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ABSTRACT: Polyhydrido copper nanoclusters are an emerging class of nanomaterials. Unfortunately, insights into the structural 

evolution and structure-property relationship of such copper nanoclusters are scant, due to the difficulty of synthesizing and 

crystallizing nanoclusters with high nuclearity and new morphologies. Here, we report an anisotropic cuboidal polyhydrido copper 

nanocluster, [Cu23(PhSe)16(Ph3P)8(H)6]‧BF4, with a distorted cuboctahedral Cu13 core stabilized by two square protecting motifs and 

six hydrides. The cuboidal nanoclusters self-assemble into a quasi-simple cubic packing pattern with perfect face-to-face contact of 

neighboring nanoclusters and interdigitation of intercluster surface ligands. Atomic-level observations reveal the crucial role that 

subtle synergies between nanocluster geometry and intercluster noncovalent interactions play in guiding nanocluster self-assembly. 

In addition, a comparison with previously reported analogous metal nanoclusters points to bulky monodentate phosphine ligands as 

a potent inducing agent for the formation of rectangular hexahedral nanoclusters. These findings have significant implications for the 

controllable synthesis of polyhedral nanomaterials and their superstructures. 

Since the first polyhydrido copper nanocluster (PCN), 

[CuHPh3P]6,
1 was isolated and structurally characterized in 

1971, PCNs have drawn increasing research interest because of 

their aesthetically fascinating molecular structure2 and potential 

applications in catalysis,3, 4 hydrogen storage,5 and photovolta-

ics.6 Synthesizing and crystallizing a high-nuclearity PCN re-

mains tremendously challenging due to the inherently high ac-

tivity of hydrides and the various accessible oxidation states of 

copper atoms. Hydride is known to be the smallest closed-shell 

spherical anion (1s2 electronic configuration), consisting of two 

electrons and a proton.7 The copper-bound hydride in PCNs is 

derived from hydride-containing compounds (e.g., sodium bo-

rohydride, NaBH4; diphenylsilane, Ph2SiH2; borane tert-butyl-

amine, tBuNH2‧BH3) that act as reducing agents in synthesis re-

actions.8-10  

Hydrides are usually present within the skeleton of PCNs,2 

exhibiting diverse coordination modes,2, 11 high reactivity,5 and, 

likely, fluxionality.12 While they play a vital role in terms of the 

formation and stability of PCNs as well as their various appli-

cations,2, 5, 13 they also introduce complexities that make PCNs 

more difficult to analyze structurally and design rationally than 

typical Ag and Au nanoclusters. 

In recent years, high-nuclearity PCNs have emerged as a new 

class of functional nanomaterials analogous to metal (Ag and 

Au) nanoclusters,14-22 although their pace of development has 

been comparatively slower; only a handful of PCNs with more 

than 20 copper atoms have been synthesized and structurally 

characterized.4, 6, 8-10, 23-27 Many elementary issues concerning 

PCNs have yet to be resolved, including, but not limited to, the 

mechanisms of formation and growth, structure-property corre-

lations, and the driving forces and rules of intercluster assem-

bly. Rigorous crystallographic investigations producing 

atomic-level information are needed to fundamentally resolve 

those issues.28-32 

Morphologically, most of the atomically precise coinage-

metal (Cu, Ag, and Au) nanoclusters reported to date are spher-

ical/quasi-spherical33, 34 or rod-like35, 36 or possess other non-

polyhedral shapes,37, 38 while only a few nanoclusters are poly-

hedral—especially, rectangular hexahedral (i.e., cuboidal and 

cubic)39-44—likely due to the metastability (high activity) of 

polyhedral nanoclusters caused by their relatively high surface-

to-volume ratio.45 Compared with spherical/quasi-spherical 

nanoclusters with roughly homogeneous surfaces, anisotropic 

polyhedral nanoclusters are regiospecific in the arrangement of 

their metal atoms and surface ligands. This property derives 

from the nanoclusters’ convex vertices and variously oriented 

facets, which usually function as active sites of electron con-

finement,46 structure fusion,47, 48 and catalysis.49 Moreover, rec-

tangular hexahedral nanoclusters equipped with a regiospecific 

surface structure appear capable of adopting more packing pat-

terns that go beyond close packing (e.g., face-centered cubic, 

FCC; hexagonal close-packed, HCP).34, 50-55 These possibilities 

stem from geometric considerations and intercluster noncova-

lent interactions, which were found to be significantly influen-

tial in the self-assembly behaviors of rectangular hexahedral 



 

