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Abstract

Metal nanoclusters (NCs) are ultrasmall molecular aggregates consisting of dozens
to hundreds of metal atoms consolidated by organic ligands, which represent an
emerging area of nanoscience. Amide a myriad of metal NCs, copper NCs (CuNCs)
comprise a low-cost, high-value subclass that has attracted great attention. The
variable copper cores and diversity of protecting ligands have rendered CuNCs inter-
esting molecular aggregates featuring structural and compositional versatility, hence
showing distinctive properties and potential applications. In the present review, we
have summarized the progress on atomically precise CuNCs that exhibit a range
of appealing properties and applications in different fields. This review is expected
to provide not only an overview of the current development on atomically pre-
cise CuNCs, but also possible directions for the future design of novel CuNCs for
fundamental studies and practical applications.
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1 | INTRODUCTION

Atomically precise metal nanoclusters (NCs) are discrete
molecular aggregates composed of several to a few hun-
dreds of metal atoms passivated by organic ligands, which
have attracted great attention in chemical science and mate-
rials science fields.!! As an appealing class of aggregates,
metal NCs have a size of 1 to 3 nm, which falls between
the single atoms (non-aggregated) and nanoparticles (aggre-
gated, >3 nm) to bestow an intriguing size effect.[”) On the
one hand, such ultrasmall size is close to the Fermi wave-
length of electrons, which leads to the breakup of continuous
energy levels into discrete levels.[*] As a result, the quantum
confinement effect has imparted metal NCs with molecule-
like materials properties, and consequently persistent efforts
have been paid to delve into the experimental realms of

these properties and relevant applications.[*] On the other
hand, this size regime is well within the resolving limit of
single-crystal X-ray diffraction, which allows chemists to
understand their nanostructures at an atomic precision. Under
this background, atomically precise metal NCs are expected
to emerge as promising materials to exhibit fascinating nanos-
tructures and properties, which is highly important for both
fundamental scientific studies and practical applications.!”]
Compared with NCs based on the noble metals of platinum
(Pt), gold (Au), and silver (Ag), those based on copper (Cu)
have attracted peculiar interest on account of the high earth
abundance, low cost, and low toxicity of Cu.l0] Undoubtedly,
the composition and structure of CuNCs play an essential
role to evoke their intriguing properties. First, the nuclearity
and arrangement of Cu atoms can directly determine the Cu
core structures. Second, the various oxidation states of Cu
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including +II, +I, and O can naturally nourish diverse Cu
cores. In this respect, benefiting from the development of
synthetic methodologies, CuNCs bearing Cu(0), superatom
(oxidation state between O and I), homo-valent Cu(I), and
mixed-valent Cu(I)/Cu(Il) characters have been prepared.m
Third, the outermost organic ligands can not only protect
the Cu cores from aggregation to form metallo-polymers,
but also facilitate the formation of novel CuNCs. Thus, lig-
ands including thiolate, alkynyl, phosphine, and selenol have
been utilized to engender a diversity of CuNCs.[®! Last but
not least, hydrides (H™) have also been introduced to gen-
erate Cu hydride NCs as an appealing class of CuNCs.[”!
Thanks to such remarkable flexibility on compositions and
structures, CuNCs have been revealed to exhibit inherently
variable properties and applications.

Liu and Astruc, Nakajima, Sun, and Tanase et al.
have successively reviewed the progress on Cu(I) hydride
NCs.[010-12] Biirgi et al. have highlighted some functional
CuNCs.!"31 Recently, Wang and Rogach et al. have reviewed
the aggregation-induced emission (AIE) active CuNCs.[!*]
Herein, we attempt to summarize CuNCs featuring well-
defined compositions and structures to show intriguing
properties and applications. In this review, CuNCs with
atomically precise compositions and structures (TABLE 1)
will be classified by their properties and applications. First,
CuNCs with intriguing photophysical properties including
near-infrared (NIR) emissions, AIE, and/or circularly polar-
ized luminescence (CPL) are presented. Then, CuNCs with
functional applications in CO, electrochemical reduction
(CO, ERR), chemical sensing, catalysis in organic synthe-
sis, and electronic devices are described. Finally, we have
suggested some current challenges and prospects that may
deserve in-depth research for future endeavors.

2 | PHOTOPHYSICAL PROPERTIES
OF CuNGCs

Photophysical properties constitute one of the most exciting
properties of CuNCs.[!>1%1" Generally, the photolumines-
cence mechanism of CuNCs is controlled by metal-ligand
interface chemistry. While CuNCs exhibit a diversity of
compositions and structures with different Cu cores and pro-
tecting ligands, their photoluminescence manifests in variable
emission behaviors, which are quite specific to the exact
CuNCs. The merits of the photophysical properties of CuNCs
usually include good photostability, large Stokes shift, wide
emission wavelength range, and long emission lifetime.!'”]
Based on the variable photophysical properties, a group of
emission behaviors including NIR emission, AIE, and CPL
has been revealed.

2.1 | NIR emission

NIR emitting materials have been long-sought in the fields
of chemistry, biomedical and materials science, which is due
to their advantages including less scattering, deep penetra-
tion, and low light absorption.['®] It has been reported that
the presence of cuprophilic Cu(I)---Cu(I) interactions, which
occur between two closed-shell d' Cu(l) cations with their
distance less than the sum of their van der Waals radius
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(1.4 A x 2), is conducive to evoke the NIR emissions.[!”] In
practice, it is still a challenging task to predict the structures
of NIR-emitting CuNCs, as compared to the well-established
situation for the design of AuNCs as NIR emitters. So far,
only a handful of CuNCs have been revealed to show NIR
emissions with the emission wavelength longer than 700 nm.

Fenske et al. have pioneered the works on emis-
sive Cu chalcogenide NCs, wherein they have devoted
to synthesizing and characterizing a diversity of CuNCs
with nuclearity ranging from several to more than a
hundred.['°! Established on their extensive studies, they have
reported two intriguing NCs, [Cu,¢Se 3(PEt,Ph) 4] (CuNC-
1) and [Cu(I)44Sey,(PEt,Ph);g] (CuNC-2). As shown in
Figure 1A-a, the cluster framework of CuNC-1 can be
described as a packing of Cu and Se polyhedra: the cen-
tral Sel atom is surrounded by a slightly distorted Cuy,
icosahedron. In turn, a Se;, icosahedron is situated around
the SeCu;, core. Finally, a six-fold capped cube of the Cu
atoms binds to fourteen PEt,Ph ligands to furnish CuNC-1.
In contrast, CuNC-2 contains a Se, deltohedron with two
additional Se atoms (Se8 and Sel5) located at the center.
Of the forty-four copper atoms, eighteen are situated above
and eighteen below the triangles of the Se;,. The chalco-
gen polyhedron is shielded by eighteen PEt,Ph ligands with
an almost closed ligand shell (Figure 1A-b). CaNC-1 and
CuNC-2 both show weak NIR emissions at room temperature
(Figure 1 A-c). Their emission intensities increase by decreas-
ing the temperature to 16 K, and as the nuclearity increases,
the emission maximum grows and extends to the second NIR
window (1000 to 1700 nm) at 16 K, from 835 nm through
1010 to 1120 nm. It should be highlighted that NCs emitting
light in the second near-infrared (NIR-II) window are rare, as
compared to materials with emissions in the visible and first
infrared region (700 to 1000 nm).

Eichhofer et al. have designed a series of phosphine-
stabilized Cu(I) chalcogenide NCs to reveal that the Cu(I)
cores, as well as the phosphine ligands distinguish these
NCs from each other in terms of their emission property.!*"]
Of particular interest are [Cu(I),(S¢(PPh3)g] (CuNC-3) and
[Cu(D)29S¢(P'Bus)g] (CuNC-4), as shown in Figure 1B-a,b,
which are the oblate and prolate isomers of a cluster com-
position [CuyyS;o(PR3)g], respectively. The cluster core of
CuNC-3 can be considered as a dimer of two fused ‘Cu;,S¢’
cages fused from the top/bottom of the cluster. In this way,
ten sulfur atoms form a bicapped tetragonal prism with the
Cu atoms bridging all edges. The cluster core of CuNC-4
has no direct relation to the Cu;,S¢ cluster core. It can be
taken as a Sy polyhedron of a highly compressed tetrag-
onal antiprism bridged by Cu atoms, coordinated by two
sulfur atoms and twelve copper atoms, which are further sta-
bilized by two sulfur atoms and one phosphorus atom. As
shown in Figure 1B-c, CuNC-3 shows a broad emission that
is centered at 823 nm and extends to 1200 nm, and CuNC-4
displays a relatively weak orange emission at 575 nm, which
shifts to 587 and 795 nm at 20 K. These results demon-
strate that the NIR emissions of Cu chalcogenide NCs can be
affected by the kind of phosphine ligands and NC geometry.

Latouche, Liu, and Saillard et al. have explored the emis-
sion property of [Cu;;(ug-I)(3-1)3(Se,P(OH),)¢] (CuNC-
5).[2” As shown in Figure 2A-a,b, CuNC-5 has a penta-
capped trigonal prismatic Cuy;(uo-I) core. The cluster cation
has an idealized Cj3;, symmetry, and two kinds of iodide ion
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TABLE 1 Summary of reported atomically precise CuNCs
CuNCs Formulas Ref.
CuNC-1 [CuysSe3(PEt; Ph)4] [19]
CuNC-2 [Cu(@)44Seqr (PEGPh) 5] [19]
CuNC-3 [Cu(D)20S10(PPh3)g] [20]
CuNC-4 [Cu(D)20S10(P'Bus)g] [20]
CuNC-5 [Cuy1(o-D(u3-D3(SeaP(OH) )g ] [21]
CuNC-6 [Cu(D);3(SePh);3(Ph;P)4] [22]
CuNC-7 [Cu(I);(TBBT)g(PPhj3)¢](SbF¢),* [23]
CuNC-8 ['BuC=CCu(I)]5-C¢Hg (241
CuNC-9 [Cu(I);5('BuC=C),((CF;CO0)s]-'BuC=CH [25]
CuNC-10 [Cu();5('BuC=C)4NO;3] [26]
CuNC-11 [Cu(D)g('BUC=C)2(SO4)2(OMe), | [26]
CuNC-12-R/S [Cu(D);4(R/S-DPM)g](PF¢ )" [31]
CuNC-13-D/L [D/L-valinol(18-crown-6)][Cu(I)5(S'Bu)g] [32]
CuNC-14-R/S [Cu(D)3(R/S-BINAP)3CO3](‘BuSO3)* [33]
CuNC-15 [Cu(1);5(PPh3)6(PET)3](BFy)," (341
CuNC-16 [Cu(Dg("BuCeH,S)g(PPh3)4] [35]
CuNC-17 [Cu(0)4Cu(1)oDTo]° [36,37]
CuNC-18 [Cu(1);4Hy,(phen)s(PPh3)4][Cl]," (43]
CuNC-19 [Cu(D)3,H0 {S,P(OiPr), }15] [44]
CuNC-20 [Cu(T)>5Hy, (PH3),,1C1 [48]
CuNC-21 [Cu;3(MBO),H]® [49]
CuNC-22 [Cug(SC7H4NO)6][Na(C3Hg )] (53]
CuNC-23 [Cuy4(C3B1oH9S2)6(CH3CN)g] (53]
CuNC-24 [Cu(Dg (u4-H){S2P(OEW), }6 ] [PFg] [57]
CuNC-25 [Cugo(C=CPh);5(0AC)q)] (581
CuNC-26 [Cu()5Hjo(SPhCly)11(PPhy )3 160]
CuNC-27 [Cu(D)sHe (u-dpmppm); 1(PF)," (1]
CuNC-28 [Cu(DsHe(k-dppm)s (PFe),! [62]
CuNC-29 [Cus;3(4-FC=CPh)o(dppp)sCls(OAC)s] [63]
CuNC-30 [Cu()s(DPFN), H,J(NTf, )3* [s6]
CuNC-31 [Cu(D)3; (PET)24H8C12](PPh4)2d [67]
CuNC-32a [Cu(1)13Nay(CZ-PrA)s(TC4A),CI(MeOH), ]! [68]
CuNC-32b [Cu(I);3Na(CZ-PrA)s(TC4A),(MeOH)]-MeOH-DCM-CH; COCHj;' [68]
CuNC-33 [Cus3(CF3C0O0),o(C=C'Bu),oClLH g1+ [69]
CuNC-34 {[Cu(INO4]:[VO4], @Cu(I)46(C=C'Bu),7('BuPO3),(H,0) }-(BE,); [26]
CuNC-35 {[Cu(I)Og]@Cu(I)47(C=CiPr)33 }-(ClO0y4)4 [26]
CuNC-36 [Cuy3(‘BuC=C),3(CF3CO0)4] [70]

