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ABSTRACT: Atomically precise copper nanoclusters (NCs) are of immense interest for a
variety of applications, but have remained elusive. Herein, we report the isolation of a
copper NC, [Cu,sH,,(PPh;),,]Cl (1), from the reaction of Cu(OAc) and CuCl with
Ph,SiH,, in the presence of PPh;. Complex 1 has been fully characterized, including analysis
by X-ray crystallography, XANES, and XPS. In the solid state, complex 1 is constructed
around a Cuy; centered-icosahedron and formally features partial Cu(0) character. XANES
of 1 reveals a Cu K-edge at 8979.6 eV, intermediate between the edge energies of Cu(0) and
Cu(I), confirming our oxidation state assignment. This assignment is further corroborated
by determination of the Auger parameter for 1, which also falls between those recorded for

Cu(0) and Cu(I).

[CuzsHyo(PPhy) o]

B INTRODUCTION

Atomically precise, noble metal nanoclusters (NCs) are a
relatively new class of materials, with potential applications in
catalysis, medicine, and imaging.'~” Many examples are now
known, including [ASM(P'MBA)30:|4_;8 [Agzl(SzP(OiPr)z)lz]+;9
[Au,s(SCH,CH,Ph) ]~,'""" and [Auyp,(p-MBA),,].">" In-
termetallic Au,Ag, and Au,Cu, nanoclusters are also
isolable."*™"” Significantly, their monodisperse and atomically
precise nature has permitted their complete structural
characterization, allowing for the development of structure/
function relationships for these nanomaterials.”’~>* NCs have
also proven to be an excellent testbed for superatom theory,
helping to place it upon firm experimental footing.”*

In contrast, comparable copper NCs have remained elusive.
Previous attempts to %enerate large Cu NCs have produced ill-
defined mixtures,”>"** or required the use of cryogenic
matrices.””*" Interestingly, several well-defined Cu(I) hydride
clusters are known, such as [Cu,H,,(phen)s(PPh,),]*,*
[C_ulsH7(1;2'S(C6H4)Pph2)10(1)];32 [Cu,oH; (S,P-
(Olpr)2)9];33’34 [Cu28H15(52CN"P1‘2)12]+y35 and [Cuy,Hy{S,P-
(O'Pr),}1,),° but these complexes do not feature any Cu(0)
character. Indeed, even Cu(0) coordination complexes are
exceptionally rare.””~*" Relative to the heavier congeners, the
enhanced challenge of generating Cu(0) nanoclusters is due, in
part, to the lower M(I)/M(0) half-cell potential of Cu (0.52 V)
versus Ag (0.80 V) and Au (1.69 V).*' As a consequence, the
Cu(I) monomers formed prior to NC aggregation are more
resistant to reduction. It also renders any resulting Cu(0) NCs
more air-sensitive, which makes their physical isolation more
challenging. Despite these challenges, Cu nanomaterials are of
intense interest for a variety of catalytic applications, including
the electrochemical reduction of CO,.**™* In this regard, the
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isolation of atomically precise copper nanoclusters would be a
significant advance, because they could help address the
unanswered mechanistic questions that remain for this
transformation.””** Herein, we describe the synthesis and
structural characterization of a novel Cu,s nanocluster that
features a Cu,; centered-icosahedral core, and probe its
electronic structure with X-ray absorption spectroscopy
(XAS) and X-ray photoelectron spectroscopy (XPS).