nanoclusters56 and have great implications for the controllable 

synthesis and self-assembly of various nano/micro-scale mate-

rials.41, 57 

Herein, we report the synthesis and detailed characterization, 

including that of the crystallographic structure, of a novel PCN 

formulated as [Cu23(PhSe)16(Ph3P)8(H)6]‧BF4 and denoted as 

Cu23 (where PhSe = phenylselenol and Ph3P = tri-

phenylphosphine), which is the first reported high-nuclearity 

PCN with a cuboidal geometry. Interestingly, Cu23 self-assem-

bles into a quasi-simple cubic (q-SC) packing pattern in the 

crystal lattice, which is an extraordinary motif for coinage-

metal nanoclusters. The nanoclusters’ q-SC packing is accom-

panied by a perfect face-to-face contact of neighboring 

nanoclusters and interdigitation of intercluster surface ligands. 

These observations point to the importance of the subtle syn-

ergy between nanocluster geometry and intercluster noncova-

lent interactions in guiding nanocluster self-assembly. A com-

parison with previously reported analogous nanoclusters re-

veals that the Ph3P ligands could be a potent agent in the con-

struction of the cuboidal Cu23 and its regiospecific surface struc-

ture. These atomic-level insights could be further used to guide 

the controllable synthesis and self-assembly of broader classes 

of nanomaterials (e.g., nanoparticles and nanocrystals), for 

which atomic-level crystallographic structures are inaccessible. 

Cu23 was synthesized by directly reducing the precursor 

[Cu(CH3CN)4]‧BF4 with a fresh methanol (MeOH) solution of 

NaBH4 in the presence of PhSeH and Ph3P in a mixed solvent 

of acetonitrile (CH3CN) and chloroform (CHCl3) at room tem-

perature (see Supporting Information for more details). An as-

isolated crystal was structurally characterized by single-crystal 

X-ray diffraction (SC-XRD). Cu23 crystallizes in the ortho-

rhombic space group Pnna (Table S1). The total structure with-

out counterions (BF4
–) is shown in Figure 1a. Morphologically, 

the nanocluster has an anisotropic cuboidal geometry with a re-

giospecific surface structure, featuring one pair of square facets 

and two pairs of rectangular facets with a characteristic size of 

~2 nm (Figures 1a, 1b, and S1). For clarity, all hydrogen and 

carbon atoms are omitted in Figure 1c, which shows a nearly 

cuboidal skeleton with dimensions of ~7.4×7.4×11.4 Å3 and di-

hedral angles of ~90 °. Because the structure possesses no cen-

ter or plane of symmetry but only a transverse C2 rotation axis, 

Cu23 is chiral in nature, a result of the peculiar atomic arrange-

ment in its anisotropic skeleton (Figure S2). Unfortunately, a 

unit cell comprises two pairs of enantiomers (Z = 4) (Figure 

S3) such that the optical activities of Cu23 crystals and solution 

are negligible in circular dichroism (CD) spectroscopy.  

 

 

 

 

Figure. 1 (a) Side and (b) top views of the total structure of Cu23. (c) The skeleton of Cu23 in space-filling mode. (d) Dissection of the Cu23 

skeleton, where C and H atoms are omitted for clarity. Color labels: brown/blue = Cu, medium turquoise = Se, pink = P, gray = C, and light 

turquoise = H (proton). 