“TBBT = 4-tert-butylbenzenethiol.

"DPM = 2-diphenyl-2-hydroxylmethylpyrrolidine-1-propyne.

°BINAP = 2,2-bis(diphenylphosphino)-1,1-binaphthyl.

dPET = 2-phenylethanethiolate.

°DT = 1-dodecanethiol.

phen = 1,10-phenanthroline.

£MBO = 2-mercaptobenzoxazole.

hdpmppm = meso-bis[(diphenylphosphinomethyl)phenylphosphino]methane.

idppm = bis(diphenylphosphino)methane.

Idppp = 1,3-bis(diphenylphosphino)propane.

KDPFEN = 2,7-bis(fluoro-di(2-pyr-idyl)methyl)-1,8-naphthyridine, NTf = bis(trifluoromethanesulfonyl)imide.
!CZ-PrAH = 9-(prop-2-yn-1-yl)-9H-carbazole, H; TC4A = p-tert-butylthiacalix[4]arene.

(49 and u3) can be found, and one located at the cluster origin has been assigned to the mixing of *LMCT and
center and the other situated on the peripheral of the clus- SLLCT. Gratifyingly, theoretical simulated emission by time-
ter. At 77 K, a structureless emission centered at 766 nm dependent (TD) density functional theory (DFT) calculation
was observed, and the emission slightly shifted to 745 nm fits well with the experimental spectrum after the correc-
in methylene chloride glass (Figure 2A-c). The emission tion of energy shift from the limited accuracy of electronic
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A: Structure of (a) CuNC-1 featuring Se;, icosahedron and (b) CuNC-2 featuring a Se, deltohedron, and their (c) temperature-dependent

emission spectra. Reproduced with permission.!'”! Copyright 2013, The Royal Society of Chemistry. B: Structure of (a) CuNC-3 and (b) CuNC-4, and (c)
their emission spectra at 20 and 295 K. Reproduced with permission.[*) Copyright 2015, American Chemical Society

TD-DFT transitions. On this ground, these authors have
also predicted that the hypothetical Cu -incorporating NC
[Cu11(,ug—Cu)(,u3—1)3(E2P(OH)2)6]+ (E = S, Se) shows the
NIR emissions at 763 nm (E = S) and 872 nm (E = Se).

Zhu et al. have reported the cluster [Cu(I);3(SePh)3
(Ph3P),] (CuNC-6), which exhibits a quasi-T2 construction
(Figure 2B-2).!??! The PhSe™ ligands in CuNC-6 have diverse
coordination modes (Figure 2B-c): (i) u,-Se—Cu,, (ii) usz-
Se—Cujs, (iii) py-Se—Cuy and (iv) pg-Se—Cug. The PhsP
ligands also coordinate with the Cu atoms at four termi-
nal vertices, and the top and side view of the Cu;3Se 3P,
structure is displayed in Figure 2B-b. The thermochromic
emission behavior of CuNC-6 was revealed. As the tem-
perature decreases, the emission wavelength blue-shifts
from 727 nm at room temperature to 680 nm at 80 K
(Figure 2B-d). More recently, they were also committed to
report [Cu(l);;(TBBT)q(PPh3)¢](SbFg), (CuNC-7, TBBT =
4-tert-butylbenzenethiol) as a red-light emitter with an abso-
lute quantum yield of 0.22.1>3! The framework of Cu(I),; is
displayed in Figure 2C-a,b, which can be considered as a
triangular bipyramid Cus unit covered with three Cu,S;P,
motifs (Figure 2C-c). In contrast, upon decreasing the tem-
perature, the emission red-shifted from 675 nm at ambient
temperature to 700 nm at 70 K (Figure 2C-d). This can be
attributed to the *CC emission caused by the temperature-
dependent cuprophilic Cu(I)---Cu(I) interactions.

Che et al. have conducted the seminal works on the pho-
tophysical behaviors of Cu(I) alkynyl NCs. In 2005, they
reported ["BuC=CCu(I)],o-CsHg (CuNC-8), which repre-
sents a rare example of a homoleptic Cu(I),, cluster with an
unprecedented copper(I) ring catenation.!”*! The architecture
can be viewed as an interlocking of a distorted Cug ring with
two puckered hexagonal Cug rings (Figure 3A-a,b), which is
consolidated by twenty ‘BuC=C" ligands in various coordi-
nation modes of u,, uz, and u,. Excitation of CuNC-8 gave
a red emission peaking at 720 nm at 298 K, and at 77 K, this
band can be resolved into three peaks with maxima at 620,
700, and 825 nm. This is possibly due to the structural dis-
tortion of NC or phase transition at low temperature. Such
emissions are ascribed to originate from alkynyl to the Cu(I)
LMCT mixed with cuprophilic interactions.

In another example, Sun et al. have reported the photophys-
ical property of [Cu(I);5('BuC=C);y(CF;C00)5]-'BuC=CH
(CuNC-9).!! The Cu(I);5 cluster can be seen as a pentag-
onal bipyramid and two Cuy folding lines locked its four
adjacent edges (Figure 3B-a). Furthermore, it is protected
by ten ‘BuC=C" with three different bonding modes of y,,
U3, and py and five pr-n' ;! CF;COO™ ligands (Figure 3B-
b). Thermochromic luminescence was observed in the NIR
region (Figure 3B-c). The emission maximum of CuNC-9
red-shifted from 710 nm at 298 K to 793 nm at 93 K, along
with a 17-fold enhancement of the emission intensity. The
increased emission intensity upon cooling could be ascribed
to an inhibition of the nonradiative decay at lower temper-
ature. DFT calculations have suggested that the emission
originates from the mixed SLMCT and 3CC excited states,
which have been impacted by the temperature-sensitive
Cu(I)---Cu(l) interactions. Specifically, with lowering the
temperature, Cu---Cu contacts were reduced to decrease the
energy gap of the transition state to give red-shifted phospho-
rescence. As shown in Figure 3B-d, the volume of unit cell
drops, emission intensity, and emission maxima wavelength
increase with the lowering of temperature.

Later on, another study was conducted by Mak
et al. to explore the photophysical property of [Cu(I);s
(ZBUCEC)14NO3] (CUNC-IO) and [CU(I)zg(IBuCEC)zz
(804),(0OMe),] (CuNC-11), which were found to display
thermally activated delayed fluorescence (TADF) in the NIR
region.l’°l CuNC-10 is stabilized by fourteen "BuC=C"
ligands and one u-xO:xO" NO3~ with Cu(I)—O bond lengths
of 2.169 and 2.379 A (Figure 3C-a). For CuNC-11, in
addition to twenty-two alkynyl ligands, two u3-MeO™ and
two p3-k0:x0’:x0"" SO, ligands cap the respective central
and terminal section of its Cu(I),g core to give CuNC-11
as an elongated nanorod (Figure 3C-c). Impressively, at 77
K, CuNC-15 displays a broad NIR emission band centered
at 871 nm. Upon increasing the temperature, a continu-
ous bathochromic effect occurred to afford an emission
maximum at 731 nm at 398 K (Figure 3C-b). A similar
blue-shifted emission trend was also observed for CuNC-
11 (Figure 3C-d). The blue-shifting trend with increasing
temperature hints at a TADF process for these two NCs.
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(c) Emission spectrum in the solid state. Reproduced with permission.[*!] Copyright 2017, American Chemical Society. B: (a) Structure of CuNC-6. Color
labels: green = Cu; red = P; violet = Se; orange = S; gray = C; white = H. (b) Top and side view of the Cu,3 skeleton. (c) Coordination modes of the PhSe™
ligands. (d) Temperature-dependent emission in the solid state (inset: the pictures of the samples under different conditions, 4., = 365 nm). Reproduced with
permission.[?2! Copyright 2019, The Royal Society of Chemistry. C: (a) Structure of CuNC-7. Color labels: green = Cu; red = S; pink = P; gray = C. (b)
Cu,; SoPg framework. (c) Top and side view of the Cu,S3P, motif. (d) Temperature-dependent emission spectra. Reproduced with permission.!”*! Copyright

2020, American Chemical Society

Considering that the singlet-triplet energy separation AE(S
— T)) as a crucial parameter in TADF is generally required to
be <3000 cm~!/0.37 eV, the temperature-dependent lifetime
decays were measured to calculate AE(S; — T}). As a result,
AE(S, — T)) = 1200 cm~'/0.15 eV, ©(T}) = 25 us and
7(S1) = 14 ns were extracted for CuNC-15; for CuNC-11,
AE(S; — Ty) = 380 cm™'/0.047 eV, o(T)) = 33.5 us and
7(S1) = 115 ns were calculated. These values demonstrate
that TADF took place with reverse intersystem crossing
(RISC) from the triplet state T; to the singlet S;. This is
the first time that high-nuclearity CuNCs have been proven
to exhibit TADF in the NIR region. These emissions were
also assigned to originate from the *LMCT modified by
cuprophilic interactions.

