent lifetime decay (performed on a
solid sample of 2a) plots for 2a showed the biexponential
nature with more than a 5-fold increase in the average lifetime,
7, from 38.1 (at 300 K) to 191.1 us (at 80 K), suggesting
emissions that originate from two different excited states, i.e.,
S, and T, which are in thermal equilibrium (Figure 7, top). A
similar phenomenon was also observed for 2b (see Supporting
Information) with a dramatic increase of the 7,, values by
about seventy-five times from 110 us (at 300 K) to 8.32 ms (at
80 K) (Table S4, see Supporting Information), indicating the
dominance of phosphorescence at lower temperature.

https://doi.org/10.1021/acs.inorgchem.5c03056
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03056/suppl_file/ic5c03056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03056/suppl_file/ic5c03056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03056/suppl_file/ic5c03056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03056/suppl_file/ic5c03056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03056/suppl_file/ic5c03056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03056/suppl_file/ic5c03056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03056/suppl_file/ic5c03056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03056?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Counts

I 506 l 1 OOIO 1 50I0 ZOOIO
Lifetime (us)
200
" = Lifetime
Fitting
150 2
T )\.em =595 nm
0
>
g AE (S,-T,)=0.16 eV
21004 ©(S,)=35.8ns
- T (T,) = 178.57 ps
R2=0.9835
50 -
| |
T T T
100 200 300

Temperature (K)

Figure 7. Top: temperature-dependent lifetime decay plot of [((Cy-
cAI)P(Dipp));CusCL] (2a) in solid state (4, = 570 nm and 4, =
310 nm). Bottom: lifetime vs temperature plot for [((Cy-cAI)P-
(Dipp));CusCL] (2a) in solid state (4o, = 595 nm).

The fitting of the temperature-dependent PL decay plots of
2a—2b to the eq 1 afforded the AE(S;—T),) values of 0.16 and
0.050 eV, respectively, with the coeflicients of determination,
(R)* values of 0.983 (2a) and 0.993 (2b), confirming the
TADF nature (Figure 7, bottom; see Supporting Information
for 2b).

The radiative lifetime values of 2a—2b, derived from the
fittings to eq 1, were found to be 7(S,;) = 35.8 ns (2a), 17.67 us
(2b); 7(T,) = 178.57 us (2a), 9.20 ms (2b), respectively (see
Supporting Information). The fitted 7(T,) value (178.57 us)

of the lifetime vs T plot of 2a was observed to be very close to
the experimentally obtained value of 1764 us at 120 K
Similarly, the fitted 7(T;) value (9.20 ms) of the lifetime vs T
plot of 2b was observed to be very close to the experimentally
obtained value of 8.32 ms at 80 K.

To confirm the presence of phosphorescence at lower
temperature, a well-established phenomenon exhibited by
Cu(I)-based metal complexes/clusters due to the higher spin—
orbit coupling (SOC), enabling effective transition from T, —
S, states,”*"***” we performed the spin—orbit coupling matrix
element (SOCME) calculations for 2a—2b, which showed
significant coupling values (~2—99 cm™ and ~12—84 cm™,
respectively) for the S,-T,, pairs, suggesting a fast ISC between
two spin manifolds (Table S14 in Supporting Information).””
This is further corroborated by the PL decay profile, which
exhibits only ps scale components and lacks any prompt
fluorescence, reinforcing the presence of a highly efficient ISC
process (Figures 7 and 8). Moreover, the significantly higher
SOCME values between T, and S, (27.12 cm™ (2a), 17.96
cm™' (2b)) states (Figure 8, Table S14 in Supporting
Information) presumably accelerate the phosphorescence
decay rates in 2a—2b. To analyze the nature of the excited
states, NTO calculations have been performed on 2a—2b
(Figure 8, right; see computational studies and Supporting
Information).

The radiative rate constant of TADF (kg;) was calculated to
be 028 x 10° s7' (2a) and 5.66 x 10* s™' (2b). The
significantly lower singlet—triplet energy gap and all other
calculated and/or experimentally observed photophysical
parameters unambiguously pointed toward the TADF nature
of 2a—2b.>7*

However, the reduced emission intensity at room temper-
ature can be attributed to the higher rate of the nonradiative
decay compared to that of the radiative decay, which was also
confirmed by the respective k, and k,, values calculated as k, =
0.28 X 10*s™! (2a), 4.52 X 10* s~ (2b), and k,, = 2.33 x 10*
s7' (2a), 85.88 X 10* s™' (2b) (Figure 7, bottom; see
Supporting Information).