 

The results of the crystallographic structure analysis unam-

biguously show that the as-obtained PCN contains 23 copper 

atoms, co-protected by 16 PhSe– ligands and 8 Ph3P ligands. 

Based on the arrangement of the copper atoms, Cu23 consists of 

a distorted cuboctahedral Cu13 core and two square protecting 

motifs. As shown in Figure 1d, the Cu13 core features 8 trian-

gles, 4 Type-Ⅰ rhombuses, and 2 Type-Ⅱ rhombuses, supported 

entirely by cuprophilic interactions with Cu‧‧‧Cu distances of 

2.499–2.945 Å. Each square protecting motif caps a Type-Ⅱ 

rhombus of the core. The protecting motif comprises 5 copper 

atoms, 4 triphenylphosphines, and 8 selenolate ligands. These 

selenolate ligands adopt three types of ligation modes: 2 Type 

A, μ3-η
1(Cumotif), η

1(Cumotif), η
1(Cumotif); 2 Type B, μ3-η

1(Cumotif), 

η1(Cumotif), η1(Cucore); and 4 Type C, μ3-η
1(Cumotif), η1(Cucore), 

η1(Cucore) (Figure 1d). The Cu–Se distances range from 2.335 

to 2.593 Å. The Ph3P ligands coordinate to the Cu atoms at the 

vertices of the motif. The Cu–P distances range from 2.262 to 

2.243 Å. Coordination features similar to those of the capping 

ligands have also been observed in a silver nanocluster, 

Ag23(SC2H4Ph)18(PPh3)8 (Ag23).
40 Although Ag23 and Cu23 share 

the same metal count and some geometric similarities, the dif-

ferences between them are noticeable in terms of symmetry, lig-

and count, metal arrangement, and core configuration. 

 

 

Figure. 2 (a) Intercluster C–H‧‧‧π interactions (red dashed lines) and C–H‧‧‧H–C van der Waals contacts (yellow dashed lines) between 

adjacent rectangular facets. (b) Top and (c) side views of the ligand-ligand interactions between adjacent cyclic trimers, including intercluster 

C–H‧‧‧π interactions (red dashed lines), intracluster C–H‧‧‧π interactions (blue dashed lines), and C–H‧‧‧H–C van der Waals contacts (yellow 

dashed lines). For C–H‧‧‧π interactions, the distances between the H atoms of donor benzene rings and the C atoms in the acceptor benzene 

rings are shorter than 3.15 Å. For C–H‧‧‧H–C van der Waals contacts, the distances between the H atoms in adjacent benzene rings are shorter 

than 2.7 Å. The q-SC packing structure of Cu23 in crystal lattices viewed along the [010] (d, e), [101] (f), and [100] (g) directions, where the 

gray surface represents the channel surface generated by the intercluster packing. (h) Scheme of the q-SC packing pattern of cuboidal building 

blocks. (i) Optical microscopy image of Cu23 crystals. Color labels: brown = Cu, medium turquoise = Se, pink = P, gray = C, and light 

turquoise = H (proton). 



 