2.2 | AIE and/or CPL

AIE is an interesting photophysical phenomenon that was
first observed in organic luminophores by Tang’s group.!>’]
Fortunately, AIE is also a promising strategy to enhance the
emission of metal NCs.[?®! The AIE origin of CuNCs could
be attributed to the restriction of the intramolecular vibration
and rotation of the ligand shell of NCs after aggregation,
which thereby facilitates the radiative energy transfer via
restraining the non-radiative excited state relaxation. In
practice, the common AIE approach for CuNCs is to use
self-assembly to trigger the spatial arrangement of individual
NCs into compact and highly ordered architectures.!”®!
For AlE-active CuNCs, this strategy involves the
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FIGURE 3 A: (a) Structure of CuNC-8. (b) Anatomy of the Cu(I), cluster. (c) Emission spectrum. Reproduced with permission.!?*! Copyright 2005,
Wiley. B: (a) Structure of CuNC-9. Color code: purple, Cu; green, F; gray, C; red, O. (b) Cu;5 core comprised of a pentagonal bipyramid rounded by two
Cuy folding lines highlighted by green, and coordination modes of ‘BuC=C". (c¢) Temperature-dependent emission spectra. (d) The plots for variation trends
of volume of unit cell, emission intensity, emission maximum, and mean Cu---Cu bond lengths as function of temperature. Reproduced with permission.!?*]
Copyright 2016, Wiley. C: (a) Structure and (b) temperature-dependent emission spectra of CuNC-10. (c) Structure and (d) temperature-dependent emission
spectra of CuNC-11. Reproduced with permission.[*) Copyright 2019, The Royal Society of Chemistry

manipulation of the driving forces guiding the interclus- chiral ligands, which is the most controllable and efficient
ter interactions, in which the attractive forces are usually the approach. By this approach, the chirality of the deliberately
intermolecular interactions between surface ligands or motifs chosen ligands is transferred to the resulting CuNC materials
of different NCs and triggered by external stimuli such as to generate CPL.

solvents. Zang et al. have utilized a pair of chiral alkynyl ligands,

On the other hand, CPL constitutes an attractive lumines- (R/S)-2-diphenyl-2-hydroxylmethylpyrrolidine- 1-propyne

cence phenomenon that provides the differential emission (abbreviated as R/S DPM), to prepare an optically pure
intensity of right and left circularly polarized light.[*°] Briefly enantiomeric pair of [Cu(I);4(R/S-DPM)g](PF¢)¢ (CuNC-
speaking, CPL originates from the chiral emissive excited 12-R/S).3"] CuNC-12-R is composed of a discrete distorted
states to offer information on the excited state properties of  cubic Cu(I);4 core and eight R-DPM ligands (Figure 4A-
the chiral molecular systems. In the aggregate state or solid a). The Cu(l);4 framework can be regarded as a distorted
state, chiral couplings between the transition dipole moments Cue®* octahedron being encapsulated in the Cug®* cube
operate, which could enhance the CPL property, as mani- (Figure 4A-a). Seven alkynyl groups adopt a usz-n'n'n?
fested in the increase of luminescence dissymmetry factor ligation mode, and the remaining one takes a u,-n',> mode,
(gum)-*%1 In the field of CuNCs, introduction of CPL activ- which relatively decreases the symmetry of the cluster, giving
ity can be achieved by the extrinsic chirality of the peripheral rise to a chiral metal core. CuNC-12-R/S are also CPL active,
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in which the CPL in the solid state responded at 726 nm
with a g, of approximately 3.0 X 10~ (Figure 4A-b). Fur-
thermore, the AIE activities of these NCs were explored by
analysis of the emission of CuNC-12-R in a DCM/n-hexane
solvent system (Figure 4A-c). As observed, the dilute solu-
tion of CuNC-12-R in DCM was completely non-emissive;
a very weak red emission appeared when the volume fraction
of n-hexane f = vol,_hexane/VOl,-hexane+DCM 1NCreased to
40% and the emission exhibited a further enhancement upon
further increasing the n-hexane fraction. When f increased
to 90%, the solution showed a strong red emission with a
quantum yield of 1.6%, suggesting the presence of well-
dispersed colloids of denser aggregates. Crystallization- and
aggregation-induced emission (CIE and AIE respectively)
contribute to the occurrence of the CPL of CuNC-12-R/S
in the crystalline and aggregated states, respectively. Based
on the red emission and AIE characteristics, CuNC-12-R/S
has also been tested for bioimaging. As shown in Figure 4A-
d, the cytotoxicity of CuNC-12-R/S was examined with
a standard CCK-8 assay in vitro. CuNC-12-R was more
cytotoxic than CuNC-12-S, which could be ascribed to a
stereospecific interaction between the chiral nanoparticles

and cells. When HeLa cells and NG108-15 cells were treated
with 5 um CuNC-12-R/S in cell medium for 24 h, the
confocal microscopy images suggest that the NCs with red
luminescence were found to be distributed throughout the
cytoplasm of both cell types (Figure 4A-e). These results
demonstrate that CuNC-12-R/S can be a potential agent for
biolabeling.

Zang et al. also prepared a pair of enantiomers, namely,
[D/L-valinol(18-crown-6)]*[Cus(S'Bu)s]~ (CuNC-13-D/L).
CuNC-13-D/L.  crystallized in the chiral orthorhombic
P2,2,2, space group, in which CuNC-13-D/L consists of
the anionic [Cus(S'Bu)s]™ unit and counter ion of [D/L-
valinol(18-crown-6)]* (Figure 4B-a).*?] The cationic amino
alcohols are fixed by H-bonds (N—H-:--O) between the
—NH;™" group and oxygen atoms of 18-crown-6 moieties and
connected with anionic [Cus(S'Bu)g]™ clusters by O—H:--S
hydrogen bonds, which induces the orthorhombic chiral
P2,2,2, space group. Once again, the emission and CPL
spectra were recorded for this pair of enantiomers (Figure 4B-
b). This work provides an avenue to understand how the
self-assembly process induces chiral metal NCs and impact
their emission property.
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In another study, Zang group has prepared
a pair of chiral trinuclear NCs of [Cu(I);(R/S-
BINAP);CO3]('BuSO3) (CuNC-14-R/S), where BINAP =
2,2-bis(diphenylphosphino)-1,1-binaphthyl..**] The central
carbonate unit ligates with three Cu(I) atoms, each in the
bidentate mode, to form a Cu(l); triangle (Figure 5A-a).
Each Cu(l) is also coordinated by a bidentate R/S-BINAP
ligand. The arrangement of R/S-BINAP ligand around the
[CuzCO;5]™ core forms an intriguing three-bladed propeller-
like structure (Figure 5A-a). Employment of BINAP ligands
has conferred CuNC-14-R/S with intriguing properties.
First, the phenyl groups of BINAP ligands underwent
intramolecular rotation in the solution to quench the lumines-
cence of the NCs. Nevertheless, such rotational motion was
restricted in the solid state to produce strong CC and MLCT
emissions (Figure 5A-b), which make CuNC-14-R/S AIE
luminogens. This is the so-called restriction of intramolecular
motion mechanism. Second, the chiral structure and intense
luminescence of BINAP endow CuNC-14-R/S with CPL
property, where a remarkable g, of 2 X 102 was obtained
(Figure 5A-c).

Bakr et al. have reported [Cu(l);5(PPhs)s(PET)5](BF,),
(CuNC-15, PET = 2-phenylethanthiol), as shown in

Figure 5B-b.**] The Cu(I);s skeleton can be divided into
two parts: a lower layer of a distorted trigonal antipris-
matic Cug core extended by three symmetrically located Cu
atoms at the bottom trigonal face; and an upper layer of
two Cujy triangles (Figure 5B-c). This kind of Cu(l) skele-
ton has not been observed in the previous reports of coinage
metal NCs. As shown in Figure 5B-b, the thiolate ligands
bind to the Cu(I) skeleton by adopting two ligation modes
of us-n', n', n' and u,-n', »'. In addition, phosphine ligands
are associated with the skeleton. The entire structure adopts
a C; symmetry and constitutes a “tri-blade fan” configura-
tion, where the enantiomers are classified into clockwise and
anticlockwise structures (Figure 5B-a). Weak intermolecu-
lar ligand interactions including C—H---7r and 7-7r stacking
play a crucial role in controlling and stabilizing the surface
structure. As shown in Figure 5B-d, C—H.--7r interactions
and 7-7 stacking interactions are responsible for the cen-
trosymmetric supramolecular dimer formation (Figure 5B-d)
adopted by the two opposite enantiomers. Based on the weak
intermolecular interactions to limit the vibrational and rota-
tional movement of ligands, CuNC-15 demonstrates a CIE
enhancement (CIEE) behavior. As a result, this allows obser-
vation of the CIEE phenomenon (Figure 5B-e), where the NC
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in the crystalline state exhibits a bright emission in the NIR
region at 720 nm, and the emission intensity (PLQY = 3.2%)
is 30 times higher than that in solution (PLQY = 0.1%).
Very recently, Sun et al. reported [Cu(I)s("BuCgH,S)g
(PPhs3)4] (CuNC-16).°1 The Cu(l); skeleton features a
twisted Cu(l)q octahedron with two additional Cu(I) atoms
capped on two opposite triangles (Figure 6A). There are
weak cuprophilic interactions within the Cu(I)g structure,
which contribute to the metal cluster-centered (CC) tran-
sition state. Two different coordination modes of u, and
13 were found for the eight ‘BuC¢H,S™. In addition, there
is a 77 contact of 4.084 A between the PPh; and
"BuCcH,S™ ligand within CuNC-16, which provides a good
driving force for supramolecular assembly to dictate AIE.
The degree of aggregation of CuNC-16 depends on the
volume fraction of ethanol in the mixture of DCM and
EtOH, f, = volg,on/volgonspem- The kinetically controlled
assembly process of CuNC-16 yields a thermodynamically
stable aggregate (TSCA). In exploration of the AIE prop-
erty, the emission intensity of TSCA first increases and
then decreases with the increase of f, from 40% to 90%
(Figure 6B). The diverse f, systems present lifetimes in
microsecond scale, which hints at the CC and CT emission
mechanisms (Figure 6C). The diverse degree of aggrega-

tion of TSCA leads to different packing compactness of
CuNC-16 to give distinct nanoscale assemblies. When f,
is lower than 30%, flexible nanoparticles are obtained, and
transformed into “quasi-hexagon” (f,€[30%, 50%]), and
then to nanosheets (f,€[50%, 70%]). The nanosheets are
again transformed into “thorny” nanoparticles that adhere
to each other (f,€[70%, 90%]). To further investigate the
kinetically controlled CuNC-16 assembly (KCCA), time-
dependent emission spectroscopy was used to monitor the
f. = 70% system (KCCA-1). As seen in Figure 6D, the
emission intensity of KCCA-1 located at 660 nm gradually
increased with time, accompanied by a 10 nm blue shift. Fur-
thermore, KCCA-1 experienced the concerted “nucleation” (¢
= 0-60 min) and “assembly” (# = 60—150 min) processes, as
testified by TEM (Figure 6E). KCCA-1 aggregated to mini-
mize the surface energy and formed flexible nanoparticles (¢
= 0-30 min), which is analogous to the structure of TSCA
with f, lower than 30%. In the range of 60-150 min, KCCA-
1 gradually evolved into a “quasi-hexagon” accompanied by
the degradation of nanoparticles, which resembles the result
of TSCA at f, = 50 %. The “quasi-hexagon” evolves into
nanosheets (# = 28 h) as the thermodynamically stable state.
Zhang et al. have revealed the significant enhancement of
luminescence intensity for [Cu(0),Cu(I);oDT;q] (CuNC-17)
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TEM image of (A) individual NCs of CuNC-17, (B) ribbons, and (C) sheets. Their steady-state absorption and emission spectra in chloroform

are shown. Inset: the fluorescent image under excitation at 365 nm. (D) Energy level of ribbons and sheets. (E) Fluorescent images of the LEDs from CuNC
self-assembled (a) ribbons, (b) sheets, and (c) AuNC sheets; (d) fluorescent image of the WLED from ribbons, sheets, and AuNC sheets. Reproduced with

permission.[*%! Copyright 2015, American Chemical Society

by using self-assembly to enhance its aggregation degree.!*°!

