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Abstract.  
Copper(I) halides are well known for their structural diversity and rich photoluminescence properties, 

showing great potential for the development of solid-state lighting technology. A series of four 

molecular copper iodide clusters based on the [Cu4I4] cubane geometry is reported. Among them, [Cu8I8] 

octanuclear clusters of rare geometry resulting from the dimerization of the tetranuclear counterparts 

were also synthesized. Two different phosphine ligands were studied, bearing either a styrene or an ethyl 

group. Therefore, the effect of the dimerization and of the ligand nature on the photophysical properties 

of the resulting clusters is investigated. The structural differences were analysed by single crystal X-

Ray diffraction (SCXRD), solid-state NMR (Nuclear magnetic Resonance), Infrared, and Raman 

analyses. Comparatively to the ethyl group, the styrene function appears to greatly impact the 

photophysical properties of the clusters. The luminescence thermochromic properties of the ethyl 

derivatives and the intriguing photophysical properties of the clusters with styrene function were 

rationalized by density functional theory (DFT) calculations. Thus, the styrene group significantly 

lowers in energy the vacant orbitals and consequently affects the global energetic layout of the clusters. 

From this study, the nuclearity of the copper iodide clusters has eventually less influence on the 

photophysical properties than the nature of the ligand. The design of proper ligands should therefore be 

considered when developing materials for specific lighting applications. 

 

 

Keywords. copper iodide cluster, cubane structure, cluster dimerization, photoluminescence, 

luminescence thermochromism. 

 

 

  



3 
 
 

Introduction. 
To develop environmentally friendly and sustainable solid-state luminescent materials, intense research 

on materials free of rare earth and lead ions is currently being carried out.1–5 Due to the accessibility of 

elemental copper and the remarkable photophysical properties of copper(I) complexes,6–9 Cu(I)-based 

materials are especially interesting for the development of cost-effective emissive materials that also 

combine high efficiency with low toxicity.10–13 Among the Cu(I) compounds, the family of copper 

halides is characterized by a wide range of photophysical properties associated to a large structural 

diversity.14–17 In particular, copper iodide compounds display intense and stable photoluminescence 

properties, making them a relevant alternative to lead-based hybrid perovskites.18–23 

 

Multinuclear copper(I) iodide complexes or molecular clusters having more than two copper atoms, 

offer a large range of photophysical properties thanks to their various possible optical transitions, which 

is of particular interest for developing light-emitting stimuli-responsive materials.24–30 Indeed, the 

interplay between different transitions (Metal-to-Ligand Charge Transfer MLCT, Halide-to-Ligand 

Charge Transfer XLCT, Metal-Metal MM…) can lead to competitive excited states and sensitivity to 

external factors. For instance, luminescence thermochromism can be observed when excited states are 

thermally coupled.31–34 TADF (Thermally Activated Delayed Fluorescence) process may also be 

involved in some cases.35,36 The metallophilic interactions that may be present in these compounds can 

also be responsible for luminescent mechanochromic properties.37,38 Because of the adaptability of the 

d10 electronic configuration of Cu(I) and the various coordination modes of halides, multinuclear 

copper(I) iodide complexes present diverse nuclearities and geometries features.39–41 The small energy 

difference between different structures having similar coordination numbers further adds to the 

structural diversity of these compounds, as illustrated by the tendency towards crystalline 

polymorphism.42–44 Among the many multinuclear copper(I) iodide complexes existing, the tetranuclear 

cluster formulated [Cu4I4L4] (L = organic ligand) based on the cubane geometry is by far the best known 

because of its multistimuli-responsive photoluminescent properties.45,41 In addition to the previously 

cited luminescence thermochromic and mechanochromic properties, solvatochromism46–49 and even 

rigidochromism50,51 can be displayed. Therefore, promising applications are expected in the domain of 

emitting devices.52–57 In this context, molecular clusters of high nuclearity favouring multiple 

cuprophilic interactions while preserving the cubane geometry are particularly interesting to get original 

photophysical properties. Such compounds may offer many applicative perspectives as multifunctional 

light-emitting solid-state materials. 

 

Here, we report on the study of a series of four molecular copper iodide clusters based on the [Cu4I4] 

multimetallic core of cubane geometry coordinated by phosphine ligands. In addition to the tetranuclear 

clusters, the formation of dimerized [Cu8I8] octanuclear clusters is presented. The ligands are based on 

triphenylphosphine bearing a styrene function. Because this styrene function appears to greatly impact 

the photophysical properties of the clusters, another ligand for which the styrene group was replaced by 

an ethyl chain, was studied comparatively. The synthesis, structural and photophysical characterisations 

of these four copper iodide clusters are presented. The structural differences were analysed by single 

crystal X-Ray diffraction (SCXRD), solid-state NMR, IR, and Raman analyses. The luminescence 

thermochromic properties of the ethyl derivatives and the intriguing photophysical properties of the 

clusters with styrene function were rationalized by density functional theory (DFT) calculations. This 

study permit to evaluate the effect that the nature of the ligands and the nuclearity of copper iodide metal 

center can have on the photophysical properties of the resulting clusters. 
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Results and Discussions. 