 Intercluster noncovalent ligand–ligand interactions (e.g., hy-

drogen bonding, C–H‧‧‧H–C van der Waals, π‧‧‧π, and C–H‧‧‧π 

interactions) are viewed as the “glue” in crystallization of 

nanoclusters, as they play an important role in guiding the or-

derly and stable self-assembly of nanoclusters in the crystal lat-

tices.56, 58, 59 As depicted in Figure S4, each Cu23 has six neigh-

boring nanoclusters. These nanoclusters exhibit perfect face-to-

face contact between homotype facets of adjacent nanoclusters, 

that is, square facets contact square facets and rectangle facets 

contact rectangle facets (Figures 2a and S4). This configura-

tion allows for the maximization of the intercluster ligand–lig-

and interaction areas and strengths.52 As shown in Figure 2a, 

abundant intercluster and intracluster C–H‧‧‧π and C–H‧‧‧H–C 

van der Waals interactions are observed between protective lig-

ands of adjacent rectangular facets. Remarkably, three seleno-

late ligands form a cyclic trimer via intracluster C−H···π inter-

actions, which further connects to the cyclic trimer with oppo-

site chirality in the neighboring facet through intercluster C–

H‧‧‧π and C–H‧‧‧H–C interactions (Figure 2b and 2c). The phe-

nyl rings of adjacent trimers are in an interdigitated arrange-

ment, which can shorten the distance between neighboring 

nanoclusters and facilitate intercluster interactions (Figures 2b, 

2c, and S5). As depicted in Figure S6, the center-to-center dis-

tances between neighboring nanoclusters in three perpendicular 

directions are 22.8, 17.6, and 17.6Å, respectively, which are 

slightly smaller than the dimensions of Cu23 (Figure 1a and 

1b). In addition, four Ph3P ligands are located on the four verti-

ces of the rectangular facet, which contact the neighboring 

phosphine ligands through intercluster C–H‧‧‧π and C–H‧‧‧H–C 

interactions. The interdigitation of phenyl rings between neigh-

boring square facets is also observed, as reflected in the com-

pact intermolecular contact shown in Figure S7. Clearly, the 

interdigitation of surface-protecting ligands between adjacent 

nanoclusters is significant to achieve the architectural stability 

required for nanocluster self-assembly; this stability is the result 

of a balance between spatial complementarity and the steric hin-

drance of the surface ligands. Importantly, this balance is opti-

mized by intermolecular noncovalent interactions.10 

In addition to the intercluster noncovalent interactions, the 

self-assembly behavior of nanoclusters is closely related to their 

geometry.52, 55 In fact, the cuboid structure is one of the most 

important prerequisites for the formation of perfect face-to-face 

contact between nanoclusters. As shown in Figure 2d–g, Cu23 

are organized in straight and neat layers, with nearly square and 

rectangular configurations on the (0 1 0) and (1 0 1) planes, re-

spectively. Layers are further arrayed in regular AA packing pat-

terns, presenting a tetragonal crystal macroscopically (Figure 

2h and 2i). Hence, this configuration can be regarded as a 

quasi-simple cubic (q-SC) packing pattern. As is well known, 

the SC packing pattern is very rare in nature, as it is intrinsically 

unstable due to its poor packing efficiency.55 However, in the 

case of Cu23, it turns out, the perfect face-to-face contact of rec-

tangular hexahedral nanoclusters can achieve a maximized in-

tercluster contact area that stabilizes the nanocluster packing ar-

rangement, and, moreover, improve the packing efficiency in 

the crystal lattices.52 A packing efficiency of ~71.3% of Cu23 

was calculated by PLATON,34 which is comparable to the pack-

ing efficiency of the HCP and FCC arrangements (74%),53 im-

plying that the q-SC packing pattern is energetically reasonable 

for the cuboidal Cu23. 

From the above atomic-level observations, it is clear that, in 

addition to the packing efficiency, the subtle synergy between 

nanocluster geometry and intercluster noncovalent interactions 

plays a crucial role in guiding Cu23 self-assembly. Furthermore, 

the q-SC packing of Cu23 generates three-dimensional intersect-

ing channels in the lattice (Figures 2e, 2g, and S8). Unfortu-

nately, the channels are completely filled by solvent molecules 

and unremovable counterions. 

In metal nanocrystal synthesis, using specific capping ligands 

to achieve shape-controlled synthesis has proven to be an effec-

tive strategy,45 yet the exact role of capping ligands in the shape 

control of nanocrystals is still poorly understood at the atomic 

level. As depicted in Figure S9, the vertex and core copper at-

oms are bridged by three-coordinated selenolate ligands to form 

the 12 edges of the cuboidal nanocluster, where Cuvertex–Se–Cu-

vertex is the short edge and Cuvertex–Se–Cucore–Se–Cuvertex is the 

long edge. Eight Ph3P ligands are bonded to the eight Cuvertex 

atoms. Figure S10 compares Cu23 with previously reported rec-

tangular hexahedral coinage-metal nanoclusters, i.e., 

[Ag14(SPhF2)12(PPh3)8] (cube),39 [Ag23(SC2H4Ph)18(PPh3)8] 

