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a b s t r a c t

Multi-response metal cluster supercrystal materials, which can simultaneously display various such

as color, photoluminescence, changes by bearing only one stimulus, have huge potential as stimuli-

responsive intelligent material, but are rarely reported. Here, we report three Cu8 cluster supercrystals,

Cu8-1, Cu8-2, and Cu8-3, with homologous cluster molecule units [Cu8(PNP)3(EPPTA)6](PF6)2 but distinct

packing. These supercrystals display bright μs-long photoluminescence with a high quantum yield of up

to 26.6% in solid-state at room temperature and aggregation-induced emission (AIE) characteristic. Supe-

rior thermal stability and blue-excitable bright yellow emission make Cu8-3 serve as a yellow phosphor

for white light-emitting diode. Furthermore, upon being stimulated by solvent vapor and temperature, re-

versible supercrystal-to-supercrystal transformations can be witnessed accompanied by remarkable color

and luminescence switching. This work not only provides a kind of Cu cluster supercrystal model but also

motivates the further development of metal clusters in multi-response materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Stimulus-responsive optical materials undergoing reversible

color and/or luminescence changes in response to numerous ex-

ternal stimuli (e.g., organic vapors, temperature, light, pressure)

are becoming increasingly attractive owing to their potential ap-

plications in new intelligent devices, such as optical switches, sen-

sors, and actuator [1–5]. These smart optical materials can pro-

vide reversible optical signals directly discerned by naked eye to

monitor surrounding environment changes. In past decades, var-

ious stimulus-responsive optical materials including organic [6],

supramolecular [7], organometallic [8], covalent [9], and coordi-

nation complexes have been designed and synthesized. However,

reasonably designing and fabricating the stimulus-responsive opti-

cal materials remain challenging due to tedious synthesis, complex

response mechanism, and high cost [10], especially for the multi-

response optical materials, which can simultaneously show multi-

ple changes such as color, photoluminescence, changes by bearing

only one stimulus. Thus, development of new stimulus-responsive

optical materials with simple synthesis process, precise structure,

sensitivity, and high photostability is needed.
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(Z. Han), zangsqzg@zzu.edu.cn (S.-Q. Zang).

Atomically precise monolayer-protected coinage metal (Cu, Ag,

Au) clusters with ultrasmall size bridging discrete atoms and bulk

matter are fast explored in synthetic strategies, structure types,

various applications, etc. [11–15]. Surface ligands of metal clus-

ters can not only protect the metal core and stabilize structure

but also endow various surface chemical environments to metal

clusters, which frequently play an important role in cluster self-

assembly and affect photophysical properties [16–21]. Upon ag-

gregation, intermolecular non-covalent interactions (e.g., hydrogen

bonding, halogen bonding, electrostatic, π ···π , C–H···π , van der

Waals interactions) would drive bottom-up self-organization of

cluster units leading to supercrystals or superlattices [22–27]. As

an attractive property, the photophysical behavior of metal clus-

ters is generally related to the metal core and ligands [28–33].

Uniquely, the intra- or intercluster weak metallophilic interactions

may display remarkable responsive behaviors to numerous exter-

nal stimuli (e.g., organic vapors, temperature, light, pressure) giv-

ing dramatic visual photoluminescence and color changes [27,34].

In general, when bearing external stimuli in solution or the solid

state, the cluster skeleton will suffer from irreversible modulation.

However, it is very rare in coinage metal clusters, especially for Cu

clusters, to observe the reversible transformation of color and pho-

toluminescence triggered by chemical vapor or temperature result-
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ing in distinct packing change but without dramatically deforming

the cluster structures from crystal to crystal [4,8,35,36].