Synthesis and crystal structures.  

The four clusters were synthesized in solution by reacting CuI with the phosphine ligands. The styrene 

phosphine formulated Ph2P(C6H4)CH=CH2 is commercially available whereas the ethyl derivative 

Ph2P(C6H4)CH2CH3 was synthesized by lithiation of the bromoethylbenzene and reaction with 

chlorodiphenylphosphine (experimental details in SI). The nomenclature of the four different clusters 

obtained is reported in Figure 1. Upon recrystallization of the complexes, the monomer [Cu4I4L4] (M) 

and the dimer [Cu8I8L6] (D) illustrated in Figure 1, formed concomitantly in the case of the two different 

ligands. Changing the CuI:L stoichiometry or the solvents nature gave similar results. Crystals of the 

monomers and the dimers present distinguishable morphologies. While the monomers form needles, the 

dimers has rhomboid bulky shape (Figure S1). For the styrene phosphine, the two compounds (C-StyM 

and C-StyD) were separated manually under an optical microscope. In the case of the ethyl phosphine, 

pure [Cu8I8L6] (C-EthylD) could be obtained exclusively at the first stage of the crystallization, the 

monomer (C-EthylM) forming afterwards. Elemental analysis results are in accordance with the clusters 

formula and indicate absence of solvent trapped in the crystalline powders (SI). 

 

 

Figure 1. Schematic drawing of the [Cu4I4L4] (Monomer) and [Cu8I8L6] (Dimer) clusters (L = phosphine ligand 

with ethyl or styrene group) and labels of the studied compounds. 

 

Single crystals suitable for SCXRD analyses could be obtained for the two [Cu8I8L6] dimers, C-StyD 

and C-EthylD and for the [Cu4I4L4] styrene monomer C-StyM. The crystalline needles of C-EthylM 

were too thin for collecting accurate data. Experimental crystallographic details and data are reported in 

SI. C-StyM crystallizes in the P 21/n and presents the [Cu4I4L4] cluster cubane structure as shown in 

Figure 2. There are two crystallographically independent clusters in this structure (C-StyMa and C-

StyMb) having very similar geometric characteristics. One styrene group of each cluster and one phenyl 

group for C-StyMb are disordered over two positions (Figure S3). The Cu atoms are all in the pseudo-

tetrahedral I3CuP coordination geometry. Selected distances and angles are listed in Table 1. The volume 

of the two Cu4 tetrahedra are therefore very close (3.06 and 2.98 Å3) but from comparison of the I-Cu-I 

angles, the cluster core in C-StyMb is more symmetrical than that of C-StyMa (standard deviation of 
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4.11º vs 2.52º, respectively). The Cu-I, Cu-P distances as well as I-Cu-I angles for C-StyM are all in the 

range of values reported for cubane copper iodide clusters coordinated by phosphine ligands (Table 

1).54,58,59 This is also the case for the Cu-Cu distances which are close to the van der Waals interaction 

value of 2.8 Å.60 The crystalline packing of C-StyM can be described as rows of clusters running along 

the b axis (Figure 2). No π-π stacking between the phenyl groups is observed. 

 

 

Figure 2. Crystal and molecular structures of C-StyM with two independent (a and b) [Cu4I4L4] clusters and of C-StyD and 

C-EthylD [Cu8I8L6] clusters. Cu-Cu contacts are shown in dashed pink lines. Disorder on the ligands is not shown for clarity. 

 

C-StyD and C-EthylD crystallize in the triclinic P -1 space group and are isostructural (Figure S2). 

They present dimerized [Cu8I8] clusters resulting from two [Cu4I4] units linked through one cube edge 

by two Cu-I bonds. This 'double cubane' structure has an inversion center located in the middle of the 

connection forming a rhomboid [Cu2I2] motif (Figure 2). The ligands are also disordered in C-StyD and 

C-EthylD involving the C=CH2 and CH2CH3 moieties as well as the phenyl groups (Figure S4). In this 

dimerized cubane structure, the Cu atoms present a I3CuP coordination geometry as in the monomer but 

also the CuI4 pseudo-tetrahedral geometry for two Cu atoms involved in the connection. The cubane 

entity in C-StyD and C-EthylD present very close Cu-I (2.678 vs 2.683 Å) and Cu-P distances (2.251 

vs 2.250 Å, respectively), and I-Cu-I angles (108.89 vs 108.91º), as reported in Table 1. The Cu-Cu 

mean distances within the cubane are quite similar for the two dimers (2.947 and 2.951 Å) and lie in the 

range of van der Waals values. The Cu4 tetrahedra volume are also very close (2.99 vs 3.01 Å3) having 

similar shape too (I-Cu-I angles standard deviation of 2.62 vs 2.49°, respectively). Therefore, there is no 

particular distortion of the cubane cluster due to the dimerization. In the [Cu2I2] connection, the Cu-I 

and Cu-Cu distances are in the range of classical values. However, the longer Cu-I distances of C-

EthylD induces longer Cu-Cu distances compared with C-StyD (2.9561(9) vs 3.060(3) Å). The 

crystalline packing of C-StyD and C-EthylD can be described as molecular plane (ac) of clusters. 

