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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(CF;COO),, BuC=CH, Cu powder and Ph,SiH; using a gradient reduction (Cu'—Cu'—Cu’) strategy (GRS) which is
competent to control the kinetics of the reduction reaction, thus avoiding formation of pure Cu' complexes or large Cu® nanoparticles.
The solid-state structure of the Cuys nanocluster shows a rare [Cus]° tetrahedral kernel surrounded by an outer Cuyo shell which is
protected by ‘BuC=C- and CF;COO" ligands. The Cu,; nanocluster is a rare four-electron superatom with a 1S?1P? electronic shell
closure and can be crystallized in two polymorphs (R3¢ and R-3) depending on the solvent used. The crystallization of SD/Cu23a in
the R-3¢ space group is mainly governed by van der Waals forces and C-H---F interactions, whereas additional intermolecular C-
H- - Clepioroform 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.

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

INTRODUCTION ture-stable products more challenging. Until recently, few
nanoclusters with zero-valent copper characteristics were suc-

Atomically precise group 11 (i.e., Cu, Ag and Au) metal cessfully synthesized including [(Cp*AlCu)eHa],°
nanoclusters, a key bridge between molecular complexes and [CuzsHao(PPh3)12]CL"° [CuseCliHan(L1)12]C1 (L1 = 4,7-diphe-

plasmonic nanoparticles, have been comprehensively studied in nyl-1,10-phenanthroline),'! [Cuss(AICP*)10],12
the past decades owing to their aesthetically beautiful molecular [Cui3{S:CN"Bu, } (C=CC(0)OMe)s]", 3 and
structures and fascinating properties such as quantized elec- [Cus3(CF;CO0)1o('BuC=C)xClLH;s]"."* However, most of
tronic absorption, fluorescence, and catalysis, to name but a few them contain interstitial H™ ions, which may make the arrange-
general examples.! Since the breakthroughs in the study of ment of Cu atoms in the cluster very different from those packed
metal nanoclusters such as Auia(p-MBA)y and Aga(p- in actual copper nanoparticles or even metallic copper. Thus,
MBA)s;* revealed by single-crystal X-ray diffraction exploring suitable protection ligands, reductants, and reaction
(SCXRD),” the number of gold, silver and alloyed nanoclusters strategy for the synthesis of Cu® nanoclusters containing as few
with fully determined structures has been upsurging.® Based on H- atoms as possible would be highly desirable, although these
their structural information, we also have gained deep under- experiments are quite challenging.
standing into their metallic kernel structure, the interfacial On the basis of the above considerations, we envisaged a gra-
bonding between metal and ligand, the spatial arrangement of dient reduction strategy (GRS) to realize the valence of Cu atom
capping ligands, the growth/evolution mechanisms and even the evolving from +2 to +1 then to 0 by using different reductants
correlation between properties and structures,” all of which are at different stages. Inspired by the comproportionation of Cu
difficult to access for metal nanoparticles mainly characterized powder and Cu" salt to produce Cu' species,'> we further pro-
by transmission (TEM) and scanning (SEM) electron micro- moted the reduction reaction forward one step to get Cu’-con-
scopes. taining nanoclusters, [Cux;(‘BuC=C),3(CF;CO0)s] (SD/Cu23a)
In contrast to gold and silver, as their lighter congeners, cop- or [Cuz3(‘BuC=C);3(CF3COO0)s]-CHCl; (SD/Cu23b), which not
per nanoclusters remain one of the most daunting challenges only shows solvent-dependent polymorphism but also exempli-
facing synthetic chemists, which is consistent with the fact that fies the effectiveness of GRS. The Cu,; nanocluster shows the
there are very few Cu’ coordinati‘on complexe§ available to following characteristics: i) it contains a scarce [Cu4]® tetrahe-
date.> Although the Liu group has isolated a family of Cu' hy- dral kernel surrounded by an outer Cug shell; ii) it is a rare four-
dride clusters protected by dithiophosphates such as electron superatom with 1S21P? electronic shell closure; and iii)
[CuzoHi1 {S:P (O'_Pr)2}29]’6 [CuasHi5(S2CNR)12]PFs,” and it can be crystallized in two polymorphs (R3¢ and R-3) depend-
[CusoHao {S:P(OPr)s}1o]* using diverse reductants, they still ing on the solvent used, which helps us to recognize the domi-
lack any Cu® character. The main reasons responsible for scar- nant forces in forming different cluster packing fashions in crys-
city of Cu® nanocluster are i) lower susceptibility to reduction tals.