B RESULTS AND DISCUSSION

As mentioned above, Cu(I) is more resistant to reduction than
either Ag(I) or Au(I). As a result, reduction of a Cu(I)
precursor with a hydride source, a common way of making Ag
and Au NCs, often only results in the synthesis of stable Cu(I)
hydride clusters.*”* For example, reduction of Cu(OAc), with
diphenylsilane (Ph,SiH,), in the presence of excess PPh,,
results in the formation of [(PhyP)CuH], in high yield.”"!
The failure to observe a Cu(0) nanocluster in this reaction can
be rationalized on the basis of the higher stability of copper
hydrides versus silver and gold hydrides. However, we
hypothesized that performing the reduction of a Cu(I) salt in
a ligand-deficient environment would result in the formation of
unstable CuH, oligomers that could be more amenable to
nanocluster growth. Thus, addition of 13 equiv of Ph,SiH, to a
slurry containing 24 equiv of Cu(OAc), 1 equiv of CuCl, and
12 equiv of PPh;, in C4¢Hg results in a rapid color change from
pale green to dark red. With further stirring, this solution
undergoes a color change to deep green, concomitant with the
deposition of a dark brown solid. Workup of this mixture after
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Scheme 1. Synthesis of Complexes 1 and 2
CeHs [CuzsH22(PPh3)12]Cl (1)

RT, 14 h
12 PhgSi(OAS) + [CuqgH17(PPh3)10]CI (2)
- 291(OAC), 0
“H, +Cu

24 Cu(OAc) + CuCl
+12 PPhy + 13 Ph,SiH,

14 h resulted in the isolation of two copper hydride clusters,
[CuysHy,(PPhy);,]CL (1) and [CuygH,;(PPhs)y]ClL (2), in
isolated yields of 23% and 14%, respectively (Scheme 1). An
insoluble dark brown powder was also isolated, which was
subsequently identified to be elemental Cu (17% yield).
Complexes 1 and 2 were separated on the basis of their
different solubilities in C4Hy. Briefly, the reaction mixture was
first crystallized from a CH,Cl,/hexanes solution. This resulted
in deposition of a mixture of dark-green (1) and yellow (2)
crystalline materials. Extraction of these solids into CzHg
resulted in selective dissolution of 2, which permitted its
separation from 1 by filtration. Complex 1 was then extracted
into CH,Cl, and crystallized from CH,Cl,/hexanes, while
complex 2 was crystallized separately from C¢Hy/CH,Cl,/
Et,0. No doubt, this procedure contributed somewhat to the
low isolated yields of 1 and 2, as both are probably present in
higher yields in the crude reaction mixture. The isolation of two
different CuH clusters from the reaction can be rationalized by
their similar Cu:P ratios (that of complex 1 is 2.1:1, while that
of complex 2 is 1.8:1), both of which are similar to the Cu:P
ratio in the original reaction mixture (2.1:1). Alternatively, the
presence of both 1 and 2 in the reaction mixture suggests that
they have similar thermodynamic stabilities. Interestingly,
tractable material cannot be isolated without addition of 1
equiv of CuCl to the reaction mixture, which functions as a CI~
source. Previously, we elucidated the significance of providing a
counteranion source in the reaction mixture during CuH
cluster synthesis.”’ Importantly, while Ph,SiH, reacts with
Cu(OAc), it is unable to reduce CuCl (see the Supporting
Information for more details). This orthogonal reactivity
permits the two copper salts to play different roles in the
reaction.

To better understand the formation of 1 and 2, we followed
the reaction by 'H and *'P NMR spectroscopies. A '"H NMR
spectrum of the reaction mixture in C4Dy, after 18 h, reveals the
presence of complexes 1 and 2, as evidenced by the distinctive
chemical shifts of their hydride ligands (Figure S17). In
addition, this spectrum also revealed the presence of H,, which
is likely generated during the formation of both complex 1 and
bulk Cu metal. The presence of 1 and 2 in the reaction mixture
is also supported by the in situ P NMR spectrum (Figure
S18a). In addition, a few other copper-containing species are
also present in the reaction mixture, as evidenced by singlets at
4.15, —2.62, —4.57, and —6.06 ppm in this spectrum (Figure
S18a). While these species have eluded isolation thus far, it
important to note that they are present as minor components
of the reaction mixture. Nonetheless, the presence of these
other copper-containing complexes in the reaction mixture also
helps to account for the low isolated yields of 1 and 2.