Intermolecular π-π stacking interactions between the phenyl groups are observed in the structures with 

interplanar distances in the 3.75-3.96 Å range (Figure S5).  
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PXRD (Powder X-Ray Diffraction) analysis confirm the purity and homogeneity of the compounds by 

comparison with the SCXRD data (Figure S6). C-StyD and C-EthylD present similar powder patterns 

as expected form their isostructurality, but are clearly distinct from those of the C-StyM and C-EthylM 

monomers.  

 

The dimerized octanuclear [Cu8I8L6] motif is by far less common compared with the tetranuclear one in 

the copper iodide clusters with only four examples reported in the literature. Two of them are found in 

coordination polymers with the first one comprising both [Cu8I8L6] and hexagonal prismatic [Cu6I6L6] 

clusters with DABCO (1,4-diazabicyclo[2.2.2]octane) as bidentate nitrogen-based ligand61,62 and the 

second one with a dithiother ligand.63 Regarding discrete entities as in our case, only one example has a 

phosphine ligand, the other one being based on a sulfur ligand.64 Compared with C-StyD and C-EthylD, 

the phosphine derivative formulated [Cu8I8(4-dpda)6] (dpda = 4-(diphenylphosphineno)-N,N-

dimethylaniline)65 presents similar intramolecular geometric parameters (recorded at 113 K) which are 

in the range of copper iodide cubane clusters. It is interesting to note that in the case of the sulfur-based 

ligand, the tetranuclear monomer is also formed.64  

 

Table 1. Selected bond lengths and angles from SCXRD data recorded at 150 K. a and b stand for the two 

independent clusters in the C-StyM structure. 

 C-StyM C-StyD C-EthylD 

 

Cu-Cu (Å) 

 

 

 

 

 

 

 

mean 

standard-deviation 

Cu4 (Å
3) 

a b 2.9561(9) (intercubane) 

 

2.8404(6) x 2 

2.8554(6) x 2 

2.9070(7) x 2 

2.9909(7) x 2 

2.9814(7) x 2 

3.1036(7) x 2 

 

2.947(1) 

0.099 

2.99(1) x 2 

3.060(3) (intercubane) 

 

2.982(2) x 2 

2.865(2) x 2 

2.893(2) x 2 

3.102(2) x 2 

3.036(2) x 2 

2.828(2) x 2 

 

2.951(2) 

0.107 

3.01(2) x 2 

2.877(2) 

2.941(2) 

3.004(2) 

2.862(2) 

2.904(2) 

3.231(2) 

 

 

2.970(2) 

0.138 

3.06(1) 

2.826(2) 

2.840(2) 

2.916(2) 

2.958(2) 

3.009(2) 

3.094(2) 

 

 

2.941(2) 

0.102 

2.98(1) 

 

Cu-I (Å) 

 

 

 

 

 

 

 

 

 

 

 

 

 

mean 

standard-deviation 

 

 

2.6562(14) 

2.6818(15) 

2.6919(15) 

2.6343(16) 

2.7135(16) 

2.7168(16) 

2.6698(14) 

2.6829(15) 

2.7131(17) 

2.6528(15) 

2.6878(16) 

2.7239(16) 

 

2.6854(17) 

0.028 

 

 

2.6546(17) 

2.6835(17) 

2.7018(18) 

2.6557(17) 

2.6809(16) 

2.7041(19) 

2.6746(16) 

2.7019(17) 

2.7207(18) 

2.6635(17) 

2.6847(19) 

2.7012(17) 

 

2.6856(19) 

0.021 

2.7046(5) x 2 (intercubane) 

 

2.6469(5) x 2 

2.7328(5) x 2 

2.7556(5) x 2 

2.6362(5) x 2 

2.6515(5) x 2 

2.6868(6) x 2 

2.6691(5) x 2 

2.6776(6) x 2 

2.6870(5) x 2 

2.6410(5) x 2 

2.6538(5) x 2 

2.6941(6) x 2 

 

2.6777(6) 

0.037 

2.7133(15) x 2 (intercubane) 

 

2.6693(16) x 2 

2.6784(16) x 2 

2.6955(16) x 2 

2.6395(16) x 2 

2.6601(15) x 2 

2.6957(16) x 2 

2.6416(15) x 2 

2.6632(15) x 2 

2.7002(16) x 2 

2.6535(15) x 2 

2.7454(16) x 2 

2.7558(16) x 2 

 

2.6832(16) 

0.037 
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Cu-P (Å) 

 

 

 

mean 

standard-deviation 

2.258(3) 

2.259(3) 

2.258(3) 

2.255(3) 

 

2.258(3) 

0.0017 

2.253(3) 

2.266(3) 

2.257(3) 

2.264(4) 

 

2.260(4) 