of Cu' precursors and ii) higher susceptibility to oxidation of as-
1



Scheme 1. Synthetic Route for SD/Cu23a and SD/Cu23b.
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RESULTS AND DISCUSSION

Synthesis Discussion

The overall synthesis of the Cuy; nanocluster involves two
steps where two different reductants were utilized in respective
steps (Scheme 1). Briefly, SD/Cu23a was prepared by the reac-
tion of Cu(CF;COO), and ‘BuC=CH in CH>Cl,/CH;0H in the
presence of Cu powder as reductant at room temperature. This
is the first step of the reaction that makes the initial blue solution
change to yellow-green, indicating that Cu' species were formed
as observed in the previous Cu' cluster systems.!® Addition of
Ph,SiH, to the foregoing solution made the color change from
yellow-green to orange, suggesting the formation of Cu® species.
The stepwise color evolution indicates the usefulness of GRS
(Figure S1a). The gradual reduction of Cu" to Cu' then to Cu®
using two reagents of different reducing ability can avoid the
formation of i) large Cu’ nanoparticles due to fast reduction ki-
netics if using a strong reducing reagent such as NaBHs, or ii)
pure Cu' nanoclusters due to the insufficient reduction ability of
Ph,SiH,. The reducing abilities of Cu powder and Ph,SiH, may
match well with the redox potentials of Cu'/Cu! and Cu!/Cu® in
the current reaction medium, respectively. The orange block
crystals of SD/Cu23a can be crystallized after five days and
collected together by filtration as bulk samples (~20% yield).
The crystalline sample of SD/Cu23a can maintain its color and
morphology unchanged for at least two months at ambient en-
vironment, which demonstrates its stability to light, moisture
and oxygen in solid state, as supported by UV-Vis spectra be-
fore and after aging (Figure S1b). If we added two reductants
into the mixture of Cu(CF;COO), and ‘BuC=CH together, the
initial blue solution does not change to orange, even elongating
the stirring time to 24h. If only Ph,SiH» was used, the resulting
mixture is a light yellow solution from which nothing can be
crystallized. If the above synthesis is performed in
CHCI3/CH;30H, we can isolate SD/Cu23b as red rod crystals
with a yield of 5%. SD/Cu23a and SD/Cu23b crystallized into
different space groups, in spite of possessing the same trigonal
crystal system. The use of Cu(CF;COO), in the synthesis of
SD/Cu23a or SD/Cu23b is very important because we cannot
isolate any crystalline products if we utilize Cu(NOs),,
Cu(OAc); or CuSOs. The synthesis details of SD/Cu23a and
SD/Cu23b are shown in the Supporting Information (SI).
SD/Cu23a was collected and characterized by a suite of stand-
ard chemical characterization methods, including powder X-ray
diffraction (PXRD), IR, elemental analysis, and energy disper-
sive X-ray spectrometry (EDS) elemental mapping (Figure S5-
S7). Density functional theory (DFT) calculations were also
performed on SD/Cu23a for understanding the electronic struc-
ture and optical properties in detail. Electrospray ionization
mass spectrometry (ESI-MS) of SD/Cu23a dissolved in CHCl;
did not provide useful information even adding CsOAc to help
ionization, which suggests i) SD/Cu23a is neutral and is hard
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to ionize under mass spectrometer conditions, or ii) it is frag-
mented in the ionization process. !’