Herein, by 2,6-bis(diphenylphosphino)pyridine (PNP) and 10-(4-

ethynylphenyl)−10H-phenothiazine (HEPPTA) ligands, we first pre-

pared in high yield and structurally characterized a Cu8 cluster

single crystal, abbreviated as Cu8-1, which crystallized in the cu-

bic P-1 space group and featured distinct both red color and red

emission with a peak centered at 614nm with a photolumines-

cence quantum yield (PLQY) of 13.3%. Wondrously, the red crys-

tal Cu8-1 can be spontaneously transformed to the other yellow

Cu8 cluster crystal, denoted as Cu8-3, showing yellow photolumi-

nescence with a maximum wavelength at 578nm (PLQY=26.6%),

via treating with acetone vapor. Interestingly, when heated at

180 oC for 20min, yellow Cu8-3 will be reversibly turned into

red Cu8-1. However, another yellow crystal, denoted as Cu8-2,

can be harvested after Cu8-3 suffers from heating at 50 °C
for 1h, showing the same solid-state optical absorption but an

emission behavior with a redshift of 20nm compared to Cu8-3

crystal. Furthermore, the reversible transformation from Cu8-2

to Cu8-3 could also be promoted by acetone vapor. Accord-

ing to a series of experiments, clusters Cu8-2 and Cu8-3 with

the molecular formula of [Cu8(PNP)3(EPPTA)6](PF6)2(CH2Cl2)5.5
and [Cu8(PNP)3(EPPTA)6](PF6)2(C2H5OH)2, respectively, could also

be isolated in different mixed solvent. Undoubtedly, this vapor-

and temperature-induced reversible supercrystal transformation

combining color and photoluminescence is very rare for coinage-

metal clusters. The absorption edge of the monomeric Cu8 clus-

ter is about 500nm and all these Cu8 clusters display remark-

able aggregation-induced emission (AIE) behaviors. In contrast, the

solid-state absorption band is red-shifted to 600nm for Cu8-1 and

550nm for Cu8-2 and Cu8-3.

The Cu8-1, Cu8-2, and Cu8-3 clusters could be synthesized in

situ in a high-yield and simple synthetic approach. The reaction

of [Cu(CH3CN)4](PF6), PNP and HEPPTA (Scheme S1 and Figs. S1-

S3 in Supporting information) with a little triethylamine (NEt3) in

CH2Cl2 was first conducted resulting in the crude products. Red

Cu8-1 and yellow Cu8-2 were obtained as single crystals by re-

crystallization of the crude products in CH2Cl2 (DCM) via slow dif-

fusion of ethanol (EtOH) at 3-6 °C and room temperature, respec-

tively, and the yellow Cu8-3 clusters crystallized using the same

crude products in acetone (AC) by slow diffusion of ethanol un-

der ambient conditions. Cu8-1 and Cu8-2 crystallized in the same

solution but at different ambient temperatures, which resulted in

the same crystal space group but different unit cells and intrin-

sic absorbance, indicating that the cluster crystallization is highly

sensitive to the crystallization rate. In addition, the crystal materi-

als of three Cu8 clusters could also be harvested by the vapor or

temperature-triggered reversible transformation processes.

Detailed molecular structures of Cu8-1, Cu8-2, and Cu8-3 were

determined by single-crystal X-ray diffraction (SC-XRD) analysis.

Cu8-1 crystallized in a triclinic crystal system with a space group

of P-1 and a cell volume of 10,335 Å3 (Table S1 in Supporting in-

formation). In Cu8-1 single crystal structure, there were two Cu8

([Cu8(PNP)3(EPPTA)6](PF6)2) cluster units in the unit cell. As shown

in Fig. 1, Cu8 cluster shows a columnar structure, in which the Cu8

metal core can be regarded as three Cu atoms forming a Reuleaux-

like triangular ring with a triangular bipyramid of Cu5 in the center

(Fig. 1b and Fig. S4a in Supporting information). The Cu-Cu bond

distances are in the range of 2.483–2.564 Å, which are shorter

than the Cu-Cu van der Waals distance of 2.8 Å, indicating metallic

bonding. Then, three EPPTA ligands further cover the two surfaces

of Cu8 metal core through Cu-C coordinate bonds, respectively,

forming the columnar structure (Figs. S4b and c in Supporting in-

formation). Four EPPTA ligands were found to adopt a μ3–η1
σ , η1

σ ,

η1
σ ligation mode (Fig. 1c), while the other two EPPTA take a μ3–

η1
σ , η1

σ , η2
π mode (Fig. 1d). In addition, the σ -type dCu–C ranged

Fig. 1. The crystal structures of Cu8-1, Cu8-2 and Cu8-3. (a) Overall structure. (b)