0.0060 

2.251(1) x 2 

2.251(1) x 2 

2.261(1) x 2 

 

 

2.251(1) 

0.0001 

2.252(3) x 2 

2.249(3) x 2 

2.250(3) x 2 

 

 

2.250(3) 

0.0015 

 

I-Cu-I (°) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mean 

standard-deviation 

108.87(5)  

110.76(5)  

108.31(5)  

113.42(5)  

108.97(5)  

110.03(5)  

111.24(5)  

111.00(5)  

99.69(5)  

101.39(5)  

111.86(5)  

107.54(5)  

 

 

 

 

 

 

108.59(5) 

4.11 

112.50(6)  

109.23(6)  

111.19(6)  

109.31(6)  

111.95(6)  

106.98(6)  

109.27(6)  

106.16(6)  

109.15(6)  

112.09(6)  

107.83(6)  

104.42(6)  

 

 

 

 

 

 

109.17(6) 

2.52 

103.163(17) x 2 

104.692(17) x 2 

112.947(18) x 2 
(intercubane) 

 

112.936(18) x 2 

112.928(18) x 2 

109.436(18) x 2  

109.324(18) x 2  

109.746(17) x 2  

105.400(17) x 2  

110.009(18) x 2  

109.126(17) x 2  

104.281(17) x 2  

108.012(19) x 2  

109.070(20) x 2  

106.372(18) x 2  

 

108.89(2) 

2.62 

102.80(5) x 2 

106.57(5) x 2 

110.49(5) x 2 
(intercubane) 

 

109.23(5) x 2   

106.91(5) x 2  

106.96(5) x 2  

109.80(5)  x 2   

109.56(5) x 2  

105.26(5) x 2 

110.39(6) x 2 

112.84(5) x 2 

113.09(5) x 2  

108.26(5) x 2  

108.98(5) x 2  

105.69(5) x 2  

 

108.91(5) 

2.49 

 

Solid-state Nuclear Magnetic Resonance (NMR). 

The 63Cu static NMR spectra of the four different clusters are presented in Figure 3. This nucleus has a 

large quadrupolar moment giving rise to broad spectra presenting overlapping individual contributions, 

even at high magnetic field.66 Because four and eight nonequivalent Cu sites are present in the monomers 

and the dimers respectively, deconvolution of the patterns was not attempted. C-StyM and C-EthylM 

present two large patterns with chemical shifts ranging from 1000 to -900 ppm. This spectra have the 

characteristic shape of complexes of [Cu4I4L4] cubane geometry with the Cu atoms having all the I3CuP 

coordination environment.59,67 As example, rhomboid [Cu2I2L2] complexes present much larger 

quadrupolar coupling constants.66 This constitutes an additional proof of the [Cu4I4] monomer structure 

of C-EthylM. For the [Cu8I8L6] dimers clusters (C-StyD and C-EthylD), the shape of the spectra is 

clearly different with a larger width (1200 to -1500 ppm) having in this case three contributions. The 

two contributions belonging to the I3CuP coordination mode can be easily identified and the one around 

200 ppm can be attributed to the CuI4 coordination mode existing between the two cubane moieties in 

the [Cu2I2] connection. Similar signal was already reported for the [Cu6I6(PPh2(CH2)3PPh2)3] cluster of 

'eared-cubane' geometry having CuI4 coordination mode too.68 The distinct 63Cu NMR signatures of the 

monomer and the dimer clusters shows that this technique is very effective in identifying the molecular 

structure of copper halide compounds. 
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Figure 3. Solid-state NMR 63Cu static WURST-QCPMG spectra of C-Sty and C-Ethyl clusters. The star indicates 

a parasite signal. 

 

The 31P CPMAS NMR spectra reported in Figure 4 are all centered between -20 and -25 ppm that is 

typical for such copper halide complexes of cubane geometry.59,67,68 Whereas defined peaks can be 

observed for the dimers, broader features are found for the monomers. With eight independent 

phosphorus atoms in C-StyM, 16 quartets are expected due to the one-bond J-couplings between the 31P 

and the two copper isotopes (65Cu with 30.8 % natural abundance and 63Cu with 69.2 % natural 

abundance) of both nuclear spin value of 3/2. Those quartets therefore highly overlap. The peaks are 

also not evenly spaced due to residual dipolar coupling.69 Peak broadening is additionally due to the 

disorder of the ligand as detected in the SCXRD analysis. Precise contributions attribution is 

consequently prevented in this case. One can however notice less disorder (i.e. sharper peaks) for C-

EthylM. For the dimers, the three independent phosphorus atoms lead to 6 quartets. The 31P NMR 

spectrum can be greatly simplified by a 31P-63Cu J-HMQC MAS experiment, on which only the 31P 

coupled to the central transition of the copper atoms with spin 63Cu is retained.70 For C-StyD, two 

different 31P NMR resonances are found (Figure S7). The two doublets of 2:1 relative intensity are 

located at iso = - 18.2 ppm (1J 31P-63Cu = 1597 Hz) and iso = - 24.05 ppm (1J 31P-63Cu = 1231 Hz) which 

can be assigned to P1 (site multiplicity 48e) and P2 (site multiplicity 16c) in the structure, respectively. 