X-Ray Structures of SD/Cu23a and SD/Cu23b

SCXRD revealed that SD/Cu23a and SD/Cu23b crystallize
in a trigonal unit cell under the R3c and R-3 space groups, re-
spectively. Due to the similarity of these two nanoclusters, we
only present the atomic structure of SD/Cu23a. The difference
of the cluster packing in the unit cell will be discussed at the
end of'this section. Based on the crystallographic structure anal-
ysis, the cluster is trisected based on the C; principle axis, giv-
ing only one-third of the cluster in the asymmetric unit and the
composition of SD/Cu23a is [Cun;(‘BuC=C);3(CF;COO0)s]
(Figure la and 1b). No counterions and solvents were observed
and no guests occupying voids in the unit cell were detected
using PLATON,'® which indicates that the Cu,; nanocluster is
neutral. Based on its formula, only 19 anionic ligands (13
‘BuC=C" and 6 CF;COQO") are found, with no additional anions
in the unit cell; these 19 anionic ligands would not balance the
charge if all 23 Cu atoms are in the +1 oxidation state, so four
of the 23 Cu atoms must effectively have a zero valence. Con-
sidering the short Cu---Cu distances and narrow distribution of
distances in the central Cuy tetrahedron which are similar to the
highly ordered structure of the bulk metal Cu, we tentatively
assigned this central Cuy tetrahedron as a neutral kernel. Ac-
cordingly, SD/Cu23a should be a 4e superatom. Hirshfeld par-
tial charges (Table S1) show that the five core atoms, especially
the Cuy tetrahedron, are essentially neutral, whereas the Cu at-
oms in the outer shell are more positively charged. To further
verify the mixed valent (Cu®/Cu') nature of SD/Cu23a, X-ray-
excited Auger electron spectroscopy was performed and clearly
shows two different LMM Auger kinetic energies at 918.54 and
915.26 eV (Figure Slc), corresponding to Cu’ and Cul, respec-
tively.?

Figure 1. (a) and (b) Total structure of the Cu,; nanocluster viewed side and
top along the (7 axis. (¢) The metallic framework of the Cuy; nanocluster
containing a Cuy, tetrahedron in center. (d) The coordination fashions of lig-
ands (coordination bonds are shown in black dashed lines) and their distri-
butions on the surface of the Cup; nanocluster. Color labels: Orange, Cu;
green, F; gray, C; red, O.



SD/Cu23a contains a metallic framework of 23 copper atoms
(Figure S2a) which, at first glance, resembles a severely dis-
torted icosahedron with Cu4 as a center (Figure S2b) face-fus-
ing with another severely distorted cuboctahedron with Cu$ as
the center (Figure S2¢). The Cu4 and Cu5 coordinate to the
twelve vertexes of the icosahedron and the nine vertexes of the
cuboctahedron with Cu---Cu separations of 2.57-3.07 A and
2.44-3.04 A, respectively. This Cuy; core is similar to the Au,;
core in the Ausg cluster® but is severely distorted from an ideal
bi-icosahedron.

Alternatively, we deemed this metallic framework as a Cuy
tetrahedron surrounded by an outer Cuyg shell (Figure 1c). The
vertex (Cu4) of the Cuy tetrahedron has a coordination number
of 12, slightly lower than that in metallic Cu.?! The Cu---Cu
distances within the Cuy tetrahedron fall in the range of 2.60-
2.68 A with an average value of 2.64 A, which is a little bit
longer than those in Cu metal (2.556 A),? but still comparable
to those in Cu’-containing clusters.!® Of note, Cu5 triply coor-
dinates to the base of Cuy tetrahedron with Cu---Cu distances
beyond 3 A, ruling out the possible trigonal bipyramidal core of
five Cu atoms. The Cu---Cu distances in the Cuyo shell span in
a wider range of 2.44-2.89 A. Although the pure metal tetrahe-
dral kernel has been widely observed in Au nanoclusters and
was seen as an important subunit in the “Auy tetrahedron-based
vertex-sharing” growth mode,?* the isolated Cuy tetrahedral ker-
nel has been rarely observed and the only example is a Cux
nanocluster carrying a [Cus]** tetrahedral kernel inside.?* The
structural elucidation of such an ultra-small Cu kernel will help
us to understand the cluster growth from small subunits into a
larger, overall structure. As homonuclearity counterparts, two
Auy; nanoclusters (JAu3(SR)i6] and [Auas(PhC=C)o(PhsP)e])
have been reported by the Jin and Wang groups, respectively.?*
The [Aus(SR)6] shows a bipyramidal Au,s kernel and trimeric
Auz(SR)4 motif, whereas [Aus3(PhC=C)q(PhsP)s] is comprised
of a Dsn Auys kernel surrounded by three PhC=C-Au-PhC=C-
Au-PhC=C motifs. Both of them have completely different ar-
rangements of metal atoms in the kernel compared to those in
SD/Cu23a.