(quasi-cuboid),40 [Ag38(SPhF2)26(P
nBu3/Ph3P)8] (cuboid),41 

[Ag40H12(DMBT)24(PPh3)8]
2+ (cube),42 

[Ag46(SPhMe2)24(PPh3)8]
2+ (cube),43 

[Ag63(SPhF2)36(P
nBu3/Ph3P)8]

+ (cube),41 and 

[Ag67(SPhMe2)32(PPh3)8]
3+ (cuboid).44 The figure clearly illus-

trates the structural similarities among the various nanoclusters, 

including ⅰ) co-stabilization by thiolate and phosphine ligands, 

ⅱ) a nanocluster skeleton featuring eight vertices bounded by 

metal atoms, ⅲ) a vertex structure that can be viewed as the 

endpoint of three orthogonal facets, ⅳ) vertex metal atoms 

capped by monodentate phosphine ligands with threefold-sym-

metry, and ⅴ) the distribution of three substituents of the phos-

phine ligand on three different facets (Figure S11). Considering 

the electronegativity of the vertex metal atoms35 and the large 

nonplanar space with threefold-symmetry at each vertex, the 

capping of the bulky monodentate phosphine ligand to the ver-

tex of nanoclusters should be the most favorable in terms of sta-

bility and architecture. The phosphine ligands are known to be-

have as strong δ-donor ligands with π-backbonding ability, and 

their bonding strength with coinage metals is comparable to that 

of thiolate ligands.60 In contrast to the thiolate ligands with flex-

ible coordination modes, the monodentate phosphine ligands 

solely adopt a linear mode to terminally cap the metal atom. 

Because of their bulky conical configuration and rigid coordi-

nation mode, the monodentate phosphine ligands may bend or 

interrupt the extension of the surface framework in certain di-

rections to form a convex structure on the nanocluster (see Fig-

ure S12), yielding a regiospecific surface structure with verti-

ces or edges required to form polyhedral nanoclusters. In this 

context, we deduce that the construction of rectangular hexahe-

dral nanoclusters could be a result of the introduction of the 

monodentate phosphine ligands into the synthesis reaction. It is 

worth mentioning that all our attempts to synthesize analogous 

polyhedral PCNs without Ph3P ligands were unsuccessful. To 

the best of our knowledge, rectangular hexahedral Cu and Ag 

nanoclusters without bulky monodentate phosphine ligands 

have not yet been reported. Although the exact link between the 

capping ligand and the specific geometry of nanoclusters re-

mains ambiguous, it is clear that the bulky monodentate phos-

phine ligand could be a potent inducing agent for the formation 

of rectangular hexahedral nanoclusters. To a certain degree, the 

coordinated phosphine ligands render the surface structure of 

nanoclusters regiospecific. 

Interestingly, although many nanoclusters with cuboid or cu-

bic geometry have been synthesized and structurally character-

ized by X-ray crystallography, none of them were found to 



 

adopt the SC packing mode. Based on observations in our case, 

it seems likely that in addition to the cuboid structure, interclus-

ter noncovalent interactions play a crucial role in guiding Cu23 

self-assembly, especially the intercluster C–H‧‧‧π interactions. 

Importantly, the construction of such interactions is strongly re-

lated to the molecular structure of surface-protecting ligands. 

Moreover, it has been observed that protecting-ligands of dif-

ferent structures or different substituents will result in different 

ensemble packing patterns of nanoclusters, even when the 

nanoclusters have identical inner skeletons.56 We noted that the 

previously reported cuboid or cubic nanoclusters are protected 

either by flexible thiolate ligands, such as –SC2H4Ph,40 or by 

thiolate ligands with substituents in the phenyl ring, such as –

SPhF2
39,41 and –SPhMe2.