Complex 1 crystallizes in the orthorhombic space group Pbca
as a hexanes and dichloromethane solvate, 1-4C¢H,,-0.5CH,Cl,
(Figure 1). In the solid state, 1 features a central core of 13 Cu
atoms arranged in a distorted centered-icosahedron. The
central Cu atom features a coordination number of 12,
identical to that observed in bulk Cu metal.>> An icosahedral
Cuy; core is predicted computationally in metallic nanoclusters
of intermediate size, although it differs from the fcc structure of

Figure 1. Ball and stick diagrams of 1. The Cu,; centered-icosahedral
core is highlighted in blue. The four [Cu(PPh,)]; capping motifs are
shown with the Cu atoms in green and P atoms in pink. (A) Side view
with carbon atoms depicted in wireframe. All hydrogen atoms, chloride
counterion, and solvent molecules have been omitted for clarity. (B)
Side view showing only the Cu and P atoms. (C) Top view, looking
down the C; axis, showing only the Cu and P atoms. (D and E) DFT-
calculated structure, optimized using the PW91 functional. Two views
of the cluster are shown to facilitate visualization of the hydride ligand
positions. Labels 1, 2, and 3 indicate one of the 12 equivalent ;-
hydrides, one of six equivalent p,-hydrides, and one of the four
equivalent p3-hydrides, respectively.

the bulk metal.>> The Cu,; core is connected, via Cu—Cu
bonds, to four triangular [Cu(PPh,)]; motifs, which cap the
icosahedron in a tetrahedral arrangement. As a result, the
cluster occupies the high symmetry T point group. The Cu—Cu
distances in 1 exhibit a large range (2.389(3)—3.037(3) A),
consistent with the diverse range of Cu coordination
environments. The average Cu,—Cu;,, bond length
(2.635 A; range: 2.598(3)—2.663(3) A) is longer than that
observed for Cu metal (2.55 A),”* but is comparable to those
found in other Cu hydride clusters, such as [CuH(PPh;)], (av
2.630 A),>* [(Me;-tach);Cuy(ue-H)CL,]** (av 2.580 A),” and
the outer Cu—Cu distances in [Cu,oH;,(S,P(OPr),),]
(2.5284(9)—2.7542(7) A).>> More importantly, the Cu,; core
in 1 is similar to M;; icosahedral cores found in
[Auzs(SCHz(:HzPh)ls]_;10'11 [Agzl(SzP(O’Pr)z)uT;g and
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[Au,3(PMe,Ph),,(C1),]>",*° demonstrating for the first time
that structurally similar nanoclusters are isolable for all three
coinage metals. Finally, the Cu—P distances (av 2.26 A) are
typical of those found in Cu(I) phosphine complexes,”**” while
the outer-sphere CI™ counterion was found to be disordered
over two positions.

Consistent with the high symmetry observed in the solid
state, complex 1 features a single resonance in its 31P{IH}
NMR spectrum, at —2.96 ppm in CD,Cl,, The 'H NMR
spectrum of 1 features three broad resonances at —0.92, 1.55,
and 2.07 ppm, which integrate for 4H, 12H, and 6H,
respectively, and are assignable to 22 hydride ligands in three
different chemical environments. Interestingly, the *'P NMR
spectrum of 1 in C4Dg features many more resonances than the
spectrum recorded in CD,Cl, (Figure SS). To explain this
observation, we suggest that its CI” counterion forms a contact
ion pair in this nonpolar solvent, breaking the symmetry of the
cluster. Importantly, this transformation is reversible: recovery
of this NMR sample and dissolution in CD,Cl, regenerates the
high symmetry structure (Figure S23). Complex 1 features a
signal at m/z 4758.61 in its electrospray ionization (ESI) mass
spectrum (see Supporting Information), which corresponds to
the parent [M]* ion (caled m/z 4758.50). Synthesis and
characterization of the deuteride analogue, 1-d,,, further
supports our proposed formulation. As anticipated, complex
1-d,, features singlets at —0.90, 1.65, and 2.11 ppm in its *H
NMR spectrum, in a 4:12:6 ratio, respectively. In addition,
complex 1-d,, features a signal at m/z 4780.68 in its ESI mass
spectrum, which corresponds to the [M]* parent ion (calcd m/
z 4780.64), a shift of 22 m/z versus the signal observed for 1-
h,,. Most importantly, with only 22 hydride ligands and one
CI” counterion, two of the Cu atoms in complex 1 must have a
formal Cu(0) oxidation state to maintain charge balance,
making complex 1 the first Cu nanocluster with partial Cu(0)
character. Alternately, complex 1 can be described as an n* =2
superatom with closed-shell 1S configuration.”* Notably, there
are only two other n* = 2 superatoms known,
Ag14(SCeH;F,)1,(PPhy)s and Ag;4(SC4H;F,) 14,(DPPE);
(DPPE = 1,2-bis(diphenylphosphino)ethane).”*~*