As shown in Figure 7A, the individual NCs of CuNC-17
with an average diameter of 1.9 + 0.2 nm were initially pre-
pared, which is non-emissive under excitation at 365 nm.
Subsequently, self-assembly strategy was applied to direct
the NCs into one-dimensional ribbons featuring an aver-
age width of about 50-200 nm (Figure 7B). The ribbons
display a strong blue-green emission centered at 490 nm
with a full width at half-maximum (FWHM) of around 86
nm. Furthermore, the as-synthesized two-dimensional sheet
assembles show an average width of about 200-800 nm
(Figure 7C). In contrast, the sheet assembles show a yel-
low emission peaking at 547 nm with a FWHM of around
84 nm, and decreased emission intensity. To briefly interpret
the self-assembly induced AIE, the original non-luminescent
CuNC-17 exhibits a strong emission after forming com-
pact and ordered assemblies. The improved compactness of
CuNC-17 from individual NCs to ribbons reduces the non-
radiative relaxation of excited states to display enhanced
emission intensity (Figure 7D). Meanwhile, self-assembly
induces inter-NC cuprophilic interactions to increase the
average Cu(I)---Cu(I) distance, generating a blue-green emis-
sion. As the sheets show loose NCs arrangement, the
inter-NC cuprophilic interactions are weaker than that of
ribbons to decrease the average Cu(I)---Cu(I) distance, thus
decreasing the emission energy to give a red-shifted emis-
sion. More surprisingly, these NCs assemblies have been
used as the phosphors in the color conversion layer for fabri-

cating LEDs because of their strong emissions. As seen in
Figure 7E, mixing CuNC ribbons or sheets with the poly-
dimethylsiloxane precursors, and depositing on commercially
available GaN LED chip, gives LED devices with blue-green
and yellow emissions, respectively. Very impressively, CaNC
ribbons with blue-green emission, CuNC sheets with yellow
emission, and AuNC sheets with red emission are mixed in
aratio of 1.2/1/1.5 to produce a WLED (white light emitting
diode). This represents an unprecedented example to employ
metal NCs to fabricate WLED.

Zhang et al. have also provided a new perspective to
investigate the AIE origin, wherein they used a liquid-liquid
phase reaction system to initiate the self-assembly of CuNC-
17 into ultrathin nanosheets, which feature significant metal
defects-rich surface.l’’! It was observed that the emission
of the ultrathin nanosheets (Figure 8A) blue-shifts from 550
to 517 nm from 298 to 77 K, (Figure 8B), along with the
increase of emission intensity. Meanwhile, a new emission
peak upon cooling appears at 490 nm and shifts to 517 nm at
77 K. This indicates the coexistence of two emission states
for the nanosheets. In stark contrast, the block assemblies
with minimized metal defects exhibit only one band at 490
nm in the temperature-dependent emission measurement. It
is thus postulated that the T; state at 490 nm is the real
LMMCT-determined triplet state, while the metal defects of
nanosheets provide a lower metal energy level leading to the
red-shifted emission at 550 nm from the T, state (Figure 8C).
First, the metal defects-rich nanosheets possess increased
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Cu(I)-to-Cu(0) ratio to facilitate the radiative relaxation of
excitons to yield emission enhancement. Second, as sug-
gested by charge distribution by natural bond orbital (NBO),
the larger NBO charge of Cu and S atoms is observed for the
Cu;4-DTg and Cuy3-DTy with less coverage, which promotes
charge separation to enhance the emissions (Figure 8D). Fur-
thermore, DFT calculation indicates that once one or two Cu
atoms and/or DT ligands are missing in the Cu4DT, clus-
ters which generate Cuy3-DTy and/or Cu;,-DTjg, the bandgap
is slightly narrowed and more close to the Cu;4-DT¢ with less
coverage (Figure SE).

3 | APPLICATIONS OF CuNCs

The understanding of the atomically precise structures of
CuNCs not only provides an impactful insight into the prop-
erties of these metal NCs but also lays a basis to explore
their functional applications. In line with this, efforts have
been devoted to exploring their potential applications in CO,
ERR, chemical sensing, catalysis in organic synthesis, and
electronic devices.

31 | CO,ERR

CO; ERR refers to the catalyst-promoted conversion of CO,
to new carbon molecules such as CO, HCOOH, CHy, and
other hydrocarbons.*®! From both environmental and eco-
nomic viewpoints, CO, ERR is highly desirable not only to

alleviate the global warming effect, but also to convert the
excessive CO, into value-added chemicals. While CO, itself
is stable and relatively inert, efforts have been devoted them-
selves to develop catalysts for facile conversion of CO, to
the desired products.!*”! In this respect, exploration of Cu(I)
hydride NCs as catalysts for CO, ERR has several advan-
tages: 1) Cu(l) hydride NCs have capping and interstitial
hydrides that are favorable for binding CO,. Such favorable
binding interaction is attributed to the attraction between the
negatively charged hydride and the positively charged carbon
of CO,, which can easily initiate the CO, reduction reaction.
2) The negatively charged hydride facilitates the formation of
the HCOO* intermediate, thus releasing HCOOH instead of
CO as the product, which offers a new pathway to study the
product selectivity. 3) In contrast with the bulk metal surfaces
and nanoparticles, Cu(I) hydride NCs exhibit atomically pre-
cise structures, which can provide an opportunity to explore
the catalytic process and mechanism.[*"]

Practically, hydrides are located at the capping surface
and the interstitial positions of the metal core to stabilize
Cu(I) NCs. Unambiguous characterization of hydrides has
been a tricky task, where neutron diffraction, 'H NMR,
high-resolution electrospray-ionization mass spectrometry
(HR-ESI-MS), and DFT calculations have been employed
to testify the presence of hydrides.[*!] It is impressive
that in 2021, a deep-learning approach developed by com-
putational intelligence has been reported to pinpoint the
location of hydrides.[*’! As shown in Figure 9A, Jiang et al.
have created a three-dimensional convolutional neutral net-
work (3D-CNN) based on 23 reported crystal structures, the
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[CuysH;o(SPhCl,) 513~ (upper) and [Cug; (S'Bu)ysS¢ClgH 41* (lower). Reproduced with permission.[*>! Copyright 2021, Wiley. B: (a) Structure of CuNC-18.
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to show the u3-H environments (upper). Diamondoid arrangement of the outer Cu shell and ORTEP diagram of CuNC-18 with carbon, nitrogen, chloride, and
hydrogen atoms removed (lower). (c) Reactivity of CuNC-18 with CO, and CH,Cl,, the former of which gives a formate-containing species. Reproduced with

permission.[*3] Copyright 2015, Wiley

hydride positions of which have been confirmed by neutral
diffraction. Capitalized on this CNN method, the possibility
of hydride location in a CuNC can be thoroughly calcu-
lated. Next, by applying the symmetry of the Cu kernel to
the possible hydride frameworks, those with the same sym-
metry can be picked out. Then, by taking the NC stability
into consideration using DFT calculations, the most plau-
sible hydride framework will stand out. It is expected that
this computational methodology can accurately predict the
hydride positions, which is highly important for a better
understanding of both the structures and properties of Cu
hydride NCs.

In fact, Cu(I) hydride NCs were initially found to react
with CO, to give formate-containing complexes, as exempli-
fied by [Cu(I)14H12(phen)6(PPh3)4][C1]2 (CUNC—IS, phen =
1,10-phenanthroline) reported by Hayton.[**! As shown in
Figure 9B-a, CuNC-18 features a tetrahedral [Cuy]** core,
which is connected through Cu(I)---Cu(I) bonds to a diamon-
doid arrangement of ten Cu(I) atoms (Figure 9B-b). These ten
Cu(I) atoms are coordinated by four PPh; ligands arranged at
the corners of a tetrahedron, and six phen ligands arranged
at the corners of an octahedron. As a result of such arrange-
ment, CuNC-18 features four hexagonal faces, wherein each
face is situated opposite to a Ph3P ligand. PW91 function-
als illustrate that the twelve hydride ligands coordinate to

the hexagonal copper faces, where each hydride ligand fea-
tures a u3 coordination mode (Figure 9B-b). As seen in
Figure 9B-c, CuNC-18 shows reactivity with CO, to yield
[Cu(I)(Ph3P)2(k2—OOCH)], which has laid a foundation for
their catalytic applications in CO, ERR.

Liu, Lee, and Jiang et al. reported the first example of CO,
ERR by a Cu(I) hydride nanocatalyst in 2017.1442 As shown
in Figure 10A-a, [Cu(I);,Hy){S,P(OPr),};,] (CuNC-19)
consists of thirty-two Cu atoms, twelve {S,P(O'Pr),}" lig-
ands, and twenty hydrides. Figure 10A-b shows the anatomy
of the Cu(I);, skeleton as a distorted hexacapped rhombo-
hedral core of fourteen Cu atoms sandwiched between two
triangular cupola fragments of (2 X 9) Cu atoms.!***] Con-
necting the hexagonal bases of the two nestlike triangular
cupola fragments generates an elongated triangular gyro-
bicupola. As seen in Figure 10A-a, the neutron diffraction
study of CuNC-19 clearly defines the position of twenty
hydrides: u3-H (6 + 6 = 12), uy-H (2 + 4 = 6), and us-H
(2). Six u3-H ligands cap six of the eight Cu; triangles of
both cupolae. The other six p3-H ligands bridge Cujy triangles
of the hexacapped rhombohedron. Two u4-H ligands, each
located at the center of one cupola, lie in a tetrahedral cavity
formed by one interior capping Cu atom of the hexacapped
rhombohedron and an apical Cuj triangle. The remaining four
u4-H ligands and two us-H ligands are located at the two
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HCOOH reduction to give H,COOH. Reproduced with permission.[**] Copyright 2020, Elsevier

interfaces between the hexacapped rhombohedron and the
cupolae. CuNC-19 is the first example exhibiting tri-, tetra-,
and pentacoordinated hydrides in capping and interstitial
modes.