42–44 Considering the steric effect of the 

substituted groups as well as the flexibility of the terminal phe-

nyl group, we speculate that these ligands may not be conducive 

to the formation of the intercluster C–H‧‧‧π interactions and the 

ligand interdigitation required for SC packing. In contrast, Cu23 

is protected by –SePh, which is of a rigid aromatic ligand with 

five coplanar hydrogens. Therefore, we believe that the unique 

q-SC packing of Cu23 should be a consequence of the subtle 

synergy between the nanocluster geometry and the intercluster 

noncovalent interactions. 

 

Figure. 3 (a) A positive-ion ESI-MS spectrum of Cu23 over the 

mass range of m/z 1000−10000. Inset: experimental (black) and 

simulated (red) isotopic patterns of peak a 

([Cu23(PhSe)16(Ph3P)8(H)6]+). (b) The expansion of ESI-MS spec-

tra of Cu23 (black) and Cu23D (violet) shows the mass difference 

between peak a and peak aD. 

To further determine the composition of Cu23, we examined 

the nanocluster in a CHCl3 solution by electrospray ionization 

mass spectrometry (ESI-MS). A positive-ion ESI-MS spectrum 

is presented in Figure 3a and suggests that Cu23 is a mono-

cationic species. Three prominent peaks were observed in the 

mass range of m/z 1000−10000. The most dominant peak (a), 

centered at m/z = 6063.559, can be assigned to 

[Cu23(PhSe)16(Ph3P)8(H)6]
+ (calc. m/z = 6063.454). The other 

two peaks (b and c), centered at m/z = 5800.455 and 4879.784, 

correspond to [Cu23(PhSe)16(Ph3P)7(H)6]
+ (calc. m/z = 

5800.363) and [Cu20(PhSe)13(Ph3P)6(H)6]
+ (calc. m/z = 

4879.614), respectively. In addition, we found a peak at m/z 87 

in the negative-ionization mode, which corresponds to the 

counterion [BF4]
–. To verify the hydride count, ESI-MS of the 

corresponding deuteride analogue, [Cu23(PhSe)16(Ph3P)8(D)6]
+ 

(Cu23D), was performed using the identical measurement condi-

tions, where a dominant peak aD that corresponds to Cu23D was 

obtained. The observed shift of 6 m/z between the peaks a and 

aD confirms the presence of 6 hydrides in the nanocluster (Fig-

ure 3b).  

We next measured the 2H nuclear magnetic resonance (2H 

NMR) spectrum of Cu23D in CHCl3 (Figure S13). As shown in 

the 2H NMR spectrum, two singlets centered at 5.85 and 5.53 

ppm were observed in an integration ratio of 1:2. These signals 

are absent in the 2H NMR spectrum of Cu23, further confirming 

their attribution to the hydrides. 

 

Figure. 4 (a) DFT-optimized structure of Cu23. (b) The coordina-

tion environments of the hydrides in the DFT-optimized Cu23. 

Color labels: brown/blue = Cu(motif)/Cu(core), medium turquoise 

= Se, pink = P, gray = C, light turquoise = H (proton), red = μ4-HA, 

black = μ4-HB, and green = μ4-HC. 

Because the Cu23 crystals are too small for neutron diffraction 

measurements and the hydrides are nearly transparent to X-

rays,14 we deduced the atomic positions of the six hydrides in 

Cu23 via DFT calculations. As depicted in Figures 4 and S14, 

all six hydrides are located on the six rhombic facets of the Cu13 

core, which adopt identical four-fold-coordinated μ4 configura-

tions. These hydrides can be divided into three groups accord-

ing to the coordination environment and structural symmetry: 

μ4-HA, μ4-HB, and μ4-HC. μ4-HA is nestled in a tetrahedral cage 

formed by three copper atoms in the Type-II rhombic facet and 

one copper atom in the square protecting motif, with an average 

Cu–H distance of 1.757 Å (Figures 4b and S14). μ4-HB and μ4-

HC bridge to three copper atoms in the Type-I rhombic facet and 

one center copper atom of the core, with average Cu–H dis-

tances of 1.844 and 1.861 Å, respectively (Figures 4b and 

S14). These results imply that the hydrides play an important 

role in the formation and stability of the cuboctahedral Cu13 

core. 