Complex 2 crystallizes in the monoclinic space group P2,/c,
as a dichloromethane solvate, 2-4CH,Cl, (Figure 2). In the
solid state, 2 features a square antiprism [CugH]’* core, which
is connected, via Cu—Cu bonds, to two axial [ Cu(PPh,)]" units
and eight equatorial [Cu(PPh;)]* units. As a result of this
arrangement, the cluster occupies the D, point group. As was
observed for 1, the Cu—Cu bonds in 2 exhibit a large range
(2.456(4)—3.044(6) A). These values are comparable to those
exhibited by other CuH «clusters, such as
[Cu,,H,,(phen)s(PPh,),]** (2.487(3)—2.915(3) A)*' and
[CuyoH,,(S,P(OPr),)e] (2.3079(7)—2.8595(7) A).>* For
further comparison, the average Cu—Cu distance in 2 (2.639
A) is intermediate to the Cu—Cu distances reported for solid
[CuH], (2.85 A) and Cu metal (2.55 A).*°" The short (av
2.559 A) and long (av 2.893 A) edges of the square antiprism
result in a large internal volume (19.0 A%), which is occupied by
an interstitial hydride ligand (see below). The Cu—P distances
(av 2.24 A) are similar to those of 1 and other Cu(I) phosphine
complexes.”””” As with complex 1, the outer-sphere Cl~
counterion was observed to be disordered over two positions.

Complex 2 features two resonances in its *'P{'H} NMR
spectrum at —7.41 and 0.04 ppm in CD,Cl,, in a 1:4 ratio,
respectively. These resonances are assigned to the two axial and
eight equatorial PPh; ligands, respectively, and are consistent
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Figure 2. Ball and stick diagrams of 2. The square antiprism Cug core
is highlighted in blue. The 10 [Cu(PPh;)]" capping units are shown
with the Cu atoms in green and P atoms in pink. The hydride ligands
are shown in white. (A) Side view showing only the Cu and P atoms.
(B) Top view, looking down the C, axis, showing only the Cu and P
atoms. (C) Side view of calculated structure, optimized using the
PWO1 functional. (D) Top view of calculated structure, optimized
using the PW91 functional.