On the surface of the Cup; framework, 13 ‘BuC=C" ligands
are distributed into four layers along the Cs axis, containing 1,
3, 6, and 3 'BuC=C" ligands (Figure S3). One of two poles is
occupied by one u-77':7": 77': 7t BuC=C" ligand. There are three
15-1':m': ! and three p-177:17':17': 1" ligands ligated in the equa-
torial region. Between the two poles and the equator, there are
two mixed-ligand layers each consisting of three alternating
‘BuC=C" and CF;COO" (x,-77':77") ligands. Interestingly, these
six ‘BuC=C" ligands take different coordination modes (3 in zu-
nPapint:n' and 3 in ws-17':n': ') in different layers (Figure 1d).
The Cu-C and Cu-O distances are in the ranges of 1.92-2.42 and
1.93-2.03 A, respectively.

The structure of SD/Cu23b is quite similar to that of
SD/Cu23a, but it crystallized as a CHCl; solvate which dramat-
ically changed the cluster packing in the unit cell, thus giving a
different space group with respect to SD/Cu23a. Both clusters
have two poles that lie along a crystallographic 3-fold axis with
only one pole occupied by a 6-bonded ‘BuC=C" ligand. Thus if
looking at this C; axis, we can define the “head” and “tail” as
the poles with and without the ‘BuC=C" ligand, respectively. In-
terestingly, as shown in Figure 2a and 2¢, SD/Cu23a exhibits a
head-to-tail packing along the ¢ axis through van der Waals
forces and C-H--‘F interactions, whereas a displaced head-to-
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head packing fashion was observed in SD/Cu23b viewed along
the same direction. Such a unique packing mode in SD/Cu23b
forms a double layer structure running along the ab plane
through similar supramolecular interactions. The double layer
as a unit is further separated by a layer of CHCls. Each CHCl3
is intercalated into a void formed by four SD/Cu23b arranged
in a tetrahedron through the C-H---Cl interactions that are not
available in SD/Cu23a. (Figure S4). The simplified cluster
packing patterns of SD/Cu23a and SD/Cu23b are shown in
Figure 2b and 2d, respectively. The formation of polymorphic
Cuy; nanoclusters may be mainly dictated by the C-H---Cl in-
teractions. CHCI; has one more Cl atom than CH,Cl,, which
increases the chance for the formation of C-H:--Cl interactions
during cluster crystallization.
Ao,

Figure 2. The head-to-tail (a) and head-to-head (c) cluster packing fashions
found in SD/Cu23a and SD/Cu23b. Color labels: Orange, Cu; green, F;
yellow, Cl; gray, C; red, O. Simplified cluster packing in SD/Cu23a (b) and
SD/Cu23b (d). Object labels: Pointed cylinder, Cu,3 nanocluster; purple el-
lipse, CHCl;.

Density Functional Theory (DFT) Calculations and Elec-
tronic Structure

SD/Cu23a can be dissolved well in CH,Cl, or CHClI; to give
a pale yellow solution which can change to green within one
hour if exposed to air at ambient environment, indicating
SD/Cu23a cannot maintain long-term stability in solution
likely due to the oxidation of Cu(I) to Cu(Il) by O in air. Thus,
the UV-Vis spectrum of SD/Cu23a in CHCl; was measured in
a tightly capped cuvette and showed an unstructured profile
with an absorption onset at 550 nm, which is quite similar to the
theoretical absorption spectrum (Figure 3). Compared to the un-
structured UV-Vis profile of SD/Cu23a, [Aux(SR)is] and
[Auz3(PhC=C)y(Ph3P)s]) exhibit distinct peaks in the visible re-
gion at 570 and 524 nm, respectively.?*
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Figure 3. The experimental UV-Vis absorption (red line) in comparison
with the calculated spectrum (black line) of SD/Cu23a. Inset: Experimental
(red line) and the calculated (black line) photon-energy plots of SD/Cu23a.