The hydride positions were further confirmed by comparing 

the calculated and experimental NMR shifts of protons and hy-

drides in Cu23. As depicted in Figure S15, the calculated chem-

ical shifts of the protons in the phenyl groups are centered at 

6.71 ppm, and those of the hydrides can be categorized into two 

groups with a ratio of 1:2, centered at 4.34 and 3.61 ppm, re-

spectively. This ratio is quantitively consistent with the ratio 

obtained from the experimental 2H NMR spectrum (Figure 

S13). As shown in Table S2, μ4-HA experiences a distinct 

downfield shift (higher ppm) relative to μ4-HB and μ4-HC. Con-

sidering that all 6 hydrides have the same coordination number, 

the difference in their NMR shifts should be attributed to the 

difference in the shielding/deshielding effect induced by their 

local coordination environment. In addition, the correlation plot 

of chemical shifts between the calculated (δcalc) and 



 

experimental (δexp) NMR spectra follows a linear fit with a cor-

relation coefficient of 0.996, suggesting that our DFT optimiza-

tions can well reproduce the atomic positions of hydrides in 

Cu23 (Figure S16 and Table S3). 

Hydrogen (H2) is an environmentally friendly fuel and was 

noted recently in the medical field to have curative effects in 

inflammation treatment and cancer therapy.61 Some PCNs were 

shown to be candidate materials for controllable H2 release in 

response to external stimuli, such as acid, light, or heat.5, 19 

Given that the tumor microenvironment is characterized by high 

local temperature and low pH,61, 62 herein, we investigated H2 

evolution in Cu23 under thermal and acidic conditions, respec-

tively (Figure S17–24). In variable-temperature (VT) 1H NMR 

spectra, as shown in Figure S18, a small amount of H2 release 

was observed upon heating from 308 to 338 K, and subse-

quently, a dramatic H2 release occurred at around 348 K, which 

falls in the range of ideal thermal decomposition temperature 

(343–363 K) of hydrogen-storage materials.7 Cu23 also liberates 

H2 at room temperature after the addition of a weak acid,  such 

as formic acid or hydrogen peroxide (Figure S20 and S21). 

Cu23 is capable of releasing 6 equivalents of H2 per nanocluster 

in an acidic environment due to hydride being a potent electron-

donating species and a strong Lewis base.7 We also found that 

when heating the Cu23 solution, the color of the solution 

changed from light orange to deep brown (Figure S23), which 

implies that the H2 release likely lead to a structural transfor-

mation or recombination of Cu23. It was further corroborated by 

ESI-MS results, where numerous newly generated compounds 

were observed in the heat-treated solution (Figure S24).

 

Figure. 5 (a) Optical absorption spectrum of fresh Cu23 crystals dissolved in CHCl3. Inset: the spectrum plotted on the photon energy scale 

(the y-axis is transformed from the wavelength scale spectrum by Abs×λ2). (b) 2D color map of fs-TA spectrum of Cu23. (c) Time-evolution 

transient absorption spectra of Cu23. (d) Kinetic traces probed at 534 nm in response to 350-nm optical excitation. The solid line in (d) 

represents the exponential fit of the experimental data. 