Toward the practical device application, we have fabricated
the converted LED (c-LED) by physically applying a S mM
solution of 2a in a mixture of n-hexane and toluene on a
commercially sourced InGaN UV-LED chip,29 which exhibited
excellent luminescence at 569 nm (Figure 9).

Computational Studies. To gain a deeper understanding
of the electron density distribution and bonding analysis of the
isolated NC 2a, we have performed the §eometry optimization
of 2a—2b at B3LYP-D3BJ/def2-SVP'*~ level of theory (see
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Figure 8. Left: energy diagram of 2a obtained from single-point TD-DFT (50—50) calculation using TD-SCF method at B3LYP-D3BJ/def2-SVP
level of theory. Right: natural transition orbital (NTO) analysis for low-lying S, and T,—T, states of 2a. Hole and electron pairs of S; and T;—T,

states of 2a (see Supporting Information for details).
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Figure 9. Luminescence spectrum of [((Cy-cAI)P(Dipp));CusCl,]
(2a), coated over the InGaN chip, centered at the 390—395 nm
region (Ag, = 569 nm and 4., = 390 nm). Inset: yellow luminescence
of 2a coated over InGaN chip after applying 3 V bias and 0.2 A
current.

Supporting Information). The calculated bond parameters
were found to be in accordance with the experimentally
obtained values. The natural bond orbital (NBO) analysis**~**
performed on the optimized coordinates of 2a at B3LYP-
D3BJ/def2-SVP level of theory showed the presence of a lone
pair with p-character on each of the P atoms of the (aryl)-
cyclic alkyl(imino) phosphide [(Ar)(cAI)P]~ ligand and the
presence of a 3-center-2-electron bond between the Cu—Cu—P
moiety. The nature of the C,c—P bond was found to be a
single bond with a Wiberg Bond Index (WBI) of 1.0S in 2a,
and the C—N bond was found to have two bonding
occupancies of 1.98e and 1.96e with a WBI of 1.65, suggesting

a double bond nature. The HOMO, HOMO — 1, HOMO — 2,
and HOMO — 3 represent the Cu—P interactions in 2a
(Figure 10).

The HOMO and HOMO — 2 represent the lone pair of
electrons on the phosphorus atoms. The associative bonding
interaction among the five Cu(I) ions and two CI~ ions in the
Cu,Cl, core can be visualized from the HOMO — 4 (Figure
10). Moreover, HOMO — 4 does not involve the orbitals on
the three P atoms. The o-type interaction of Cu—N bonds, in
which the bond is majorly polarized toward N (93%), is
represented by HOMO — 8 and HOMO — 7 (see Supporting
Information). The LUMO of 2a represents the 7*y_ p orbital
(N1—-C8—P4), m*-orbital of one aromatic Dipp ring (at P1),
and Cu--Cu interacting antibonding orbitals (Cu2--Cu$; 2a).

The quantum theory of atoms in molecules analysis®*~*° of
2a and 2b provides significant insights into the nature of the
Cu—Cu interactions present in these NCs (Figure 11, see
Supporting Information).

For 2a, the electron density (p(r)) at the bond critical points
(BCPs) is found to be 0.027 au for the Cul—Cu3 bond and
0.024 au for the Cu2—CuS bond, accompanied by the positive
Laplacian values (V?p(r)) of 0.026 au and 0.025 au,
respectively. In 2b, the electron density (p(r)) values are
0.027 au for the Cul—CuS bond and 0.025 au for the Cu3—
Cu4 bond, with corresponding Laplacian values (V?p(r)) of
0.027 au and 0.025 au, respectively. The consistently positive
Laplacian values across both 2a—2b indicate a close—shell
interaction, characteristic of electrostatic metal—metal bond-
ing, rather than covalent bonding, as the electron density is
depleted between the nuclei and concentrated toward the
atomic cores. The relatively low G, and |V}| values of kinetic
(G) and potential (V) energy densities further support this
conclusion.