Figure 10A-d,e shows the experimental results of CO,
ERR based on CuNC-19. As can be seen from Figure 10A-
d, the average current density during 90 min of controlled
potential electrolysis (CPE) becomes significant at the
overpotential of 0.3 V and increases with overpotential.
Figure 10A-d also shows the cumulative Faradaic efficiency
of the product formation after 90 min of CPE at different

overpotentials: H,, HCOOH, and CO were detected as the
main products accounting for the cumulative Faradaic effi-
ciency of >90%. The selectivity of these three products is
compared as a function of overpotential in Figure 10A-e.
CuNC-19 predominantly produces HCOOH at low overpo-
tentials (89% at 0.3 V and 83% at 0.4 V). By contrast,
the product selectivity dramatically changes when the over-
potential is higher than 0.5 V where H, is predominantly
produced (85% at 0.5 V and 94% at 0.6 V). These experimen-
tal results are in excellent agreement with our DFT prediction
that HCOOH formation is favored at low overpotential, while
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HER dominates at a higher overpotential. We further ana-
lyzed the turnover number of the CuNC-19 for HCOOH
production and found it to be 1740 mol of HCOOH per mole
of CuNC-19 after 90 min of CPE, supporting the replenish-
ment of the lattice hydrides during the CO, reduction. For
comparison, Cu(0) nanoparticles produced mainly CO at low
overpotentials,[*’] while Cu foil produced mainly H, at low
overpotentials. 0]

The mechanism for HCOOH production was proposed in
Figure 10A-c. DFT calculations show that among the twenty
hydrides, the exposed capping u3;-H1 hydride has the most
favorable binding for the CO, molecule, with a binding
strength of —0.24 eV. Initially, the us-H1 hydride is first
added to C to form Cuz,H;9L;,-HCOQO. Notably, the two O
atoms of the HCOO* intermediate are strongly bonded to the
surface Cu, forming a five-membered ring. HCOO* subse-
quently reacts with y4-H1 to release the HCOOH product.
The resulting Cuz,H gL, cluster with two hydride vacancies
then proceeds through the proton-reduction processes to refill
the two lattice-hydride sites. Impressively, during HCOOH
formation, the local structure of the Cu atoms around the
two reacting hydrides does not change much, even after the
loss of the interstitial uy-H1. This indicates that the struc-
tural stability of the Cu cluster framework can accommodate
the loss of the interstitial hydrides, thereby facilitating the
lattice-hydride mechanism to produce HCOOH. This report
has provided a fundamental basis to exploit the activity,
selectivity, and mechanism of Cu(I) hydride NCs for CO,
ERR.

In 2015, Hayton et al. reported [Cu(I),5H,,(PPh3);,]Cl
that is constructed from a Cu,5 centered-icosahedron and for-
mally features partial Cu(0) character.!*’] Tang et al. have
recently simulated its CO, ERR mechanism by using the
simplified formula [Cu(I),5H,,(PH3);,]Cl1 (CuNC-20) for
computational feasibility study (Figure 10B-a).[*8] Accord-
ing to the DFT calculations, the hydrides and the Cu(I),s
core play a synergistic role to dictate the selective reduction
of CO, to HCOOH. As shown in Figure 10B-b, hydrides
act as the hydrogen source to promote the formation of the
HCOO* intermediate. Next, the Cu(I),5 core can dictate sub-
sequent HCOO* binding to give HCOOH. These authors
have also explored the possibility of the subsequent reduction
of HCOOH to H,COOH, which is an intermediate to give the
CH;0H and HCHO products. However, this process, either
occurred in a proton channel or hydride transfer channel, is
very unfavorable, where the Gibbs free energy for H,COOH
formation and energy barrier for subsequent adsorption on
Cu surface is calculated to be 1.28-1.32 and 1.40-1.51 eV,
respectively (Figure 10B-c). This theoretical study gives fur-
ther evidence for the electrocatalytic mechanism of CO,
ERR.

Just recently, Robinson et al. reported [Cu;3(MBO),,H]
(MBO = 2-mercaptobenzoxazole) (CuNC-21).1*°1 The NC
of CuNC-21 consists of thirteen Cu atoms and twelve MBO
ligands, as revealed by single-crystal X-ray analysis. The
authors portray the Cu atom in the oxidation state between
0 and +1. As shown in Figure 11A, CuNC-21 adopts a novel
cap—core—cap configuration. In the Cuy,(MBO); cap, each
MBO ligand binds to a base Cu through an N atom while
the S atom links to an adjacent Cu and to the apical Cu. The
bonding configuration produces a tilting of the ligand plane
relative to the Cj axis of the Cuy pyramid, which imbues
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chirality on the Cuy(MBO); motif, with either a clockwise
or a counter-clockwise arrangement (Figure 11A). The lig-
ands are attached in a twisted fashion relative to the vertical
axis, imparting either a clockwise or a counter-clockwise chi-
rality to the Cus(MBO)g core (Figure 11A). For the core,
all N atoms are attached to the middle part of the triangu-
lar plane of copper atoms, while the S atoms are attached to
one apical Cu and also to a basal Cu from an adjacent cap. A
hydride located within the Cus core is determined from DFT
geometry optimization. The structure of CuNC-21 involves a
tertiary hierarchical complexity assembly. The primary struc-
ture shows a combination of the clockwise/counterclockwise
core Cuy caps and core Cus units. The secondary structure
involves the formation of a pair of enantiomeric isomers by
cap and core interactions (C—H---7r), as shown in Figure 11B.
Finally, self-assembly of the alternating enantiomers with
hydrogen bonds as the intermolecular driving force has led
to a tertiary hierarchical architecture (Figure 11C). It is worth
mentioning that an inhomogeneous charge distribution was
observed over the Cu,3 core to bear the Cu(0) character. For-
tunately, CuNC-21 is air-stable for further exploration of its
electrocatalytic property. It is active toward CO, reduction to
produce H, (78%), CO (20%) and CH, with onset potential
at —1.05 V (Figure 11E). Additionally, it is also an active
cathode catalyst for oxygen reduction reaction (ORR) to give
water and hydrogen peroxide in variable yields, depending
on the overpotential applied (Figure 11D). This study points
out a new horizon on NC-based hierarchical systems as novel
functional materials.

As aforementioned, Cu(I) hydride NCs capable of
accumulating hydrides in their structures are expected
to act as the hydrogen source, which also offers an
opportunity to explore their applications HER. In con-
nection with this, under different conditions including
solar irradiation, thermolysis, and acidification, release
of H, from hydride NCs has become viable, as exem-
plified by [Cu(l);gH(DPPE)¢][BF4;JC1 (DPPE =
bis(diphenylphosphino)ethane), [Cu(I)>oH;; {S,P(O'Pr), }ol,
and [Cu(I)»g(H);5(S,CN"Pr,),,](PFs) etc.°’] However,
these processes were accompanied by the simultaneous
degradation of NCs, and hence these CuNCs cannot be taken
as robust electrocatalysts. Very remarkably, as aforemen-
tioned, by using [Cu(I)3,(H),0{S,P(O'Pr),},,] (CuNC-19)
as a catalyst, HER occurs to produce H, with a 94% selec-
tivity at an overpotential of 0.6 V.[**] This process involves
consumption of the hydrides from the NC via the Heyrovsky
mechanism, and subsequent replenishment via the Volmer
mechanism from aqueous solution. The high stability of
this hydride-rich NC for electrocatalytic applications is
remarkable and promising for future development.

3.2 | Chemical sensing

The concentration level of H,O, is an important biologi-
cal parameter in studying Alzheimer’s disease, myocardial
infarction, and cancers,>'! which has posed a significant
challenge to develop efficient sensors for detection of the
H, 0, level. In this regard, metal-based electrocatalytic mate-
rials have been widely used due to their ability to enhance the
electrode conductivity and facilitate the electron transfer. Par-
ticularly, the electrocatalytic activity of metal NCs is strongly
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dependent on the exposed facets, which provides active metal
sites for interactions with H,O, to dictate electron transfer
to show good electrocatalytic performance.[>*] Thus, CuNCs
with open metal sites are potential chemical sensors for the
detection of H,0,.

In 2016, Clayborne and Chen et al. have
reported a  thiol-protected  sub-nanometer  cluster
[Cug(SC7H4NO)g][Na(C53HgO)g] (CuNC-22), in which
the oxidation state of the Cu atom is between 0 and +1.0°%
The Cug core can be viewed as a slightly distorted octahedron
(Figure 12A-b). In this Cug cluster, each sulfur atom forms
a bond with two Cu atoms. Meanwhile, two S atoms are
located at the opposite vertices of an octahedron and four Cu
atoms are bonded by a chair-like conformation (Figure 12A-
b). Furthermore, the nitrogen atoms form an additional
bond with the Cu atoms, thus enhancing their stability and
compatibility. CuNC-22 has a size of about 1.68 nm X 1.45
nm (Figure 12A-a). CuNC-22 was investigated for elec-
trochemical detection of H,O,. The CVs of CuNC-22/GC
electrode in 0.1 M phosphate buffer solution with different
concentrations of H,O, show obvious reduction current after
the introduction of H,O, and the reduction current increases
with the increase of H,O, concentration (Figure 12A-c). The
amperometric i—t curve (Figure 12A-d) also suggests that
the reduction current increases with the successive addition
of H,O, and the current can reach a steady state rapidly,
indicating the sensitive and fast response of CuNC-22 to
the concentration change of H,O,. The responding current
and concentration of H,O, display a linear relationship
(Figure 12A-e). The limit of detection (LOD) was estimated
to be 1.8 x 107® M based on the three times the standard

deviation for the average measurement of blank sample
(LOD = 30s~!). Meanwhile, from the fitting curve, a linear
range from 1.8 X 107° to 15 x 10~% M was obtained, which is
much wider than some previously reported sensing materials,
and both of the LOD and linear range are superior to the
previously reported Cu,O nanomaterials.*! Furthermore,
addition of a variety of analytes shows no influence on the
reduction current, also indicative of the high sensitivity of
the cluster to H,O, (Figure 12A-f). Even though CuNC-22
can be considered as a ligand-protected system, the two Cu
atoms at the opposing vertices in the octahedron are exposed,
which dictates the ability of CuNC-22 in the electrochemical
detection of small molecules. The results provide a new route
to use sub-nanoscale Cu clusters as new chemical sensors for
HzOz.