Unfortunately, the resolution on the 31P-63Cu J-HMQC MAS NMR spectrum of C-StyM is still low, 

despite the narrowing of the pattern, and no individual 31P sites can be distinguished, as they have too 

close chemical shifts. The nature of the ligands and the nuclearity of the cluster core have thus no 

significant effect on the 31P chemical shift values. Absence of ligand effect can be explained by the 

separation of the ethyl or styrene group from the phosphorus atom by a phenyl ring. 
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Figure 4. Solid-state 31P CPMAS NMR spectra of C-Sty and C-Ethyl clusters.  

 

 

Infrared (IR) and Raman spectroscopies.  

The recorded IR and Raman spectra of the clusters are reported in Figures 5 and 6. Simulation of the 

spectra were carried out by DFT calculations (details in SI and below) and a relatively good match was 

obtained with the experiment upon correction of a scaling factor of 0.96 on the computed vibrational 

energies, as commonly used (Figures S8-11).71 This good match allows us to suggest an assignment of 

the IR and Raman bands (Table S2-5) but it is worth noting the complexity of the assignment due to the 

large number of vibrational normal modes, which are in addition often entangled and coupled. In Figure 

5 are presented the far-IR spectra (50-650 cm-1) and the mid-IR one (400-4000 cm-1). Above 200 cm-1, 

the spectra are in the whole very similar for the clusters and the bands can be all attributed to ligand 

vibrations. Specific bands are observed for the styrene and ethyl groups for the clusters with the same 

ligand. At low frequencies, take place vibrations of the [Cu4I4] and [Cu8I8] cluster cores. In particular, 

bands at 90 and around 130 cm-1 can be attributed to Cu-I motion (wagging and stretching), in 

accordance with previous studies.72–74 For the dimers (C-StyD and C-EthylD), the band at 90 cm-1 

implies additionally the Cu-Cu stretching in the [Cu2I2] connection between the two [Cu4I4] units. The 

band around 130 cm-1 is slightly shifted for the two monomers with values of 127 and 133 cm-1 for C-

EthylM and C-StyM, respectively. A broadening of these two bands is also detected for the dimers 

compared to the monomers, which can be explained by additional Cu-Cu and Cu-I vibrational modes 

corresponding to the [Cu2I2] connection in the dimers and to modifications of the vibrations specific to 

the [Cu4I4] moiety. The shape of these two low-frequency bands seems to allow differentiation of the 

two geometries of the cluster core. 
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Figure 5. Far- and Mid-IR spectra of C-Sty and C-Ethyl clusters. 

 

Raman spectra from 45 to 3500 cm-1 were recorded on single crystals and are presented in Figure 6. The 

four spectra present very similar signature with vibrations above 200 cm-1 coming from the ligands. The 

bands around 3050 cm-1 correspond to the C-H bonds stretching of the phenyl groups. Stretching of the 

ethyl group is observed at 2932 (CH2) and 2975 cm-1 (CH3) and bands attributed to the CH=CH2 group 

are found at 1393, 1418 and 1628 cm-1 for the styrene derivatives. Below 200 cm-1, an obvious similarity 

between the signature of the monomers (C-StyM and C-EthylM) and the dimers (C-StyD and C-

EthylD) can be noticed with a broader shape for the former. Such broad feature have been already 

noticed for sulphur-based derivatives.75 As in the IR spectra, in this low frequency region, vibrations of 

the [Cu4I4] and [Cu8I8] cluster cores take place. Five low frequencies bands at 67, 79, 96, 120 and 173 

cm-1 are observed for C-StyM which are attributed to Cu-Cu and Cu-I stretching, rocking and breathing 

movements (Table S2-5). For C-StyD, the last four bands are also observed excepted the one at 67 cm-

1. This is similar for the ethyl derivatives with four bands at 72, 96, 120 and 177 cm-1 for C-EthylM and 

for C-EthylD, the 72 cm-1 band (Cu-I and Cu-Cu stretching) is missing and the 96 cm-1 one is less 

pronounced. Therefore, a distinct Raman signature characterizes the monomers and the dimers clusters. 
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Figure 6. Raman spectra of C-Sty and C-Ethyl clusters. 

 

Photophysical properties. 

The clusters are white crystalline powders under ambient light. At room temperature, under classical 

UV excitation (365 nm UV lamp), no emission is observed for C-StyM and C-StyD with the naked eye 

whereas C-EthylM and C-EthylD present a bright yellow emission (Figure 7). While they present 

classical structural features for emitting copper iodide clusters, the non-luminescence of the styrene 

derivatives is surprising for such copper iodide clusters which usually display an intense emission such 

as the ethyl derivatives do. Excitation at lower energy (around 420 nm) allowed however detecting a 

weak green emission for C-StyM and C-StyD (Figure 8). The luminescence thermochromism of the C-

Ethyl clusters is revealed when cooled in liquid nitrogen by displaying a contrasted emission color 

change from yellow to blue or whitish (Figure 7). When the samples are progressively warmed up to 

room temperature, the original emissions are recovered, indicating a completely reversible 

thermochromic luminescence phenomenon for C-Ethyl clusters.  