The excited states for 2a were calculated using time-
dependent density functional theory (TD-DFT)*”*® calcu-
lations at the B3LYP-D3BJ/def2-SVP level of theory. The

HOMO-3 (-5.51)

HOMO-4 (-5.64)

HOMO-7 (-6.28) HOMO-8 (-6.38)

Figure 10. Selected Kohn—Sham orbitals of 2a, representing Cu—P (HOMO, HOMO — 1, HOMO - 2, and HOMO - 3), and Cu—Cu (HOMO
— 4) interactions (calculated at B3LYP-D3B]J/def2-SVP level of theory; energies given in parentheses are in €V). See Supporting Information for

2b.
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Figure 11. Contour plot of Laplacian distribution [V?p(r)] in the Cul—Cu3—P9 plane of 2a. Solid blue lines indicate the areas of charge
concentration (V2p(r) < 0), while dotted purple lines denote charge depletion (V2p(r) > 0). Solid lines connecting atomic nuclei (black) are the
bond paths and green spheres on the bond path indicate the BCP. See Supporting Information for the Laplacian distribution of 2b.
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Figure 12. Calculated excitation energy for the absorption maxima and oscillator strength of 2a at TD-B3LYP-D3BJ/def2-SVP level of theory in

solvent (DCM) phase.

conductor-like solvation model, as developed in the polarizable
continuum model framework, was used to implement the
solvent (DCM) effect. For 2a, in the DCM (solvent) phase,
the electronic transition is attributed to the HOMO — 4 —
LUMO transition, which corresponds to the transition from
Cu—P to m*c_y, corroborating the absorption maximum
appeared at an oscillator strength of f = 0.0711 (Figure 12).
The corresponding wavelength is found to be 349 nm, which
is in good agreement with the experimentally observed A,
value of 324 nm (for 2a). For 2b, the electronic transition is
attributed to a HOMO — 2 — LUMO + 1, which corroborates
the absorption maximum that appeared at the oscillator
strength of f = 0.0598, corresponding to the wavelength of 349
nm (see Supporting Information). The calculated A, value
for 2b was also found to be in good agreement with the
experimentally obtained absorption maximum (319 nm). NBO
analyses suggest that the electronic transition from the
cuprophilic Cu2--+Cu$ unit to Cul--Cu3 unit (HOMO — 4

to LUMO) is most likely responsible for phosphorescence,
while a significant amount of intramolecular metal-to-ligand
charge transfer transition can be visualized from the Cu'sCl,
core to m¥y_c—p orbital (N1—C8—P4), two n*y_c, 7* orbital
of one aromatic Dipp ring (at P1), and the Cu---Cu interacting
(2.80 A) antibonding orbitals (Cu2--CuS; 2a), possibly
facilitating the TADF process. Similar interactions are also
observed from the respective Hirshfeld plots (see Supporting
Information). The "*MLCT transition in Cu,Cl, stabilized by
a couple of pyridyl-phosphine ligands was previously shown to
be responsible for dual emission.” The absence of the
significant coprophilic interactions comparable with 2a—2b
and the missing central chloride bridges are presumably
responsible for the nonemissive nature of the Cug cluster 3.
The single-point TD-DFT calculations indicate that the low-
lying excited states of 2a and 2b are energetically close, with
small singlet—triplet energy gaps (AEgr) of 0.24 and 0.22 eV,
respectively (Figures $58—S60 in Supporting Information). To
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Scheme 2. [((Cy-cAI)P(Dipp));CusCl,] (2a)-Catalyzed Regioselective 1,2,3-Triazole (6) Syntheses in the Presence of White
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analyze the nature of these excited states, NTO calculations
were performed (Figures S$S8—S60 in Supporting Informa-
tion). For the S; and T, states, the positions of the hole and
electron are very similar, resulting in nearly identical electronic
characteristics.*’ This is also reflected in the low SOCME®’
values (~10—14 cm™') between the S, and T, states for both
2a and 2b. However, the T; state of 2a and the T, and T,
states of 2b exhibit different electronic characteristics
compared to the S, state, as the positions of the hole and
electron differ. This leads to enhanced SOCME values for the
S,-T; (~98 cm™) transition in 2a and the S;—T, (~84 cm™)
as well as the $,—T; (~30 cm™) transitions in 2b, in
accordance with the El-Sayed rule."' The combination of large

SOCME values and small energy gaps between S,—T; in 2a
and S;—T,/T; in 2b opens alternative spin-flipping pathways
mediated by higher triplet states. Consequently, in the case of
TADF, triplet population transfer can occur via a hot RISC
mechanism, where the transition from the T, or T} state to the
S, state facilitates the process.