with the high symmetry observed in the solid state. The 'H
NMR spectrum of 2 features three broad resonances at 1.17,
2.74, and 10.58 ppm, which integrate for 8H, 8H, and 1H,
respectively. These are assignable to 17 hydride ligands in three
different chemical environments. As was observed for complex
1, the 3'P NMR spectrum of 2 in CgD4 features more
resonances than its spectrum recorded in CD,Cl,. In particular,
seven resonances are observed, in a 2:2:2:1:1:1:1 ratio (Figure
S12). This pattern can be rationalized by assuming that the CI~
counterion binds to the cluster on a face defined by three
equatorial phosphine ligands and one axial phosphine ligand.
This interaction is likely quite weak, and probably promoted by
the low dielectric constant of C4Dy. Notably, recovery of this
NMR sample and dissolution in CD,Cl, regenerates the high
symmetry structure (Figure S25). Complex 2 features a signal
at m/z 3783.80 in its ESI mass spectrum (see the Supporting
Information ), which corresponds to the parent [M]* ion (calcd
m/z 3783.78). Synthesis and characterization of the deuteride
analogue, 2-d;,, further supports these spectroscopic assign-
ments. As anticipated, complex 2-d,, features singlets at 1.25,
2.79, and 10.49 ppm in its ’H NMR spectrum, in a 8:8:1 ratio,
respectively. In addition, complex 2-d,, features a signal at m/z
3800.95 in its ESI mass spectrum, which corresponds to the
[M]* parent ion (calcd m/z 3800.88), a shift of 17 m/z versus
the signal observed for 2-h;;,. Unlike complex 1, with 17
hydride ligands and one CI™ counterion, each Cu atom in 2
formally features a Cu(I) oxidation state assignment.

We also briefly probed the chemical properties of complexes
1 and 2. Complex 1 is soluble in CH,Cl, and THF, partially
soluble in C¢Hg and MeCN, and insoluble in Et,O and
nonpolar solvents. It is stable in THF for at least 3 d. However,
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Scheme 2
CD,Cl,
RT, 48 h
[CuzsH22(PPh3)42]Cl [CusgH17(PPh3)10]Cl (2)
—CD,HCI

1
+ CuC + (Ph3P)3CuCl + Hy

it very slowly reacts with CD,Cl,, generating complex 2, H,,
copper metal, and (Ph;P);CuCl (Scheme 2). These products
are observed in the reaction mixture after 48 h, according to 'H
and *'P NMR spectroscopies (Figures S19 and $20). We need
to emphasize, however, that this is a very slow transformation,
and even after 23 d, small amounts of complex 1 are still
present in the NMR tube (see the Supporting Information for
full details). We suggest that this reaction proceeds via hydride
metathesis with the CD,Cl, solvent, as was observed previously
in the reaction of [Cuy,H,,(phen)4(PPh;),][Cl], with
CD,Cl,.>" Complex 2 is soluble in CH,Cl,, partially soluble
in C¢Hy, THF, and MeCN, and insoluble in Et,O and nonpolar
solvents. Similar to 1, complex 2 very slowly reacts with
CD,Cl,, generating H,, copper metal, and (Ph;P),CuCl
Complex 1 is also formed in the reaction. These products are
present in small amounts after 48 h, according to *'P NMR
spectroscopy (Figure S21). It should be noted, however, that
even after 25 d, complex 2 is still the major component in the
NMR sample. Thus, it appears that the stability of 2 in CD,Cl,
is significantly higher than that of complex 1.

To confirm our proposed formulations, and to predict the
locations of the 22 hydride ligands in 1, as well as the 17
hydride ligands in 2, we explored their structures using density
functional theory, as implemented in VASP 5.3.5.°°7%* The
interactions between valence electrons and atoms were
described using the PAW method.*® Both the PBE and the
PW91%” exchange-correlation functionals were used to compare
the predictions of different density functional approximations.
Because of the large sizes of 1 and 2, only the Cu and hydride
positions were allowed to relax during geometry optimization.
A detailed description of the computational procedure is
provided in the Supporting Information. The lowest energy
structure for 1 is shown in Figure 1D and E. In this
configuration, 12 equivalent hydride ligands are clustered into
four groups of three. Each of these hydride ligands bridges two
Cu atoms of a triangular [Cu(PPh;)]; motif and one Cu atom
belonging to the Cu;; icosahedron, in an overall p;-
coordination environment. The six equivalent hydride ligands
exhibit asymmetric y,-coordination, and are found along the six
edges of the tetrahedron defined by the [Cu(PPh;)]; motifs.
For this environment, three of the Cu—H bond lengths are
shorter (1.70—1.95 A), whereas the fourth is much longer
(2.3—2.5 A). A similar asymmetry was observed for the us-H
environment in [Cuy,H,{S,P(OPr),},,].>° The four remain-
ing hydride ligands bridge three equivalent Cu atoms belonging
to the Cu,;; icosahedron, in an overall y;-coordination mode.
Each of these hydride ligands is located directly opposite one of
the four triangular [Cu(PPh;)]; motifs. Overall, this 12:6:4
arrangement of hydrides is fully consistent with the NMR
spectral data. Notably, this structure is calculated to be 0.4 eV
lower in energy than the next most stable hydride conformation
(the five lowest energy computed structures for 1 that obey the
12:6:4 hydride stoichiometry are shown in Figure S44).