In 2019, Zang et al. reported a face-centered cubic (fcc)
Cu14 with CU(O) Character, [Cu14(C2B10H10S2)6(CH3CN)8]
(CuNC-23).°1 As shown in Figure 12B-a, the structure
of CuNC-23 contains a discrete cubic Cuy, skeleton with
six face-capping bidentate 1,2-dithiolate-o-carborane ligands,
and eight vertex-capping CH3;CN ligands. Each Cu atom
in the Cug** core adopts ten-coordinate geometry, bonding
to four adjacent Cu atoms at the octahedral vertices, four
Cu atoms from the corresponding face of the cubic Cug®*
shell, and two S atoms from one 1,2-dithiolate-o-carborane
ligand. In the Cug®* shell, each Cu atom adopts a seven-
coordinate geometry, bonding to three S atoms from three
different 1,2-dithiolate-o-carborane ligands, three Cu atoms
of the Cug** unit, and one CH3;CN molecule located at a
cubic corner. Each thiolate group links one Cu atom from
the Cug** core and two Cu atoms from the Cug®* shell.
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A: (a) Structure of CuNC-22 and (b) its structure anatomy. Color legend: green sphere, Cu; yellow sphere, S; blue sphere, N; red sphere, O;

light gray sphere, C; deep gray sphere, H. (c) CVs of the CuNC-22 with different concentrations of H,O,. (d) Amperometric i— curve of the CuNC-22 upon
the successive addition of H,O,. (e) The linear relationship between the responding current and concentration of H,O,. (f) The amperometric responses on
alternate addition of interfering chemicals and H,O,. Reproduced with permission.[>3! Copyright 2016, Wiley. B: (a) Structure anatomy of CuNC-23. Color
codes: brown and pink = copper; yellow = sulfur; gray = carbon; blue = nitrogen; turquoise = boron. (b) CVs of blank electrode and CuNC-23 with different
concentrations of H,O,. (c) Amperometric it curve of CuNC-23 upon the successive addition of H,O,. Reproduced with permission.[3>] Copyright 2019,

Wiley

In the electrochemical detection experiments of H,0,, the
CVs of CuNC-23/GC electrode show that the reduction cur-
rent appears after the introduction of H,O, and the reduction
current increases with the increasing H,O, concentration
(Figure 12B-b). The amperometric i—t curve of CuNC-23
to the successive addition of H,O, further demonstrates the
sensitive and fast response of CuNC-23 to the concentration
change of H,O, (Figure 12B-c). A linear relationship was
also observed between the responding current and concentra-
tion of H,0,. The LOD was estimated to be 2.3 X 107® M
based on the standard deviation for the average measurement
of the blank sample (LOD = 3os~!). It appears that the cavi-
ties in CuNC-23 act as the active sites for the detection of the
H,0, molecules.

3.3 | Catalysis in organic synthesis

In pursuit of well-defined nanocatalysts, atomically precise
metal NCs are expected to constitute a new class of model
catalysts.’°! First, in general, the smaller the size is, the

larger the specific surface area would be, and hence the higher
the catalytic activity, which can largely enhance the atom-
utilization rate of the catalysts. Thus, CuNCs as a unique class
of materials that are typically smaller than 3 nm are desir-
able catalysts. Second, CuNCs show rich compositions and
structures and therefore can provide variable active sites for
catalyzing a variety of reactions. Third, CuNCs show atomi-
cally precise structures that are expected to offer mechanistic
insights into the catalytic reactions from both experimen-
tal and theoretical viewpoints. As a result, efforts have been
devoted to exploring the utilization of CuNCs as catalysts in
various types of organic reactions.

Astruc et al. inspected the catalytic property of
[PhsPCu(I)H]¢ and CuNC-18 in the CuAAC reactions,
where the optimized reaction proceeded to give the tria-
zole product with the respective yield of 94% and 99%,
which is slightly higher than that of the hydride-free
[Cug(C7H4NOS)g ]~ (Figure 13A).1%1 Liu et al. have disclosed
a hydride-centered NC of [Cu(I)g(u4-H){S,P(OEt), }¢1[PF¢]
(CuNC-24), which can be applied as a catalyst for the
cycloaddition of organic azides with both internal and
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(A) Comparison of the catalytic efficiency of three cluster species including CuNC-18 for CuAAC reactions. Reproduced with

permission.[®] Copyright 2018, Wiley. (B) Structure of CuNC-24 and its catalytic application for the cycloaddition of organic azides with terminal and internal
alkynes. Their respective mechanisms are shown in the dotted box. CuNC-24 is shown in the form of Cu-L complexes to easily illustrate the mechanism.

Reproduced with permission.l>”] Copyright 2013, Springer Nature

terminal alkynes for preparing the respective substituted
triazoles (Figure 13B).1°7! With CuNC-24 loading as low
as 0.4 mol%, the reactions of terminal alkynes with BnN;
proceeded smoothly at ambient temperature to exclusively
produce 1,4-triazoles in good yields. It was assumed that
the terminal hydrogen of the alkyne was abstracted by the
hydrides from the cluster to form the Cu(I) acetylide com-
pound, which is a requisite intermediate for click chemistry.
In contrast, CuNC-24 also exhibits activity in DMF at an
elevated temperature for the cycloaddition of internal alkynes
to yield 1,4,5-trisubstituted triazoles. Unlike the case of
terminal alkynes, it is proposed that the cycloaddition can
only be induced after CuNC-24 simultaneously coordinates
with both azides and internal alkynes to give a six-membered
metalla-cyclic intermediate. Then, the triazole product is
formed accompanied by the release of CuNC-24 for the
next catalytic cycle. Their respective mechanisms have been
shown in Figure 13B.

Hayton et al. reported the first example of a two-electron
Cu superatom [Cu,(C=CPh);»(0Ac)s)] (CuNC-25).581
CuNC-25 contains a tetrahedral [Cu,]** core (Figure 14A-
a,b), which is encapsulated by the [Cu;4(C=CPh);,(0Ac)s]>
shell. The twelve acetylide ligands incorporated into the
[Cu,4(C=CPh),,(OAc)¢]*" shell are arranged in four [cyclo-
Cu(C=CPh)]; units, which are situated at the vertices of a
tetrahedron (Figure 14A-c,d). One of the twelve acetylide lig-
ands adopts a u,:n' ' »?n? binding mode, four feature a
usn' p' »? binding mode, and seven show a w,:n' ' n' n?
binding mode. The six acetate ligands are bound in the x,
fashion. Whilst a small Cu(I) acetylide cluster bearing the
same binding modes of acetylide ligands with CuNC-25 has
been reported to catalyze the [3 + 2] cycloaddition reaction
of alkynes and azides,>’! it was found that CuNC-25 can
also catalyze the Huisgen [3 + 2] cycloaddition reaction to
give triazoles. In addition, CuNC-25 can be readily immobi-

lized on dry, partially dehydroxylated silica by the release of 1
equiv of phenylacetylene per NC to give the substituted NC of
[Cuy(C=CPh);;(0Ac)6(0Si=)] (CuNC-25a, Figure 14A-
e), which appears to be a substantially more stable catalyst
for the click chemistry reactions under the reaction con-
ditions (Figure 14A-f). More importantly, neither of them
requires harsh pretreatment for activation, which suggests the
utility of CuNCs as stable catalysts in organometallic syn-
thesis. In terms of the catalytic mechanism, it was proposed
that the first step involves reaction of benzyl azide with a
bound phenylacetylide ligand, resulting in the formation of a
Cu-bound triazolate fragment. This fragment undergoes sub-
sequent protonolysis with an incoming alkyne to generate a
triazole product.

Hékkinen and Zheng et al. have reported
[Cu(I),sH;((SPhCl,),5](PPh,); (CuNC-26),[°° which is
shown in Figure 14B-a. The anatomy of the core structure
is based on the different atomic shells. Figure 14B-b shows
the Cu@Cu, core as a centered twinned cuboctahedron.
Figure 14B-c shows the next layer of metal atoms that forms a
truncated vs tetrahedral (t3t) shell in such a way that each dis-
torted hexagonal face of the shell aligns with a trigonal face
of the cuboctahedron core. Figure 14B-d shows the positions
of the S atoms from the thiolate ligands, and DFT-optimized
structures with hydrides are also shown in Figure 14B-e.
These authors have made use of the hydride components to
explore new catalytic reactions, where CuNC-26 is capable
of catalyzing the hydrogenation of ketones to alcohols under
mild conditions (Figure 14B-f). Theoretical calculations and
experimental results have validated that the hydrogenation
reaction only eventuates around the hydride site, and the
hydrides are the source for hydrogenation to evoke such
single-site mechanism. Specifically, DFT computations have
suggested the most plausible pathway, that is, hydrogenation
of the ketone by hydrides from the NC leads to the formation
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FIGURE 14

A: (a) Structure of CuNC-25. (b) Tetrahedral [Cuy]** core (blue) along with face-capping Cu atoms (green). Color legend: Cu = blue,

green; C = gray; O = red. (c) and (d) Coordination modes of the ligands. (e) Ligand exchange reaction to form CuNC-25a. (f) Catalytic application of
CuNC-25 and CuNC-25a in [3 + 2] cycloaddition reaction. Reproduced with permission.l°®! Copyright 2018, American Chemical Society. B: (a) Structure
of CuNC-26. Color code: dark-red and light-brown, Cu; gray, C; yellow, S; bright green, CI; purple, P. (b) Centered twinned cuboctahedron Cu@Cu,, inner
core. (c) Third layer forming a Cuy,-truncated v; tetrahedral shell; (d) Cu atoms within the shell and in the two layers bridged by u,- and u3-S atoms. (e)
DFT-optimized structure with the hydrides shown. (f) Catalytic application of CuNC-26 for thhydrogenation of 2-hexanone and 3-hexanone with the proposed
mechanism in the dotted box. In 2-hexanone, R and R, are CH3(CH;);— and CH3;—, whereas in 3-hexanone, R; and R, are CH3(CH,),— and CH3;CH,—.

Reproduced with permission.!°] Copyright 2019, Wiley

of aldehyde and then the alcohol product, wherein the two
hydride vacancies in the NC were eventually replenished by
H,. This is the first report to synchronously determine the
atomically precise structure and catalytic mechanism of a
CuNC for CO, ERR.

Tanase et al. have recently utilized a kinetically
controlled procedure to synthesize an unsymmetri-
cal NC of [Cu(I)gHe(u-dpmppm);](PFs), (CuNC-27,
dpmppm = meso-bis[(diphenylphosphinomethyl)phenyl
phosphino]methane).[°'] CuNC-27 has an unsymmetrical
Cug core supported by three dpmppm ligands, in which two
apex-shared tetrahedral Cuy units (Cul—Cu4 and Cu4—Cu7)
are bridged by Cu8 atom (Figure 15A-a,c). The hydride posi-
tions were determined by DFT calculations, where a couple
of plausible initial positions were examined by optimization
of the hydrides with {Cug(u-dpmppm);}3* cluster frame-
work fixed as in the crystal structure, and then all atoms were
optimized with B3LYP/Lanl2dz (Cu), 6-3114+G** (hydride
H), and 6-31G* (others), resulting in the NC structure shown
in Figure 15A-b. CuNC-27 reacted with CO, under mild
conditions to afford [Cu(I)4(u-dpmppm),-(HCO,);](PFe)
comprising formate bridges. On this basis, catalytic hydro-
genation of CO, by H, to formate in the presence of DBU
(1,8-diazabicyclo[5.4.0Jundec-7-ene) was established by

using CuNC-27 as a catalyst (Figure 15A-d). The result
highlights that the new motif of Cu(I) hydride clusters could
be established by the tetraphosphine ligands to boost their
reactivity in hydrogenation reactions.

Notably, Tanase et al. also reported [Cu(I)sHg
(u-dppm)s;](PFg), (CuNC-28, dppm = bis(diphenylphos
phino)methane).[°?] X-ray analysis establishes the structure
of CuNC-28 to contain an octanuclear Cu(I) cluster con-
solidated by five dppm ligands (Figure 15B-a). The metal
framework is essentially recognized as a trans-bicapped
octahedron in which the Cul—Cu6 atoms compose the Cug
core and Cu7 and Cu8 atoms cap the octahedron. The Cu(I)g
is protected by dppm ligands to reveal the CugP;, overall
structure (Figure 15B-c). The six hydride positions were
evaluated by DFT optimization (Figure 15B-b). CuNC-28
shows facile reactivity toward CO, that can be developed to
give an unprecedented hydrosilylation of CO,, as shown in
Figure 15B-d.