Photocatalytic Application of 2a. Atomically precise
metal NCs are emerging materials that have recently attracted
huge attention in homogeneous catalysis due to their unique
structures, tunable compositions, and insightful structure—
property correlations.”” However, the catalytic applications of
such NCs are still not widely explored, partly due to the
inhibition of the catalytic sites by specially designed ligands,
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Figure 13. Plausible mechanism for the alkyne—azide cycloaddition reaction, catalyzed by 2a.

which stabilize the structural cores. Catalytic alkyne—azide
cycloaddition reactions™*™* are very often limited by the low
regioselectivity and reduced reaction rates at ambient temper-
ature. Although an increase in the reaction temperature can
speed up the reaction, the regioselectivity drops down giving
rise to the formation of a mixture of 1,4- and 1,5-disubstituted
triazoles.” Therefore, suitable catalytic systems are in high
demand, which can yield regioselective products at ambient
reaction conditions. Proving the excellent PL properties of
redox-active pentanuclear Cu(I)-clusters, 2a—2b, we explored
their catalytic application for [3 + 2] cycloaddition of aromatic
azides and alkynes. Optimization of initial reaction conditions
revealed that the reaction of phenylacetylene (4a) and benzyl
azide (5a) in the presence of 1 mol % of the NC 2a as a
catalyst at ambient temperature can afford the white solid of
the corresponding 1-benzyl-4-phenyl-1H-1,2,3-triazole (6a) as
the single regio-isomer in ~20% yield after 24 h under
household light source. The structure of 6a was unambiguously
confirmed by X-ray single-crystal diffraction.”” When a similar
reaction was performed under blue LED, 6a was isolated in an
increased yield of 72% with a reduced reaction time of 12 h
(Table S16 in Supporting Information). However, 6a was
obtained with a much-improved yield of 91% after 8 h in the
presence of a white LED without any loss of the regio-
selectivity (Scheme 2). Under a similar reaction condition, 6a
was obtained in a lower yield of 77% when 1 mol % the NC 2b
was utilized as the catalyst. Moreover, cluster 3 did not show
any catalytic activity under similar reaction conditions. Having

the optimized reaction conditions in hand, we further explored
the substrate scope using various substituted aromatic alkynes
(4) and azides (5). In all cases, we could successfully isolate
the corresponding triazoles (6b—60) in good to excellent
yields (70—91%) and regioselectivity (Scheme 2).

We proposed a plausible single-electron transfer (SET)
mechanism, " where the excited photocatalyst PC* ([Cus]* =
2a*) (E,;;, = —0.5 V; Figure 1) under photoirradiation is
proposed to transfer one electron to the alkyne 4a (E,/, = 1.5
V) to form the corresponding radical anion (4a°~), which has
been experimentally supported by the observation of a broad
EPR signal near g = 2 at 298 K upon irradiation of the reaction
mixture under the LED of 467 nm wavelength for 30 min
(Figure 13; see Supporting Information). DFT calculations
showed that the LUMO of alkyne 4a is nearly 5 kcal/mol
lower in energy than that of the aryl-azide Sa (E,, near —2.5
V), suggesting that the former is more prone to accept an
electron from the catalyst (2a*) under photocatalytic
conditions (see Supporting Information). This highly reactive
species 4a°” rapidly reacts with the azide Sa to afford the
intermediate A, which then undergoes a [2 + 3] cycloaddition
to yield the triazolyl radical intermediate B. Subsequently, a
single-electron oxidation of the intermediate B takes place by
the oxidized form of the photocatalyst [Cu(I)s]*, furnishing
the final 1,4-disubstituted 1,2,3-triazole product 6a upon
simultaneous regeneration of the photocatalyst [Cus], and
thereby completing the catalytic cycle. The proposed SET
mechanism was further experimentally proved by quenching of
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the catalytic activity of 2a in the presence of 1 equiv of
TEMPO, resulting in the formation of only a trace amount of
the expected product 6a by treating 4a and Sa under optimized
reaction condition (see Supporting Information). This photo-
catalytic approach offers an efficient and mild pathway for the
synthesis of triazole derivatives under visible light irradiation.