 

 
Figure 7. Photos of crystalline powders of C-Ethyl clusters, under visible light and under UV irradiation at 365 

(UV lamp) at room temperature (295 K) and in liquid nitrogen (77 K).  
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Solid-state emission and excitation spectra were recorded from room temperature to 77 K and are 

reported in Figure 8 with data summarized in Table 2. Photoluminescence maps (emission 320-450 nm 

vs excitation 400-800 nm) recorded at 293 K are presented aside. The styrene derivatives have clearly 

an excitation range at lower energy compared with that of the ethyl ones. An emission of weak intensity 

centered at 575 nm is indeed observed for C-StyM and at 540 nm of C-StyD, under excitation at ex = 

430 and 415 nm, respectively. The Stokes shifts (difference between emission and excitation maxima) 

are 5860 and 5580 cm-1 for C-StyM and C-StyD, respectively. The emission band of C-EthylM and C-

EthylD, are centered at 555 and 550 nm for an excitation at ex = 360 nm and corresponding Stokes 

shifts are 9760 and 9600 cm-1, respectively. The redshift in excitation of the styrene derivatives is in 

agreement with the recorded UV-Vis. absorption spectra with absorption at higher energy for the ethyl 

clusters (Figure S23). The absorption spectra also show that in the high-energy range (250-350 nm), all 

the four clusters absorb but in the case of the styrene derivatives this does not lead to the cluster's 

emission.  
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Figure 8. Solid-state luminescence spectra of the clusters. Left: emission vs excitation photoluminescence map 

recorded at 293 K. Right: temperature dependent emission in solid lines and excitation spectra in dashed (em = 

450 nm) or dotted lines (em = 550 nm). For C-Ethyl clusters, small peaks at 720 nm are excitation artefact. 

 

Upon decreasing the temperature, the intensity of the emission bands of C-StyM and C-StyD increase 

with no significant energy shift. Increasing radiative processes at low temperature is a well-known 

phenomenon. The shape of the excitation spectra are also unchanged with the temperature. In contrast, 
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C-EthylM and C-EthylD present an additional band at low temperature, and the relative intensity of 

the two bands varies with the temperature (ex = 360 nm). At 77 K, the intense emission centered at 450 

nm of C-EthylM, namely the HE (High Energy) band, agrees with the blue luminescence observed 

(Figure 7). For C-EthylD, this additional HE band centred at 440 nm is of lower intensity but induces 

the observed whitish emission. Similar behaviour was reported for the dimer [Cu8I8(4-dpda)6] according 

to its close structural characteristics.65 The progressive extinction of the HE band upon warming is 

accompanied by the emergence of the other one, namely LE (Low Energy), observed solely at room 

temperature, that is in agreement with the yellow light observed for C-Ethyl. Only small shift of the LE 

emission maxima is observed with the temperature (164 and 228 cm-1 for C-EthylM and C-EthylD, 

respectively). The excitation profiles of the two emission bands of both clusters are relatively similar. 

As expected, the Stokes shift of the HE bands is smaller than that of the LE ones with values of 5560 

and 5050 cm-1, for C-EthylM and C-EthylD, respectively. Classical luminescence thermochromism of 

cubane [Cu4I4L4] clusters is thus displayed by the ethyl derivatives in opposite to the styrene analogues.  

 

Emission lifetimes recorded at room temperature for the styrene clusters indicate biexponential decays 

with 1 = 0.05, 2 = 0.48 μs for C-StyM and 1 = 0.08, 2 = 0.62 μs for C-StyD (Table 2 and Figure S22). 

C-EthylM presents a monoexponential decay with τ = 1.07 µs. The decay of C-EthylD is better fitted 

by a biexponential model with 1 = 0.08, 2 = 0.46 μs. Whereas monoexponential decay are common for 

cubane clusters, biexponential ones have been occasionally reported42,59 but the exact origin has not yet 

been elucidated. The absolute internal photoluminescence quantum yields (PLQY) determined at room 

temperature are of 19 and 2 % for C-EthylM and C-EthylD and 2 and 0.5 % for C-StyM and C-StyD, 

respectively (Table 2). The monomers thus present higher PLQY compared with the dimers for the same 

ligand. The highest PLQY value of C-EthylM is also in accordance to its longer and single component 

lifetime indicative of a more effective radiative process in this case, less subject to surrounding 

disturbances.  