Metal core of Cu8. (c) σ and (d) π ligation modes of the EPPTA ligand with Cu

atoms. (e) The monodentate mode of PNP ligand. Color code: light rose= copper;

gray= carbon; pink=phosphorus; yellow= sulfur; blue=nitrogen. H atoms are

omitted for clarity. (For interpretation of the references to color in this figure leg-

end, the reader is referred to the web version of this article.)

from 1.995 Å to 2.140 Å, and the π-type dCu–C were 2.505 Å and

2.528 Å Three PNP ligands are ligatured on the Cu8 metal core

through Cu-P and Cu-N coordinate bonds around the waist of the

columnar structure with an average Cu-P bond length of 2.32 Å

and Cu-N bond length of 2.04 Å (Fig. 1e and Fig. S4d in Support-

ing information). Furthermore, the cationic [Cu8(PNP)3(EPPTA)6]
2+

is surrounded by two PF6
– as counterions.

Cu8-2 is also crystallized in a triclinic crystal system with the

space group of P-1 and a cell volume of 9638 Å3 (Fig. 2 and Table

S1 in Supporting information). The molecular structure of Cu8-2 is

very similar to Cu8-1 (Fig. 1a). All of the six alkyne ligands adopt

a μ3–η1
σ , η1

σ , η1
σ ligation mode (Fig. 1c). Structurally similar

Cu8-3 cluster crystallized in a monoclinic crystal system with the

space group of C2/c and a cell volume of 18,082 Å3 (Fig. 2 and

Table S1 in Supporting information). The cluster molecular struc-

ture of Cu8-3 is nearly identical to Cu8-2 (Fig. 1a) showing the

same Cu8 core protected by the same ligands adopting the same

ligation mode.

In the packing structure of Cu8-1, two clusters are packed in-

side the unit cell (Figs. 2a and d, Fig. S5 in Supporting information),

and the extended cluster packing shows an AB/AB kind of layered

packing mode (Figs. S8a and b in Supporting information). Care-

ful analysis further reveals that a large number of C–H�F inter-

actions exist between each Cu8 cluster and its seven surrounding

PF6
– (Fig. S9a in Supporting information), besides, the consider-

able C–H�N, C–H�S, C–H�π , S�S, π�π and H�H intermolecular

or intramolecular interactions among the EPPTA and PNP ligands

were also observed, promoting cluster crystallization (Figs. 3a and

d, Fig. S10 in Supporting information). Interestingly, in each Cu8

structure, two phenothiazine groups in the EPPTA ligands are seri-

ously bent resulting in the EPPTA forming a ‘7′-like shape (Fig. 3).

In the case of Cu8-2, two Cu8 cluster molecules are packed in-

side the cubic unit cell (Figs. 2b and d, Fig. S6 in Supporting in-

formation) with an AB/AB packing mode (Figs. S8c and d in Sup-

porting information). Eight C–H�F interactions were observed be-

tween each Cu8 cluster and the adjacent eight PF6
– (Fig. S9b in

Supporting information), which combine the C–H�S, C–H�π and

π�π intermolecular or intramolecular interactions to result in the

intermolecular packing (Fig. 3b, 3e and S11). For cluster Cu8-3,
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Fig. 2. Unit cell molecular packing of (a) Cu8-1, (b) Cu8-2 and (c) Cu8-3 (along b crystallographic axis). (d) Comparison of the unit cell parameters for Cu8-1, Cu8-2 and

Cu8-3.