Based on the DFT calculations, the shape of the absorption
spectrum of SD/Cu23a primarily comes from its high density
of states (DOS) without any strong dominating transitions. As
shown in Table S2, the first ten excitations in
[Cuxs(‘BuC=C);3(CF3CO0)¢] lie in the energy range between
0.4 to 1.2 eV and arise from transitions from the HOMO to
LUMO through LUMO+9. The weak oscillator strength for
these excitations yields an absorption spectrum with a relatively
flat absorption intensity from 0 to 2 eV. The first excitation at
0.43 eV mostly comes from the HOMO-LUMO transition with
a weight of 0.9884 and is essentially an sp«—sp intraband tran-

-2.8

Energy (eV)

sition. This small excitation energy is reasonable due to the rel-
atively small HOMO-LUMO gap (0.398 eV) in the Kohn-Sham
orbital levels. Except for the 8" and 9" excitations, the weights
of the transitions primarily responsible for the first ten excita-
tions are above 0.9, which indicate that these correspond to sin-
gle-particle transitions from the HOMO to the LUMOs. These
transitions are not observed in the experimental UV-Vis spec-
trum, which is likely due to their low oscillator strengths. The
theoretical UV-vis spectrum is more defined than the experi-
mental spectrum, which may be due to the vibrational broaden-
ing at room temperature, cluster-solvent interactions, or other
factors.

As shown in Table S3, Figure 3, and Figure S13 the highest
oscillator strengths for any excited state in the UV-Vis region
are all small (less than 0.1). In consequence, no single distinc-
tive transition dominates the absorption spectrum. The high in-
tensity is a result of a high density of states. The excitation
around 3.18 eV has a relatively high oscillator strength value
(0.0905) due to the inclusion of three transitions with similar
weight (HOMO-25 — LUMO+3, HOMO-17 — LUMO+6,
HOMO-26 — LUMO+3). The HOMO-17, HOMO-25, and
HOMO-26 are mixture of 3d atomic orbitals from copper mixed
with carbon 2p orbitals.

The frontier Kohn-Sham orbitals of the SD/Cu23a cluster are
shown in Figure 4. The HOMO has a P-like character that
mostly come from the 4sp and 3d atomic orbitals of copper at-
oms in the core; the P-like character arises because of the nodal
plane in the HOMO orbital. Distorted @ bonds between carbon
atoms also contribute to this HOMO. The appearance of this
orbital provides support for the assignment of this nanoparticle
as a 4e (1S?1P?) superatom.”® The 1S orbital lies significantly
lower in energy than the HOMO, ligand-based orbitals, and the
copper 3d band.

LUMO+1



Figure 4. Kohn-Sham orbitals and orbital energy diagram for SD/Cu23a. Insets in the figure display representative alkyne (C=C) bonds. Color labels: Orange,

Cu; green, F; gray, C; red, O.

In the HOMO-1, the orbital has significant contribution from
m orbitals from carbon-carbon triple bonds. The orbital energy
diagram also features a relatively large energy gap (1.486 eV)
between the HOMO and HOMO-1 and a relatively small gap
(0.398 eV) between HOMO-LUMO. The calculation suggests
that [Cuxs(CF;CO0)s('BuC=C);3]** would possibly be a stable
charge state for this nanoparticle under other experimental con-
ditions (e.g. in polar solvents in the presence of counterions).