The steady-state ultraviolet–visible (UV−Vis) spectrum of 

Cu23 in CHCl3 solvent shows a monotonic decrease in absorb-

ance (Figure 5a). In addition, Cu23 was found to be stable in 

CHCl3 for at least 24 hours (Figure S25). The optical bandgap 

of Cu23 is estimated to be 2.18 eV by extrapolating the absorb-

ance curve to baseline.37 The calculated bandgap, defined as the 

energy difference between the highest occupied molecular or-

bital (HOMO) and lowest unoccupied molecular orbital 

(LUMO), is 1.13 eV (Figure S26a). The calculated bandgap is 

smaller than expected due to the well-known underestimation 

of bandgap energies by the GGA/PBE level of modeling.10 As 

given in Figure S26b, the projected densities of states (PDOS) 

of Cu23 suggest that the nanocluster core (both Cu and hydrides) 

has a significant contribution to the HOMOs as well as the LU-

MOs. This can be visualized by the electronic charge densities 

(Figure S26c), showing that both the HOMO–1 and HOMO 

levels are delocalized over the Cu13 core as well as the protec-

tive motifs, while those for the LUMO and LUMO+1 levels are 

highly localized in the core. Additionally, the total charge of Cu 

atoms in Cu23 ranges from 0.64 to 0.80—corroborating the 

Cu(Ⅰ) oxidation state assignment—while the total charge of the 

hydrides is on average –0.69. A comparison of the XPS spectra 

of Cu23 and [–PhSe–Cu(I)–]n polymers further confirm that all 

the copper atoms in Cu23 are in the +1 state (Figure S27). 

To understand the excited-state behaviors of Cu23, we em-

ployed femtosecond transient absorption (fs-TA) spectroscopy, 

an ultrafast spectroscopic technique commonly used to explore 

and decipher the excited-state dynamics of nanomaterials in real 

time.63 The details of the fs-TA setup are reported in our previ-

ous studies,64 as well as in the Supporting Information. Upon 

exciting Cu23 with a 350-nm pump pulse, a broad, positive ab-

sorption signal (known as excited-state absorption, ESA) rang-

ing from 410 to 680 nm was observed (Figure 5b and 5c), im-

plying the presence of dense excited states.65 The relative 

change in the ESA intensities is due to structural relaxation dur-

ing the excited-state de-activation process. Figure 5d depicts 



 

the exponential fit of the measured ESA kinetics probed at 534 

nm, yielding two components with time constants of 22±1 ps 

(58%) and 950±48 ps (42%). The time-evolution absorption 

spectra exhibit nearly the same characteristics at all wave-

lengths (Figure 5c). In addition, DFT calculations show that the 

excited-state electron density of Cu23 is mainly localized in the 

Cu13 core, and the copper-bound hydrides may render the core 

structure more rigid; thus, the excited-state de-activation pro-

cess could be slowed to some degree. Therefore, we deduce that 

the first component (22 ps) might be attributed to internal con-

version (IC) from the Sn to S1 state within the core, while the 

second component (950 ps) should be due to nonradiative re-

laxation from the S1 state to the ground state. 

In summary, we have successfully synthesized a novel cu-

boidal PCN, formulated as [Cu23(PhSe)16(Ph3P)8(H)6]‧BF4. The 

full chemical composition and optical properties of the 

nanocluster were systematically investigated through SC-XRD, 

ESI-MS, NMR spectroscopy, UV-Vis spectroscopy, fs-TA 

spectroscopy, and DFT calculations. As expected, Cu23 is capa-

ble of releasing H2 in response to mild heating (~348 K) or weak 

acid conditions (formic acid and hydrogen peroxide). By com-

bining the structural characteristics of previously reported anal-

ogous polyhedral nanoclusters, we reveal that the bulky mono-

dentate phosphine ligand plays a crucial role in the construction 

of rectangular hexahedral nanoclusters. Cu23 assembled into a 

unique q-SC packing pattern in the crystal lattice, where the ob-

served perfect face-to-face contact of nanoclusters and interdig-

itation between surface ligands shows that, in addition to the 

packing efficiency, the subtle synergy between nanocluster ge-

ometry and intercluster noncovalent interactions is of great im-

portance in guiding the intercluster self-assembly process. This 

work provides in-depth insights into the construction of rectan-

gular hexahedral nanoclusters and the principles of intercluster 

self-assembly, which have significant implications for the con-

trollable preparation and self-assembly of other types of nano-

materials. 

The Supporting Information is available free of charge on the ACS 

Publications website. 
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