B CONCLUSION

In conclusion, we have demonstrated a facile synthetic route
for the stabilization and solid-state isolation of three novel
structurally well-defined air-stable metal NCs with Cug (2a—
2b) and Cuq4 (3) cores employing (aryl)-cyclic alkyl(imino)
phosphides and mixed bis-dimethyl-siloxane/(imino)-
phosphide ligands. 2a—2b exhibited excellent temperature-
dependent photoluminescence with combined phosphores-
cence at lower temperature, TADF at ambient temperature
with photoluminescence quantum yields (¢p;) up to 11%, and
significantly longer average lifetimes (7,,). Detailed photo-
physical and quantum chemical studies revealed the presence
of equilibrated lowest energy excited states, S; and T}, and the
relatively stronger SOC induced by the novel Cug cores in 2a—
2b. The mixing of ligand orbitals with d-orbitals of Cu(I) ions
was observed from the NBO analyses, implicating the
significance of the chloride-bridged Cu atoms present in 2a—
2b toward the observed photoluminescence. The combined
implementation of both the radiative decay processes brings in
the possibility to potentially utilize the low-cost Cu(I) clusters
in OLEDs. 2a has been successfully employed to fabricate the
converted LEDs, showing excellent yellow luminescence
directing toward the cost-effective Cu(I)-based future OLED
productions. Moreover, 2a has been exploited as an effective
photocatalyst in the presence of white LED for the
regioselective [3 + 2] cycloadditions of aromatic azides and
alkynes, affording the corresponding substituted 1,2,3-triazoles
in good to excellent yields under ambient reaction conditions.

B METHODS

All manipulations were performed using either standard Schlenk line
techniques under an inert argon atmosphere or in an argon-filled
MBraun Eco Plus glovebox, where O, and H,O levels were always
kept below 0.1 ppm. All glassware was oven-dried (150 °C) before
use. Solvents obtained from an MBraun Solvent Purification System
(SPS) were further dried by standard methods of refluxing with Na/K
alloy for 2 days, followed by vacuum distillation over 4 A molecular
sieves under argon. Cyclic alkyl(amino) carbene (cAAC) salts,* free
cAACs,* cAAC = P—CL," and [((Dipp)(Et,-cAI)P),Cs,(THF),],"
were synthesized according to the literature-reported procedures.
Mass spectrometric analyses were performed on an Agilent
Technologies (Model: G6545A) Q-TOF LC/MS spectrometer
using Dual AJS ESI. The mass spectrometric region of 100—3000
m/z was initially calibrated with the standard tune mix to offer a
precision of about 2 ppm. Typical optimized values for the source
parameters were capillary 2.5 kV, RF lens 1 kV, and skimmer lens
offset 65 V. Aliquots of the solution were injected into the device at
2.0 uL/min. The experimentally obtained isotopic pattern of the
complexes was successfully simulated with the suggested pattern
corresponding to an empirical formula of a compound using the m-
Mass software package.

Synthesis of 2a. In an oven-dried Schlenk flask, orange pure
crystals of [((Cy-cAI)P(Dipp)),Cs,(THF),], (la, 100 mg, 0.17
mmol, 3 equiv) and anhydrous CuCl (33 mg, 0.34 mmol, S equiv)
were taken. Freshly distilled THF (1S mL) was added at room
temperature (rt) to obtain a clear yellowish solution, which was
stirred overnight, resulting in the formation of a colorless precipitate.
The reaction mixture was filtered using a frit to obtain a yellow-

colored filtrate, which was concentrated up to 3—4 mL under reduced
pressure and kept at —40 °C for crystallization. The rod-shaped bright
yellow crystals of [((Cy-cAI)P(Dipp));CusCl,] (2a) suitable for X-
ray single-crystal diffraction were formed after 4 weeks in 51% yield
(42 mg).