HOMO-2 is another orbital with n-like character between
carbon-carbon triple bonds, where the lobes of the 7 orbitals are
larger towards the tertbutyl groups. Like HOMO-2, the charac-
ter of HOMO-3 also shows significant contribution from car-
bon-carbon triple bonds. Contributions from carboxylate
groups increase in this orbital. The similarity of the HOMO-2
and HOMO-3 molecular orbitals can also be seen in the degen-
eracy in their Kohn-Sham energy levels. Orbitals directly below
the HOMO-3 have significant contributions from carbon & or-
bitals, with the copper 3d band below.

For SD/Cu23a, the LUMO primarily arises from copper at-
oms in the core of cluster. Both LUMO and LUMO+1 have ap-
proximate 1P character. The LUMOs immediately above the
LUMO+1 primarily come from ©* orbitals from carbon-carbon
bonds, although some orbitals also have large contributions
from the Cu 4sp orbitals.
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Figure 5. (a) The solid-state UV-Vis spectrum of SD/Cu23a. (b) Compar-
ison of photocurrent responses of blank and SD/Cu23a ITO electrodes in a
0.2 M Na,SO4 aqueous solution under repetitive irradiation.
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UV-Vis Spectrum and Photocurrent Response Properties of
SD/Cu23a

The solid-state UV-Vis absorption spectrum of SD/Cu23a
was recorded using the diffuse reflectance mode at room tem-
perature in the wavelength range from 200 to 1000 nm. As de-
picted in Figure 5a, there is a wide absorption band covering the
UV and visible regions (250-500 nm). This high energy absorp-
tion should originate from a mixture of m—n* transition of
‘BuC=C" and ligand-to-metal charge transfer. Based on the Ku-
belka—Munk function (Figure S8), a characteristic energy gap
of SD/Cu23a was estimated to be 1.45 eV. Based on the DFT
calculations, this may correspond to the 1.486 eV gap between
the core-based HOMO orbital and the ligand-based orbitals
(HOMO-1 and below). The sharp increase in absorbance cen-
tered around 1.8 ¢V in Figure S8 is likely due to the start of
ligand-to-metal excitations arising out of the ligand-based or-
bitals which are predicted to begin around 1.9 eV based on the
DEFT calculations. Of note, SD/Cu23a is non-emissive in solu-
tion and solid state, even at liquid nitrogen temperature.

Considering the broad absorption in the UV-Vis region, the
photoelectrochemical properties of SD/Cu23a was tested in a
typical three-clectrode system using ITO glass as the working
electrode, platinum wire as the assisting electrode, Ag/AgCl as
the reference electrode and keeping the bias voltage at 0.6 V.
Generally, the sample is suspended in an ethanol solution, fol-
lowed by the addition of 10 pL of a dilute solution of naphthol
in ethanol (0.5 wt. %), and then spin-coated onto an ITO glass
electrode. Upon on—off cycling irradiation with LED light (A =
420 nm; 50 W; intervals of 10 s), clear photocurrent responses
were observed compared to the blank ITO glass (Figure 5b) and
showed a gradual increase or decrease of the photocurrent den-
sity in the presence or absence of light irradiation which indi-
cates that SD/Cu23a has a good generation and separation effi-
ciency of photoinduced electrons/holes pairs in ITO electrodes
but the electron transport is not very good, thus producing de-
layed generation or decay of photocurrent responding to turning
the light irradiation on or off.

CONCLUSIONS

In summary, we employed a gradient reduction strategy in-
volving reduction of Cu® to Cu® through Cu' to synthesize an
air- and moisture-stable 23-copper nanocluster which can crys-
tallize into two polymorphs (R3¢ and R-3) controlled by the sol-
vents. The Cuy; cluster contains a rare [Cuy]° tetrahedral kernel
surrounded by an outer Cuyo shell, giving a typical core-shell
structure. The cluster packing in the solid state was governed
by solvent to give head-to-tail and head-to-head double layer
structures for SD/Cu23a and SD/Cu23b, respectively. This
work not only developed an effective gradient reduction strat-
egy for the synthesis of copper nanocluster but also provides a
better fundamental understanding of how the solvent influences
the packing of copper nanoclusters to produce the polymorphs.
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