 

Table 2. Experimental photoluminescence data of the clusters at different temperature. Lifetimes () with pre-

exponential factor in % and quantum yields (QY) were measured at 293 K. The values in brackets are the excitation 

or the emission wavelength. 

 
max (nm) [ex (nm)] τ (s)  

[ex (nm)]  

PLQY (%) 

[ex (nm)] 293 K 77 K 

C-StyM 575 [430] 576 [430] 0.05 (72%) / 0.48 (28%) [400] 2 [430] 

C-StyD 540 [415] 541 [415] 0.08 (73%) / 0.62 (27%) [400] 0.5 [415] 

C-EthylM 555 [360] 
550 [360] (LE) 

450 [360] (HE) 
1.07 [267] 19 [360] 

C-EthylD 550 [360] 
557 [360] (LE) 

440 [360] (HE) 
0.08 (57%) / 0.46 (43%) [267] 2 [360] 

 

DFT calculations. 

DFT calculations were conducted for the four clusters using Gaussian software76 (details in SI). The 

SCXRD experimental geometries, when available, were used as initial point for the structural 

optimization of the clusters structure. The ground state (S0) of the clusters and the lowest triplet states 

(T1 for the styrene derivatives, and T1 and T2 for the ethyl ones) were simulated (details in SI). Selected 

geometrical parameters of the different optimized states are given in Table 3 and their related structures 

are depicted in Figure S12-15. The computed bond lengths at the ground state (S0) are in relative good 
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agreement with the experimental ones, although the Cu-Cu, Cu-I and Cu-P bond lengths are slightly 

overestimated due to the used basis set, as already reported (Table 3).74 

 

Table 3. Geometrical parameters (mean values) of the optimized DFT structures at the S0, and T1 and T2 states 

along with the experimental (mean) structural data (in squared brackets). 

 
C-StyM C-StyD C-EthylM C-EthylD 

S0 T1 S0 T1 S0 
T1 

(HE) 
T2 

(LE) 
S0 

T1 

(HE) 

T2 

(LE) 

Cu-Cu (Å) 
2.998 

[2.941(2)] 
3.001 

2.951 

[2.947(1)] 
2.948 3.005  2.996 2.758 

2.960 

[2.951(2)] 
2.948 2.816 

Cu-I (Å) 
2.719 

[2.686(2)] 
2.719 

2.719 

[2.678(1)] 
2.719 2.720  2.716 2.874 

2.720 

[2.683(2)] 
2.709 2.766 

Cu-P (Å) 
2.347 

[2.260(4)] 
2.347 

2.342 

[2.251(1)] 
2.342 2.347  2.348 2.362 

2.342 

[2.250(3)] 
2.340 2.347 

 

The electronic structures of the ground states were investigated and the Kohn-Sham orbital diagrams 

are reported in Figure 9. The HOMO-LUMO (highest occupied molecular orbital-lowest unoccupied 

molecular orbital) gaps are all found around 4 eV, indicating a strong thermodynamic stability. It should 

be noted that the gap increases slightly when transitioning from monomers to dimers, indicating 

enhanced stability. However, a significantly greater stabilization is simulated upon ligand substitution. 

The clusters with ethyl moieties are much more stable compared to the one with styrene group, as the 

latter have much lower energy levels for its LUMOs (Figure 9). This is likely a result of the interaction 

between the π* orbitals of the C=C moieties and the phenyl groups. This interaction lowers the energy 

levels of the first LUMOs, thereby slightly decreasing the overall stability. 

 

The HOMO of the four clusters are all mainly based on Cu(d) and I(p) orbitals with significant 

contributions (between 35 and 40 %, respectively). The LUMOs are mostly composed of the ligands 

orbitals with a contribution of the π* orbitals of the phenyl groups around 90 %. We now shift our focus 

to the electronic properties of the Cu4-based monomers, specifically C-StyM and C-EthylM. As 

anticipated for such clusters, the first 24 lowest orbitals (LUMO to LUMO+23) correspond to the π* 

orbitals, while the LUMO+24 is centered on the Cu atoms (~ 80 %) in a bonding combination. The 

range of these π* orbitals is 1.49 eV for C-StyM and 0.92 eV for C-EthylM (E2 in Figure S20). While 

C-EthylM presents a typical value for cubane clusters,58,74 the larger energy range observed for C-StyM 

can be attributed to the styrene group. Indeed, the LUMO to LUMO+3 of C-StyM comprise the π* 

orbitals of styrene group and a significant gap of 0.36 eV (E3 in Figure S20) is found between the 

LUMO+3 and LUMO+4. The dispersion of the π* orbitals in C-StyM makes difficult the access to the 

Cu-centered orbital (e.g., LUMO+24), which is often responsible for an emission band for this family 

of clusters. In contrast, the π* orbitals block is approximately 40 % smaller for C-EthylM, enabling 

electrons to readily transit to the Cu-centered orbital and initiate emission. Note furthermore, the 

LUMO+23-LUMO+24 gaps all present similar values (ΔE4 = 0.26 and 0.27 eV, in Figure S20). A 

similar trend is observed in the simulated electronic structures of the dimers, C-StyD and C-EthylD 

(E2 = 1.42 vs.0.87 eV, respectively). For C-StyD, the main contribution of the styrene orbitals are in 

the LUMO to LUMO+5 gathering and a 0.22 eV gap is observed between LUMO+5 and LUMO+6 (ΔE3 

in Figure S20). In both C-StyD and C-EthylD, the Cu bonding orbital (Cu ~ 70 %) corresponds to 