'"H NMR (400 MHz, 298 K, CD,CL,): & 7.34 (d, ] = 4 Hz, 1H),
7.30 (d, ] = 4 Hz, 1H), 7.24 (d, ] = 4 Hz, 1H), 7.19 (d, ] = 8 Hz, 1H),
7.15 (d, J = 8 Hz, 1H), 7.11 (broad, 2H), 7.00 (d, ] = 8 Hz, 1H), 6.92
(d, J = 4 Hz, 1H), 5.09 (br, 1H), 4.26 (br, 1H), 4.14 (br, 1H), 4.05
(br, 3H), 1.87 (d, ] = 12 Hz, 1H), 1.75 (d, ] = 4 Hz, 2H), 1.70 (d, ] =
8 Hz, 1H), 1.64 (s, 3H), 1.56 (d, ] = 4 Hz, 3H), 1.52 (s, 6H), 1.45 (d,
J =8 Hz, 6H), 1.40 (s, 3H), 1.34 (s, 6H), 1.31 (d, ] = 4 Hz, 6H), 1.28
(s, 2H), 1.25 (d, ] = 8 Hz, 6H), 1.19 (d, ] = 8 Hz, 12H), 1.17 (s, 2H),
1.12 (d, ] = 8 Hz, 3H), 1.09 (d, J = 8 Hz, 2H), 0.96—0.93 (m, 10H),
0.83 (m, 10H), 0.55 (t, ] = 8 Hz, 3H), 0.42 (t, ] = 8 Hz, 3H) ppm. *'P
NMR (162 MHz, 298 K, CD,Cl,): § —66.1 (dd, J = 105.3, 42.1 Hz),
—73.0 (d, ] = 98.8 Hz), —99.2 (d, ] = 140.9 Hz) ppm. '*C NMR (101
MHyz, 273 K, CD,CL,): § 195.7 (Jo_p = 89.8 Hz); Cy—c, 155.3, 153.2,
133.3, 1304, 129.2, 1287, 124.3, 123.5, 71.3, 68.0, 61.0, 47.6, 47.0,
38.7, 32.6, 31.9, 30.0, 26.5, 25.4, 23.4, 23.0, 14.2. Elemental analysis
for CgoH,0sCLCusN;P; (2a): Observed in % (Caled in %): C, 56.73
(56.84); H, 7.18 (7.26); N, 2.76 (2.88). mp 172—173 °C.

Crystallization 2a. The dark yellow filtrate obtained upon
filtering the reaction mixture was concentrated under reduced
pressure up to 2 mL and kept at —40 °C in a freezer for one
month, from which bright yellow rod-shaped single crystals of cluster
2a suitable for X-ray diffraction were grown.

Crystallographic Details. Single crystal X-ray data were collected
on a Bruker D8 VENTURE diffractometer equipped with a
PHOTON III C28 detector using an IuS 3.0 microfocus sealed X-
ray source with Molybdenum Ka radiation. A complete data set was
collected following the strategies generated using the APEX4 module
of the Bruker software suite. The data reduction was carried out using
the SAINTPLUS and multiscan absorption correction was performed
using the SADABS program.®® The crystal structures were solved by
the intrinsic phasing method (SHELXT)*! and were refined with full-
matrix least-squares on F, using the ShelXle’' plug-in included in
APEX 4. All non-hydrogen atoms were refined anisotropically.
OLEX2 Version 1.3.0 was used for structure solution and refine-
ment.*”> Ortep-3 was used to produce all the structures’ thermal
ellipsoid plots.

Photophysical Measurements. All measurements were per-
formed under an argon atmosphere using standard quartz cuvettes (1
X 1 cm cross-section). UV—visible absorption spectra were recorded
by using an Agilent Cary Series UV—vis—NIR spectrophotometer.
The room temperature and/or low-temperature lifetime, photo-
luminescence (PL), and absolute quantum yields of 2a/2b in the solid
state or in solution were measured in an EDINBURGH FLS1000
photoluminescence spectrometer, attached with an Optistat DN
cryostat. All samples for various measurements were prepared inside
the glovebox by using a screw cap, an airtight quartz cuvette (1 cm X
1 cm cross-section), or a quartz holder. In each case, initially, we
measured the blank, and then again, the same cuvette was taken inside
the glovebox, and a specific amount of compound was added for the
respective measurements. The concentration of compounds for UV/
emission measurements was always kept lower than ca. 2 X 10™° M.
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