Fig. 3. Intermolecular and intramolecular forces in (a, d) Cu8-1, (b, e) Cu8-2 and (c,

f) Cu8-3. Color code: C–H�N for bright blue dotted line, C–H�S for yellow dotted

line, C–H�π for light green dotted line, π�π for light orange dotted line and H�H

for white dotted line. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

there are four Cu8 cluster molecules in the unit cell featuring an

AB/AB packing mode (Figs. 2c and d, Figs. S7, S8e and f in Sup-

porting information), in which the cluster molecules are tightly

stacked through C–H�F, C–H�S, C–H�π , π�π and H�H interac-

tions (Figs. 3c and f, Figs. S9c and S12 in Supporting information).

Similarly, two EPPTA ligands are also bent to a ‘7’-like shape in

each cluster molecule of Cu8-2 and Cu8-3.

The composition of each cluster was further confirmed by

electrospray ionization mass spectrometry (ESI-MS). As shown

in Fig. 4a, the ESI-MS spectra in positive ion mode of Cu8-1,

Cu8-2 and Cu8-3 show prominent peaks at m/z 1820.1196,

1820.1226 and 1820.1226 corresponding to the molecular

ions [Cu8(PNP)3(EPPTA)6]
2+−1, [Cu8(PNP)3(EPPTA)6]

2+−2, and

[Cu8(PNP)3(EPPTA)6]
2+−3 (calcd. m/z 1820.1209), respectively.

Detailed analysis shows that the experimental isotopic distribu-

tion patterns matched well with the simulated ones. The phase

purities of these Cu8 crystals were confirmed by the powder X-ray

diffraction (PXRD) patterns (Fig. S13 in Supporting information).

Thermogravimetric analysis (TGA) shows that the decomposition

temperatures of Cu8-1, Cu8-2, and Cu8-3 are about 275, 258, and

260 °C, respectively, indicating superior thermal stability of these

Cu8 cluster materials (Fig. S14 in Supporting information).

Among the various properties of metal clusters, the photolumi-

nescence is greatly attractive. So, we have systematically investi-

Table 1

Summary of photoluminescence parameters of clusters Cu8-1, Cu8-2, and Cu8–3 in

the solid state.

Sample λem (nm) τ em (μs) PLQY (%)

Cu8-1 614 5.89 13.3

Cu8-2 598 3.30 12.4

Cu8-3 578 2.97 26.6

gated the optical properties of these Cu8 clusters. UV-vis absorp-

tion of the Cu8 cluster in DMF solution is below 500nm (Fig. S19b

in Supporting information), however, the absorption edge is red-

shifted to 600nm for Cu8-1 and 550nm for Cu8-2 and Cu8-3

(Fig. 4b), respectively, indicating the significant collective behavior

for these supercrystals beyond isolated cluster block.

As presented in Fig. 4c and Table 1, the solid-state Cu8-1, Cu8-

2 and Cu8-3 showed bright photoluminescence with the maxi-

mum emissions at 614nm, 598nm and 578nm, and the PLQYs of

13.3%, 12.4% and 26.6% at room temperature, respectively, which

are different from the emission behavior of HEPPTA ligand ex-

hibiting blue emission centered at 459nm in the solid-state and

500nm in dichloromethane (DCM) solution (Fig. S15 in Support-

ing information). In addition, time-correlated single-photon count-

ing (TCSPC) technique studies show that these Cu8 clusters in the

solid state display the microsecond lifetimes of 5.89, 3.30, and

2.97 μs for Cu8-1, Cu8-2 and Cu8-3 (Fig. S16 in Supporting in-

formation), respectively, manifesting that the transitions should

be spin-forbidden triplet emission [37–41]. Furthermore, the ex-

citation wavelength-independent emission behaviors of these Cu8

clusters indicate the emission originates from the lowest excited

states (Fig. S17a in Supporting information). According to the above

studies, cluster Cu8-3, displaying blue excitable yellow emission

combined with its high thermal stability, maybe a yellow-emitting

fluorophore. Then a white light-emitting diode (WLED) was fabri-

cated by using a commercial blue LED panel with an emission peak

approximately at 467nm, on which Cu8-3 powders were coated

as a yellow luminescence layer [29]. As shown in Figs. 4d and e,

bright white light with the CIE coordinates of (0.34, 0.31) could

be observed when the blue LED was turned on with a voltage

of 3.0V.

