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ABSTRACT: Due to the typical instability of copper nanoclusters, atom-precise structural elucidation of these nanoclusters has 

remained elusive. Herein, we report an air- and moisture-stable 23-copper nanocluster (SD/Cu23a or SD/Cu23b) isolated from the 

reaction of Cu(CF3COO)2,
 tBuC≡CH, Cu powder and Ph2SiH2 using a gradient reduction (CuII→CuI→Cu0) strategy (GRS) which is 

competent to control the kinetics of the reduction reaction, thus avoiding formation of pure CuI complexes or large Cu0 nanoparticles. 

The solid-state structure of the Cu23 nanocluster shows a rare [Cu4]
0 tetrahedral kernel surrounded by an outer Cu19 shell which is 

protected by tBuC≡C- and CF3COO- ligands. The Cu23 nanocluster is a rare four-electron superatom with a 1S21P2 electronic shell 

closure and can be crystallized in two polymorphs (R3c and R-3) depending on the solvent used. The crystallization of SD/Cu23a in 

the R-3c space group is mainly governed by van der Waals forces and C-H···F interactions, whereas additional intermolecular C-

H···Clchloroform interactions are responsible for the R-3 space group of SD/Cu23b. This work not only shows the ingenuity of a gradient 

reduction strategy for the synthesis of copper nanoclusters but also provides a better fundamental understanding of how to produce 

the polymorphic copper nanoclusters in a precisely tunable fashion. 

INTRODUCTION 

Atomically precise group 11 (i.e., Cu, Ag and Au) metal 

nanoclusters, a key bridge between molecular complexes and 

plasmonic nanoparticles, have been comprehensively studied in 

the past decades owing to their aesthetically beautiful molecular 

structures and fascinating properties such as quantized elec-

tronic absorption, fluorescence, and catalysis, to name but a few 

general examples.1 Since the breakthroughs in the study of 

metal nanoclusters such as Au102(p-MBA)44 and Ag44(p-

MBA)30
4- revealed by single-crystal X-ray diffraction 

(SCXRD),2 the number of gold, silver and alloyed nanoclusters 

with fully determined structures has been upsurging.3 Based on 

their structural information, we also have gained deep under-

standing into their metallic kernel structure, the interfacial 

bonding between metal and ligand, the spatial arrangement of 

capping ligands, the growth/evolution mechanisms and even the 

correlation between properties and structures,4 all of which are 

difficult to access for metal nanoparticles mainly characterized 

by transmission (TEM) and scanning (SEM) electron micro-

scopes. 

In contrast to gold and silver, as their lighter congeners, cop-

per nanoclusters remain one of the most daunting challenges 

facing synthetic chemists, which is consistent with the fact that 

there are very few Cu0 coordination complexes available to 

date.5 Although the Liu group has isolated a family of CuI hy-

dride clusters protected by dithiophosphates such as 

[Cu20H11{S2P(OiPr)2}29],
6 [Cu28H15(S2CNR)12]PF6,

7 and 

[Cu32H20{S2P(OiPr)2}12]
8 using diverse reductants, they still 

lack any Cu0 character. The main reasons responsible for scar-

city of Cu0 nanocluster are i) lower susceptibility to reduction 

of CuI precursors and ii) higher susceptibility to oxidation of as-

formed products, which render the isolation of air- and mois-

ture-stable products more challenging. Until recently, few 

nanoclusters with zero-valent copper characteristics were suc-

cessfully synthesized including [(Cp*AlCu)6H4],
9 

[Cu25H22(PPh3)12]Cl,10 [Cu29Cl4H22(L1)12]Cl (L1 = 4,7-diphe-

nyl-1,10-phenanthroline),11 [Cu43(AlCp*)12],
12 

[Cu13{S2CNnBu2}6(C≡CC(O)OMe)4]
+,13 and 

[Cu53(CF3COO)10(
tBuC≡C)20Cl2H18]

+.14 However, most of 

them contain interstitial H- ions, which may make the arrange-

ment of Cu atoms in the cluster very different from those packed 

in actual copper nanoparticles or even metallic copper. Thus, 

exploring suitable protection ligands, reductants, and reaction 

strategy for the synthesis of Cu0 nanoclusters containing as few 

H- atoms as possible would be highly desirable, although these 

experiments are quite challenging. 

On the basis of the above considerations, we envisaged a gra-

dient reduction strategy (GRS) to realize the valence of Cu atom 

evolving from +2 to +1 then to 0 by using different reductants 

at different stages. Inspired by the comproportionation of Cu 

powder and CuII salt to produce CuI species,15 we further pro-

moted the reduction reaction forward one step to get Cu0-con-

taining nanoclusters, [Cu23(
tBuC≡C)13(CF3COO)6] (SD/Cu23a) 

or [Cu23(
tBuC≡C)13(CF3COO)6]·CHCl3 (SD/Cu23b), which not 

only shows solvent-dependent polymorphism but also exempli-

fies the effectiveness of GRS. The Cu23 nanocluster shows the 

following characteristics: i) it contains a scarce [Cu4]
0 tetrahe-

dral kernel surrounded by an outer Cu19 shell; ii) it is a rare four-

electron superatom with 1S21P2 electronic shell closure; and iii) 

it can be crystallized in two polymorphs (R3c and R-3) depend-

ing on the solvent used, which helps us to recognize the domi-

nant forces in forming different cluster packing fashions in crys-

tals. 
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PXRD and IR. This information is available free of charge via the 

internet at http://pubs.acs.org. 
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