Zhang and his co-workers have synthesized a high-
nuclearity CuNC with Cu(0) character, namely, [Cus3(4-
FC=CPh)o(dppp)sClg(OAc)g] (CuNC-29), where dppp =
1,3-bis(diphenylphosphino)propane.!®*! The overall structure
is shown in Figure 16A-a. Cu atoms are arranged into
a five-layer structure protected by four different kinds of

85UB01 7 SUOWILLOD BAeaID 3|qedljdde 8Ly Aq pausenob afe sspoiie VO ‘8N JO Sa|nJ 10j Arig1T8UIIUO AB]IM UO (SUOTPUOD-PUe-SWB)LI0D A8 | 1M ARe1q 1 oU1|UO//:SdNY) SUORIPUOD PUe SWLB | 38U} 88S *[£202/TT/9T] uo A%eiqiauluo Ao jim ‘AiseAn oluyosiAjod Buoy BuoH Aq 99z ZiBe/z00T 0T/10p/Lwoo A8 |mAreiqjeuljuo//sdny Wwol pepeojumod ‘T ‘€202 ‘09572692



19 of 26 W ILEY AGGREGATE

@ ®) 9
«
Q \
br‘/ﬂ \‘u\ > [ - 18
\\‘ ) ’/
L
b)

Hi11 Cué  Cul {110

d DBU, CuNC-27 - CuNC-28 1l
) CO, + H ——————— HCOO 9 ResiH + CO, ————» RySi0—C—H
100°C, ACN 45°C, ACN

FIGURE 15 A: (a) Structure of CuNC-27. (b) {CugHg}>* core structure determined by DFT calculations. (c) Coordination modes of dpmppm with
the Cug core. d) Catalytic application of CuNC-27 for hydrogenation of CO,. Reproduced with permission.[®' Copyright 2020, Wiley. B: (a) Structure of
CuNC-28. (b) The {CugHg}>* structure determined by DFT calculations. (c) Coordination modes of dppm with the Cug core. (d) Catalytic application of
CuNC-28 for hydrosilylation of CO,. Reproduced with permission.[®2] Copyright 2017, Wiley
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FIGURE 16 A:(a) Structure of CuNC-29. Cu orange/green, O red, P purple, Cl green, N dark blue, F light blue, C gray, H white. (b) Layered structure
of 41 Cu atoms in Cusj3. (c) highlight of five dodeca-coordinated Cu atoms (green color). (d) Top view of the top and bottom layers. (e,f) Coordination modes
of acetate groups and 4-fluorophenylacetylene with Cu atoms. (g) Catalytic application of CuNC-29 for homocoupling of phenylacetylene. Reproduced with
permission.[%3] Copyright 2020, Wiley. B: (a) Structure of CuNC-30. (b) Computed geometry of CuNC-30 using def2-TZVP to decipher the hydrides. (c)
Catalytic application of CuNC-30 for dehydrogenation of formic acid. Reproduced with permission.[°®] Copyright 2020, Wiley
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ligands, including nine 4-fluorophenylacetylene, six dppp, six
acetate, and six chlorine ligands. Fifty-three Cu atoms fall
into two categories, where forty-one of them build up the
ABABC layers (Figure 16A-b), and the remaining twelve
Cu atoms coordinate with six bidentate dppp ligands. The
recently reported NCs with Cu(0) character are characterized
by their respective polyhedron kernels with one 12-fold coor-
dinated Cu.[%%] In CuNC-29, there are five such Cu atoms
to form a triangular bipyramid (Figure 16A-c). The acetate
groups bond with Cu atoms in the y, mode (Figure 16A-e)
and each 4-fluorophenylacetylene bonds with four Cu atoms
(Figure 16A-f). In Figure 16A-d, a perpendicular view indi-
cates the orientation of the phosphine ligands in a staggered
conformation. Experimental results from their catalytic activ-
ity in the homocoupling reactions of phenylacetylene are
also surprising (Figure 16A-g), where the CuNC-29 shows
the highest activity (substrate conversion of 99.9%). This is
probably due to the presence of six small, labile chloride
anions, which facilitates the interactions with the substrate
to promote the catalytic efficiency.

Tilley group has utilized [Cu(II),(DPFN)(OH),](NTf;),
(DPEN = 2,7-bis(fluoro-di(2-pyr-idyl)methyl)-1,8-naphthyri
dine; NTf = bis(trifluoromethanesulfonyl)imide) as a precur-
sor to react with PhSiHj to synthesize a pentanuclear cluster
[Cu(I)s(DPFN),H,](NTf;)3; (CuNC-30), in which the Cu(I)
core adopts a planar “bow tie” configuration (Figure 16B-
a,b).1] In contrast to the putative Cu(I) hydride NCs that
are susceptible for CO, insertion, this cluster is quite sta-
ble under a CO, atmosphere. On the contrary, it serves as
an efficient catalyst under mild conditions for the dehydro-
genation of formic acid to give H, and CO, (Figure 16B-c).
The mechanism of this interesting transformation is unclear.
It is very impressive that this Cu(I) hydride cluster exhibits
an unusual catalytic reactivity, which may represent useful
mimics or models as new Cu(I) hydride catalysts for the
dehydrogenation reactions.

Zheng and Heyon et al. have recently prepared
[Cu(I)3,(PET),4HgCl,](PPhy), (CuNC-31, PET = 2-
phenylethanethiolate).°”] CuNC-31 reveals a core—shell
structure with a Cuj4Hg core and a Cu;g(PET),4Cl, metal-
ligand shell. The Cu;4Hg unit can be taken as two Cug
square antiprisms edge-shared into a rod-shaped Cu;4 core
(Figure 17A). Such a bisquare antiprismatic core is iden-
tified for the first time among coinage metal NCs. The
metal-ligand shell of the cluster is made up of two sim-
ple triangular Cu,PET and two complex Cuy(PET);;Cl
motifs (Figure 17B). The Cu;(PET);;Cl motifs appear as a
crown, where both Cl are present in the bridging (¢,) mode
(Figure 17C). The triangular Cu, PET motifs are linked to the
Cu;4Hg rod on the opposite sides such that two Cu atoms in
both motifs are parallel to the edge being shared by the two
square antiprisms. Finally, the two Cu;(PET); Cl motifs bind
to the Cuy4Hg core from its left and right side, generating
the overall structure of the Cus,(PET),4HgCl, framework
(Figure 17D). Electronic calculations have confirmed CuNC-
31 as a zero-free-electron system. Interestingly, it is a highly
active homogeneous catalyst toward the C—N bond forma-
tion in aniline carbonylation reactions at room temperature
to yield carbamates (Figure 17E). Specifically, Cu clusters in
CDCl;, aniline, and methyl- and halide-substituted aniline
were reacted with diisopropyl azodicarboxylate (DIAD) in
an inert atmosphere for 3 h. As a result, the conversion rate
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of three anilines shows 100%, indicating the high catalytic
activity of CuNC-31. The isolated yields of the carba-
mate product for aniline, methyl-substituted aniline, and
bromine-substituted aniline are 60.5%, 47.4%, and 46.7%,
respectively. Control experiments using Cul and Cu(I)-PET
thiolate compound as catalysts only yielded aniline deriva-
tives as the predominate products. The mechanism of aniline
carbonylation is believed to proceed via the formation of
highly active oxyacyl radicals upon the decomposition of
DIAD on Cu catalyst (Figure 17E). The specific interactions
between aniline/aniline radicals and the surface of CuNC-31
would favor the formation of the desired carbamate product.
Because such specific interactions are lacking or minimized
in the case of Cul or CuPET thiolate, aniline radicals would
uncontrollably combine to give a poor selectivity for the
carbamate product.

Sun et al. have reported two quasi-structurally isomeric
CuNCs of [Cu(I);3Nay(CZ-PrA)s(TC4A),Cl(MeOH),]
(CuNC-32a) and [Cu(I);3Na(CZ-PrA)s(TC4A),(MeOH)]-
MeOH-DCM-CH;COCH; (CuNC-32b), where CZ-PrAH =
9-(prop-2-yn-1-yl)-9H-carbazole and H,TC4A = p-tert-
butylthiacalix[4]arene, as shown in Figure 18A-a,b.198] The
Cu,3 kernel is built from a Cus trigonal bipyramid sharing an
equatorial Cu atom with a Cus square pyramid, and the other
two equatorial Cu atoms each is appended by two more Cu
atoms (Figure 18A-c). In contrast, the Cus trigonal bipyramid
in CuNC-32a is more geometrically deformed due to a bridg-
ing CI” ion. The CZ-PrA~ ligands show three coordination
modes and the TC4A*" ligands show the same coordination
mode of u, using both phenolic hydroxyl and bridging sulfur
atoms to coordinate with Cu(I) (Figure 18A-d).

In terms of the capability for molecular oxygen activa-
tion, CuNC-32a exhibits higher 'O, and lower O,"" yields
than that of CuNC-32b (Figure 18B-b,c). This is due to
the charge transfer of CI” to Cu core (X(cMc,)CT) in
CuNC-32a driving blue-shift of the absorption to enlarge
the bandgap for easier generation of 'O, (Figure 18B-a).
Correspondingly, CuNC-32a and CuNC-32b show differ-
ent photocatalytic properties for the selective oxidation of
sulfides. As shown in Figure 18B-d, while the two NCs
show the same high conversion rates (>99.9%) of dimethyl
sulfide to dimethyl sulfoxide, CuNC-32a shows a higher
selectivity of 99.9% compared to 93.4% of CuNC-32b. Fur-
thermore, the selectivity of CuNC-32a for producing methyl
phenyl sulfoxide (94.8%) is lower than that for producing
dimethyl sulfoxide (99.9%), which indicates the inductive
effect of the substituent groups on product selectivity. The
reaction mechanism involves 'O, reacting with sulfide to
form a persulfoxide intermediate, followed by oxidation of
the persulfoxide intermediate to sulfoxide.