Although clusters Cu8-1, Cu8-2 and Cu8-3 are PL-active in the

solid state and more active after being frozen in liquid nitrogen

(Fig. S17b in Supporting information), all are non-emissive in di-

luted solutions (Figs. S18a and b in Supporting information), indi-

cating possible aggregation-induced emission (AIE) behavior, which
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Fig. 4. (a) Positive-ion mode ESI-MS of Cu8-1, Cu8-2, and Cu8-3 dissolved in N,N-dimethylformamide (DMF) and EtOH. Insets: Enlarged portion of the ESI-MS exhibiting the

measured (black line) and simulated (red line) isotopic distribution patterns in the m/z range of 1000–5000 with a charge state of +2. (b) Normalized UV–vis absorption

spectra and (c) excitation with emission spectra of Cu8-1 (black trace), Cu8-2 (red trace) and Cu8-3 (blue trace) clusters in the solid state. (d) Photographs of WLED assembly:

1, LED panel is turned off (OSRAM LED Lighting Company); 2, LED panel coated with Cu8-3 powders is turned off; 3, LED panel coated with Cu8–3 is turned on. (e) The

monitored emission spectrum and CIE coordinates of the white LED panel. (f) Emission spectra of Cu8-1 dissolving in DMF with a different fraction (0%–90%) of H2O. (g)

Images of Cu8-1 in DMF (c = 10−5 mol/L) with 0%–90% of H2O under ambient light (top) and UV light (bottom). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

is a common phenomenon for organic molecules and metal clus-

ters [38,42-48]. All clusters are non-emissive in DMF, however, as

decreasing the temperature by liquid nitrogen, bright yellow lumi-

nescence centered at 590nm was observed (Fig. S18c in Support-

ing information), illustrating that non-radiative transition was ac-

tivated in solution. After adding water to the above DMF solution,

strong orange luminescence with a maximum emission wavelength

of 614nm was lighted (Figs. 4f and g, Fig. S18d in Supporting in-

formation). The UV-vis absorption and emission spectra measure-

ments show that aggregates started forming at a water fraction

(fw) of 50%, and the emission intensity reaches the highest value

at 60% H2O content with a PLQY of 5.8% and a lifetime of 4.75 μs

(Figs. S18d-f in Supporting information).

To further understand the complex photophysical properties

of these Cu8 clusters, density functional theory (DFT) and time-

dependent DFT (TD-DFT) calculations were further performed. The

calculated UV-vis absorption spectrum of Cu8-1 matched well with

the experimental spectrum in the DMF solution (Fig. S19 in Sup-

porting information). The band centered at 415nm is attributed

to the HOMO-6→ LUMO (50%) and HOMO-4→ LUMO (29%) tran-

sitions and other deeper energy levels (highest occupied molecular

orbital, HOMO; lowest unoccupied molecular orbital, LUMO). The

band centered at 384nm is attributed to the HOMO-8→ LUMO+1

(17%) and HOMO-4→ LUMO+8 (40%) transitions and other deeper

energy levels. As shown in Fig. S20 and Table S2 (Supporting in-

formation), the HOMO is distributed at the EPPTA (99.9%), and the

LUMO resides on the PNP with a high population (90%) and Cu8

core with a small contribution. Thus, the emissions of these Cu8

clusters may mainly originate from ligand-to-ligand charge transfer

transitions (LLCT) and ligand-to-metal charge transfer transitions

(LMCT) [49–51].