The lowest energy computed structure for 2 is shown in
Figure 2C and D. This structure features eight equivalent
hydride ligands, each with a y;-coordination mode, that reside
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along the cluster’s equator. Another eight hydride ligands are
clustered into two groups of four. These hydride ligands also
feature a pj-coordination mode, and are located above and
below the equatorial plane. The remaining hydride ligand is
positioned within the square antiprism, and features a fi -
coordination mode, according to calculations. However, to
account for the 8:8:1 arrangement of hydride ligands in the 'H
NMR spectrum, this interstitial hydride likely exhibits fluxional
behavior, allowing it to coordinate equally to all eight Cu atoms
of the square antiprism. Several alternate hydride positions
were tested computationally for complex 2; however, none of
these proved to be minima on the potential energy surface.
The Cu K-edge X-ray absorption near-edge spectrum
(XANES) and extended X-ray absorption fine structure
(EXAFS) were acquired, to probe the average oxidation state
and coordination number of Cu in complex 1. The XANES in
Figure 3 contains no pre-edge peaks, as appropriate for a cluster

Cu foil

1.5

[CuH(PPh,],

N
o

8978 8980 8982 8984

[CuH(PPh,)], :

ot
3

normalized absorbance

complex 1

0.0

S Loy

1 1 I 1 1
8980 9000 9020
photon energy (eV)

1 I 1 1
9040

9060

Figure 3. Comparison of the Cu K-edge XANES profile of complex 1
with those of [CuH(PPh;)]¢ and Cu foil standards (vertically offset).

with a filled d-band. Nevertheless, the Cu K-edge is rich in
structural information, due to the multiplicity of final states.
The K, edge consists of two peaks, consistent with 4p,,, orbital
degeneracy in the [CuP(y;-H),] moieties, similar to [CuH-
(PPh;)]s. "% As expected, their intensities are attenuated in
complex 1 due to the fractional contribution of such sites. At
8979.6 eV, the edge position of complex 1 lies between the
values for Cu foil (8979.0 ¢V) and [CuH(PPh;)], (8980.0 V)
(Table 1). Considering the ca. 0.1 €V resolution of the
spectrum, this is consistent with an average Cu oxidation state
in the cluster that is intermediate between 0 and +1. While the

Table 1. Cu K-Edge Energies and Auger Parameters for
Selected Cu(0) and Cu(I) Compounds