3.4 | Electronic devices

The unique physical and chemical properties of CuNCs make
them suitable candidates for various applications. One of the
applications is to transform them into electronic devices. As
aforementioned, Zhang et al. have reported the application
of CuNCs in LED devices.[3°] However, the development of
CuNC-based devices has only been limited to several exam-
ples, and further experimental studies are highly demanded to
boost the development of this field.
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(A) Structure of CuNC-31. (B) Formation of the Cu;4Hg core. (C) Metal-ligand motifs. (D) Linking of motifs with the Cu;4Hg core. (E)

Catalytic application of CuNC-31 for the carbonylation of anilines and the proposed mechanism in the dotted box. Reproduced with permission.®’! Copyright

2020, American Chemical Society

Zheng et al. have synthesized a superatomic two-electron
NC [CU53(CF3COO)]()(CECZBH)Q()Cle]8]+ (CUNC-33),
the total structure of which is shown in Figure 19A-
a. The Cusy skeleton bears a unique four-concentric-shell
Cu; @Cu,(Cl, @Cu,,@Cu, structure (Figure 19A-b).[%]
Three Cu atoms form an ideal isosceles triangle core. The
shelll is Cu(Cl,, where the twelve atoms are arranged in
an icosahedral form with two Cl atoms at the two poles. The
shell2 is a Cuy, pentagonal dodecahedron. Such an atomic
arrangement makes CuNC-33 the rare case with two con-
centric icosahedral and dodecahedral shells. The shell3 is a
nanowheel with a diameter of 11 A consisting of twenty Cu
atoms (Figure 19A-c). With twenty ‘BuC=C", ten CF;COO",
and two CI~ groups ligating on the surface of metal frame-
work, CuNC-33 has a van der Waals diameter of 1.8 nm.
Figure 19A-d illustrates the coordination modes of the var-
ious ligands: the twenty ‘BuC=C" ligands in two different
coordination modes of uz-n'n'n%, and ws-n' ' n'n?; ten

CF;CO0~ as u,-n'n' ligands; as well as two us-chloride
ligands. Of comparable interest is that CuNC-33 is read-
ily soluble in diethyl ether, which allows preparation of a
thin film to fabricate an electronic device (Figure 19A-e).
By taking this advantage, a device with an FTO/ETL/m-
TiO,/CH3;NH;Pbl;/HTL/Au configuration was adopted. The
hole-transport layer (HTL) is the high-quality y-Cul film,
which was converted from the NC by in situ iodination at
room temperature. Notably, preparation of high-quality y-Cul
films using conventional wet-chemical methods is very diffi-
cult. Upon application, a y-Cul based perovskite solar cell
(PSCs) with 14.3 % of efficiency was achieved. In terms of
hysteresis, the device with y-Cul showed minimal hysteresis,
while the device without y-Cul exhibited severe hysteresis
with a relatively low efficiency of 4.0% in the forward scan.
Mak et al. have reported two mixed-valence Cu(l)/
Cu(Il) NCs, {[Cu(IDO4]-[VO4], @Cu(I)46(C=C'Bu)y;
('BuP03),(H,0)}-(BF;); (CuNC-34) and {[Cu(IT)Og]
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FIGURE 18 A: (a) Illustration of the quasi-isomerization of CuNC-32a/32b. (b) Molecular structures of CuNC-32a/32b. (c) Cu,;; kernels. (d) Coordi-

nation modes of CZ-PrA~ and TC4A*" ligands. Color labels: purple and red, Cu; cyan, Na; gray, C; red, O; blue, N; yellow, S; green, Cl. B: (a) UV—vis spectra
and (b) Mott-Schottky plots. (c) Mechanism of CuNC-32a/32b with 30, for 'O, and O,*~ photogeneration. (d) Catalytic application of CuNC-32a/32b for
the oxidation of sulfides. Reproduced with permission.[%%] Copyright 2022, American Chemical Society

@Cu(I)47(C=C'Pr)33 }-(Cl04), (CuNC-35). In both NCs, the
interstitial Cu(II) cation is stabilized within a Cu(I) shell by
forming Cu(I)~O—Cu(Il) interactions (Figure 19B-a,b).*¢]
As shown in Figure 19B-a, the octahedral coordination envi-
ronment of Cul in CuNC-34 exhibits significant Jahn—Teller
distortion, where atoms O1-O4 are equatorial donors with
Cu(II)—O bond lengths of 1.940-1.957 A, and O5 and 06 are
axial donors with elongated distances of 2.325 and 2.635 A,
respectively. In CuNC-35, Cul exhibits a distorted square-
planar coordination geometry with Cu(II)~O bond lengths
of 1.913(6)-1.945(6) A (Figure 19B-b). Bond valence sum
(BVS) calculations have confirmed the +II oxidation state
of the interstitial Cu(Il) cation. Furthermore, an electronic
device of Cu/sample/Au was fabricated in which the solid
pellet of each NC was used as the sample (Figure 19B-c).

Based on such device, their activation energies E, were
determined to be around 0.5 eV, and the electrical conduc-
tivity is 1.01 X 10 S m™!' for CuNC-34 and 1.24 x 1078
S m™! for CuNC-35 at the ambient temperature. While
the ligand-to-metal charge transfer (LMCT) emission from
alkynyl to Cu(l) is quenched by the subsequent intervalence
charge transfer (IVCT) from Cu(I) to Cu(Il), these succes-
sive processes have facilitated the electron transportation to
render these two NCs semiconductive. The result suggests
the explicit role of the Cu(II) component to lower E, to give
rise to the semiconductive nature.

Sun et al. have reported an air- and moisture-stable NC
of [Cuy3("BuC=C),53(CF;CO0)s] (CuNC-36) (Figure 19C-
a).l71 CuNC-36 contains a metallic framework of twenty-
three Cu atoms that can be viewed as a [Cu4]0 tetrahedron
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surrounded by an outer Cu,g shell (Figure 19C-b). Alter-
natively, it is a severely distorted icosahedron with Cuy
as a center face-fusing with another severely distorted
cuboctahedron (Figure 19C-c). Notably, CuNC-36 is a rare
four-electron superatom with a 1s”1p? electronic shell clo-
sure. In addition to the six CF;COO™ (x,-n'm') ligands,
thirteen ‘BuC=C~ ligands consolidate the surface of this
architecture by different coordination modes (Figure 19C-
d). Due to the broad absorption of this NC in the UV-vis
region, the photoelectrochemical properties of CuNC-36
were explored in a typical three-electrode system using
indium tin oxide (ITO) glass as the working electrode, plat-
inum wire as the assisting electrode, and Ag/AgCl as the
reference electrode. Practically, CuNC-36 was spin-coated

onto an ITO glass electrode to record the photocurrent. As
observed in Figure 19C-e, clear photocurrent responses were
observed compared to those of the blank ITO glass. The irra-
diation light-dependent increase and decrease of photocurrent
density indicate that CuNC-36 exhibits a good generation
and separation efficiency of photoinduced electrons/holes
pairs in ITO electrodes.

4 | CHALLENGES AND PROSPECTS

The present review describes the current development on
atomically precise CuNCs with appealing properties. Despite
the fact that progresses have been made in this area, it
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remains essentially at an embryonic stage. Particularly in
contrast to the fruitful achievements made in AuNCs and
AgNCs, significant obstacles have been posed to nourish
CuNCs. As shown below, we have suggested some chal-
lenges and possible future directions, which are expected
to motivate and accelerate the development of this young
area.

1. Synthetic regime. While the variable oxidation states of
Cu have contributed to the structural diversity, this in the
meantime makes it thorny to control the accurate synthe-
sis of CuNCs. For example, a library of Au superatoms
with magic electron counts from 2-electron to 58-electron
systems has been reported. However, only a handful of
CuNCs as 2-electron superatoms have been prepared.
Thus, a more general methodology to synthesize a particu-
lar type of CuNCs is highly desirable. Only when we have
an ease of access to CuNCs, we will be able to conduct a
more comprehensive analysis on their structure and prop-
erty characteristics, which in turn offers guidelines for the
designed synthesis.

2. Composition, structure, and size. Synthetic chemists have
been dedicated to assembling NCs larger in size, richer
in components, and more complicated in structures. This
task challenges our ability to state-of-the-art architectures
of CuNC:s. In addition to appreciating the elegant NC self-
assembly, the rich components and structures are also the
origins of new functionalities. Therefore, expanding the
scope of CuNCs by introducing new structural elements
should be an appealing direction. For instance, poly-
oxovanadates (POVs) and polyoxtungstates (POWs) are
potential candidates to be incorporated. They can either
serve as internal templates to be encapsulated within the
NCs or exist as large counter anions for NCs. The resulting
hybrid nanomaterials are expected to endow with proper-
ties inherited from both NCs and POVs/ POWs, which act
in synergy for enhanced functionality. However, relevant
studies are lacking. In addition, the size effect of metal
NCs has been proved to impact the catalytic properties
and efficiencies in solar cells. Unfortunately, the situation
in CuNCs becomes sticky since we still have no ability to
tailor the size of CuNCs.

3. Photophysical property. Photophysical property is the
central attraction of Cu(I) NCs, and it provides a wide
platform for in-depth investigations. Nonetheless, the
emission behavior of CuNCs appears to be a case-by-
case situation, which owes to their versatile compositions
and structures that consequently diversify their emis-
sions. Even for NCs of the same metal nuclearity, distinct
packing and arrangement of Cu atoms can lead to differ-
ent emission properties. Such variable emission property
makes the designed synthesis of NCs with functional
properties such as TADF and OLEDs a formidable task.
Even if theoretical studies can offer some insights into
the emission origins, the complicated structures of CuNCs
containing hundreds of and even a thousand of atoms have
posed limitations to theoretical predictions. Particularly, it
is extremely time-consuming and expensive to include all
possibilities into calculations to make solid conclusions.
So far, we are not aware of any exact rules and working
mechanisms on the emission property, not to mention the
rational design of specific emissive NCs.
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4. Potential application. Great promises have been rooted in
the appealing properties and prosperous applications of
CuNCs. On the one hand, for example, although a number
of Cu hydride NCs have been synthesized, only several of
them have been subjected to study their activities for CO,
ERR. Furthermore, by comparison with Cu nanoparticle
based electrocatalysts, CuNCs catalysts usually produce
CO and HCOOH as products. We are curious to the
electrocatalytic activity of the remaining NCs in the gen-
eration of other hydrocarbon products. Hence, continuous
efforts should be committed to systematically investigat-
ing the known properties of CuNCs. On the other hand,
the property and application of CuNCs have not been fully
discovered. For example, the deep-red NIR emissions with
long lifetimes are expected to be utilized in biomedical
imaging and sensing. Furthermore, their catalytic activ-
ities in organic synthesis can also be expanded to other
types of reactions.

5. Stability. Simultaneous solubility and stability of CuNCs
in solution is a prerequisite for their practical applica-
tions. Even in the laboratory research stage, fabrication of
electronic devices usually utilizes a solution-processable
procedure that requires excellent stability and solubility
of materials. However, the Cu-ligand interaction is labile
and degradation of high-nuclearity NCs easily occurs in
solution, and even if some NCs are stable, their solu-
bility is not good enough to prepare high-quality thin
films for fabricating the devices. This problem has largely
limited exploration of their applications. In this vein, lig-
and engineering as a feasible surface functionalization
approach may solve this problem. Through careful exami-
nation of the peripheral ligands, for example, the choice of
bulky and robust ligands, CuNCs are anticipated to show
enhanced stability and solubility.

6. Structure-property  correlation.  Materials  science
addresses the structure and property of materials at a
molecular, and hopefully at an atomic level. The most
prominent feature of CuNCs is their precise structures
and compositions at an atomic precision, and thus
CuNCs can serve as benchmark models to elucidate their
structure-property correlation. Evidently, this goal is still
far from reaching, which is understandable as hinted by
the aforementioned points. Although there are limitations
and difficulties encountered, it is expected that with the
deepening of future research, new aspects of CuNCs
can be uncovered, and ultimately the structure-property
correlation can be rationalized. In the long run, it is highly
desirable to achieve the rational synthesis of well-defined
CuNCs to attain desirable properties.
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