Cluster building block rearrangement in the unit cell is an ef-

fective strategy to tailor physicochemical properties, but rarely re-

ported. Clusters Cu8-1, Cu8-2 and Cu8-3 feature identical molecule

structures but entirely different packing ways in single-crystal ac-

companied with disparate color and PL. More significantly, the

structure with color and PL can completely reversibly transform af-

ter suffering from solvent vapor and heating. When we stimulated

the red Cu8-1 by acetone (AC) vapor at room temperature for 3

days, yellow Cu8-3 was generated. Conversely, Cu8-3 can reversibly

transform to Cu8-1 after being heated at 180 °C for 20min. In-

terestingly, cluster molecules in Cu8-3 will further rearrange upon

heating at 50 °C for 1h, producing Cu8-2. Cu8-3 can be reversibly

generated by treating Cu8-2 with AC vapor for 1h (Fig. 5a). As

shown in Fig. 5b, a ‘maple leaf’ pattern was prepared by deposit-

ing Cu8-1 powders on a polytetrafluoroethylene (PTFE) mold, and

the visualized and reversible pattern transformation based on both

color and luminescence could be achieved upon AC vapor and

heating. However, we failed to realize the transformation between

Cu8-1 and Cu8-2. Furthermore, the reversible transformations were

evidenced by recyclable repeatable PXRD patterns, solid-state UV–

vis absorption spectra, solid-state emission spectra, and ESI-MS

spectra (Figs. 5c and d, S21 and S22 in Supporting information).

In the final analysis, we think that the abundant intermolecular

and intramolecular interactions sensitive to the AC vapor and tem-

perature dominate the cluster crystallization and reversible trans-

formations of these Cu8 cluster supercrystals [52]. According to the

SC-XRD analysis, there are rich intercluster C–H�π , π�π , C–H�S,

and S�S interactions among the surface ligands, which play a cru-

cial role in stabilizing lattice. In addition, abundant C–H�F inter-

actions between the surface ligands and PF6
− anions can also sup-

press the molecular motion. So we infer that the more facilitated

4
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Fig. 5. (a) The transformation behavior among the Cu8-1, Cu8-2 and Cu8-3 clusters. (b) Photographs under natural light and UV light of a ‘maple leaf’ pattern made by Cu8-1

powders simulated by AC vapor and heating in a PTFE mold. (c) PXRD patterns monitoring the reversible phase transformation between Cu8-1 and Cu8-3. (d) PXRD patterns

monitoring the reversible phase transformation between Cu8-3 and Cu8-2.

intercluster interactions in Cu8-3 result in a higher PLQY. The emis-

sion shifts for these clusters can be explained via the electronic

coupling induced by intercluster interactions [53]. As for vapor in-

duced transformations from Cu8-1 or Cu8-2 to Cu8-3, we think

the interactions (C–H�O and C–H�Cl) between solvent molecules

and surface ligands or PF6
− anions are crucial (Fig. S23 in Sup-

porting information). After removing the guests by AC vapor, the

C–H�O or C–H�Cl interactions were destroyed resulting in the rel-

ative displacement of the cluster molecules [27]. Interestingly, the

temperature-dependent transformations from Cu8-3 to Cu8-1 or

Cu8-2 are related to the escape speed of solvent molecules from

the lattice at different temperatures, namely, high-speed behavior

at 180 °C causes the transformation from Cu8-3 to Cu8-1 and low-

speed triggers the transformation from Cu8-3 to Cu8-2.

In summary, we report three atomically precise Cu8 clus-

ter supercrystals, Cu8-1, Cu8-2 and Cu8-3, by introducing PNP

and HEPPTA ligands. All Cu8 supercrystals feature the same

[Cu8(PNP)3(EPPTA)6](PF6)2 composition but different intrinsic opti-

cal absorption and PL. Solid-state Cu8-1, Cu8-2 and Cu8-3 showed

bright photoluminescence centered at 614, 598 and 578nm with

the PLQYs of 13.3%, 12.4% and 26.6% and microsecond lifetimes

at room temperature, respectively. As a representative, cluster

Cu8-3 displaying blue-excitable bright yellow luminescence and

high thermal stability serves as a yellow phosphor for WLED. An

obvious AIE property was shown for these clusters. Impressively,

reversible structural transformations of these supercrystals can be

triggered by AC vapor and temperature promoting the color and

PL switching. This work not only provides a rare kind of stimuli-

multi-responsive Cu8 cluster supercrystals but also expands the re-

search field for Cu clusters.
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