material edge (eV) Auger parameter (eV)
Cu foil 8979.0 1851.27°
Cu nanoparticles (1—2 nm) 8979.0 1849.8—1850.8""
[CuyHy,(PPhy) ] [CI] (1) 8979.6 1849.1
[CuH(PPh,)], 8980.0 1848.6
[CuCI(PPh,)], 8980.9 1847.4
CuCl 8981.9 1847.7
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difference is small, it is notable that the edge energy of 1 is
lower than that of [CuH(PPh;)], despite the much smaller
ratio of PPh; ligands to Cu atoms in 1. The P/Cu ratio is
important because coordination of electron-donating PPh; to
Cu affects the edge energy significantly. For example, the K-
edge is shifted by 1.0 eV to lower energy in [CuCl(PPh,)],,
relative to CuCl (Table 1). The postedge oscillations
characteristic of bulk Cu are strongly attenuated in 1, as is
typical of small Cu clusters, which lack long-range order.”” The
Cu Auger parameter, obtained from the XPS spectrum as the
sum of the Cu 2p;/, binding energy and the LMM Auger
kinetic energy, can also be used to discriminate between Cu(I)
and Cu(0), and is conveniently independent of XPS chemical
shift calibration.”’ The value observed for 1 (1849.1 eV) lies
between the Auger parameters recorded for [ CuH(PPh,)]4 and
Cu(0) (Table 1). This further supports our XANES K-edge
energy assignment of complex 1 to an oxidation state
intermediate between Cu(I) and Cu(0). The Cu:P ratio for
1, as determined by XPS, also matches the predicted value
(Table S4).

Curve-fitting of the Cu K-edge EXAFS was undertaken to
explore the accuracy of the technique for determining the size
of Cu NCs even in the absence of crystal structure data. The
lack of appreciable long-range EXAFS intensity (beyond 3 A) is
consistent with the nanocluster formulation of 1. A reasonable
curvefit was obtained using a model with just two single-
scattering paths: Cu—P and Cu—Cu. When the Cu—P
degeneracy was fixed at 0.5, based on the known stoichiometry
of the cluster, the Cu—Cu coordination number was refined to
be (7.1 + 0.9). This is indistinguishable from the precise value
for 1 (7.2), although the Cu—Cu path (2.52 A) has a large
mean-square displacement, 0.013 A? reflecting the high
variability in Cu—Cu nearest-neighbor distances (ranging
from 239 to 3.04 A, as described above). Because the
EXAFS resolution is ca. 0.1 A, this distance variability justifies
the incorporation of another Cu—Cu single-scattering path. In
the fit shown in Figure 4, the total Cu—Cu coordination
number for both paths, (7.3 + 1.2), is also consistent with the
known value. Thus, EXAFS analysis can provide reasonable

path N R (A) o2 (A?)

T CuP 05" | 221(2) | 0.003(1)
/A cuCu | 37(6) | 2.457(6)| 0.007(2)¢

\ Cu-Cu 3.6(6) [ 2.590(8) | 0.007(2)*
S,2 = 1.08(6); AE, = 0.6(7) eV. * Fixed.
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Figure 4. Cu K-edge EXAFS of complex 1 (points), in k*>-weighted R-
space (nonphase-corrected), showing curvefit to the magnitude (blue)
and imaginary component (green) of the Fourier transform, as well as
the curvefit parameters.

estimates of coordination number in monodisperse Cu systems,
despite the inherent heterogeneity in Cu—Cu distances.
Interestingly, both EXAFS pathlengths (2.46 and 2.59 A) are
located in the lower half of the d(Cu—Cu) range, consistent
with the greater abundance of paths at these distances (Figure
S1), as well as the greater signal attenuation expected for longer
EXAFS paths.

B SUMMARY

We have isolated and structurally characterized
[CuysH,,(PPhy),]Cl (1), the first copper nanocluster with
partial Cu(0) character. This material is built around a Cuy;
centered-icosahedron, similar to the coordination environment
observed in Cu metal (and in agreement with DFT-predicted
structures for Cu clusters and nanoparticles). Moreover, the Cu
K-edge XANES shows that 1 features an edge energy
intermediate between those of Cu(0) and Cu(I). The Auger
parameter recorded for 1 also falls between those measured for
Cu(0) and Cu(I). Taken together, these data demonstrate for
the first time that NCs with Cu(0) character are isolable for
copper. Going forward, we suggest that 1 could function as a
template for the synthesis of Cu NCs that are larger, and that
contain greater Cu(0) character. Furthermore, 1 represents a
unique opportunity to study the reactivity of Cu nanoclusters,
and with this in mind we have begun exploring its reactivity
toward a variety of small molecules, including CO,.
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