LUMO+37 and is slightly lower in energy compared to the monomer orbitals. This is because in the 

dimers, both Cu4 entities are in an intra-bonding combination, along with a non-negligible inter-Cu4 

antibonding combination (in Cu2I2 connection). As a result, this orbital experiences a slight stabilization 

of approximately 0.05 eV in both cases. It is worth noting that intercalated within the block of the π* 

orbitals, are orbitals having significant Cu(s) contribution (20 %) which are localized on the Cu2I2 
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connection between the two Cu4 moieties. As already reported in previous investigations,58,74 the 

electronic transitions of lowest energy calculated by TD-DFT (Time Dependent-DFT) are characterized 

as mixed halogen- and metal-to-ligand charge transfers, namely 1(X+M)LCT. For the styrene 

derivatives, the π* orbitals of the styrene group are also implied whereas for the ethyl derivatives, only 

the π* phenyl orbitals are involved. Furthermore, it is worth mentioning that the stabilization of the π* 

orbitals in the styrene group leads to transitions occurring at lower energy levels (~3.40 eV, ~365 nm) 

compared to the transitions in the ethyl compounds (~3.82 eV, ~325 nm, Table S6). This is in accordance 

with the redshift observed in the absorption spectra of the styrene derivatives compared with the ethyl 

ones (Figure S23).  

 

 

Figure 9. Kohn-Sham orbital diagrams of the clusters at the ground state (S0). Orbital compositions correspond to 

Cu/I/P/Ph. 
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We now focus the discussion on the triplet excited states and the related luminescence properties. One 

triplet excited state was computed for the styrene derivatives (T1) which correspond to the electron 

promotion from the HOMO (Cu and I) into one (or a combination) of the π* orbitals. The corresponding 

transition is thus of 3(X+M)LCT character. The calculated electronic (not vibronic) vertical emission 

wavelengths are around 645 nm and slightly overestimate the experimental ones by 0.23 and 0.37 eV 

(575 and 540 nm), for C-StyM and C-StyD, respectively. Similar Cu-Cu, Cu-P and Cu-I distances of 

the triplet structures suggest the same calculated triplet state for the two clusters (Table 3). A possible 

explanation for the absence of a second triplet state emission, often referred to a 3CC transition (Cluster 

Centered defined below), can be attributed to the lower energy levels of the π* orbitals formed by the 

CH=CH2 of the styrene groups compared to the (pure) phenyl orbitals in the ethyl derivatives. As already 

mentioned, an initial π* block emerges (Figure S20), potentially capturing the electron and preventing 

its promotion to the bonding Cu4 orbital (LUMO+24 for M or +37 for D) that would trigger the second 

emission. Furthermore, the low energy of these LUMOs are also responsible for the observed redshift 

of the emission compared with the 3(X+M)LCT of other copper iodide clusters (HE band).  

 

Two triplet states (T1 and T2) were computed for C-Ethyl clusters, potentially explaining the observed 

two emission bands (HE and LE). As for the styrene derivatives, the T1 excited state is of 3(X+M)LCT 

character. The T2 excited state of lower energy was obtained by promoting an electron from the HOMO 

(localized on Cu and I atoms) into the Cu-Cu bonding orbital, the LUMO+24 (C-EthylM) or LUMO+37 

(C-EthylD). The corresponding transition is thus of mixed XMCT and MM character and is commonly 

referred to 3CC. According to the bonding fashion combination in the Cu4 cluster core for these orbitals, 

a significant Cu-Cu bond-length shortening is expected. This fact is fully confirmed for both C-EthylM 

and C-EthylD (Table 3 and Figure S21). The T2 structure shows one iodine atom far from the copper 

atom (4.15 Å), that has been already reported.58 The calculated emission wavelengths for C-EthylM of 

523 and 656 nm for T1 and T2 respectively, are in acceptable agreement with the experimental ones of 

450 and 555 nm for the HE and LE bands, respectively (Table S6). For the C-EthylD, the HE band is 

well reproduced by our simulations (459 nm vs. 440 nm) but the LE is still overestimating the 

experimental one (665 nm vs. 550 nm). The observed luminescence thermochromism characterized by 

a change of the relative intensity of the two emission bands can be thus explained by the thermal 

equilibrium of the corresponding two excited states, as reported for copper iodide clusters.59,77,74 At low 

temperature, T1 is preferentially populated (HE band) and upon increasing the temperature, it starts to 

be drained in detriment of the T2 state (LE band). It should be emphasized that the LUMO+37 of C-

EthylD demonstrates a strong bonding character within each Cu4 moiety and a slight antibonding 

character in between (Cu2I2 connection). In order to further characterize the excited state behaviors, 

analyses of the spin densities were conducted (Figure 10). According to our simulations, the excited 

state density for the LE band of C-EthylD is predominantly localized on one Cu4 moiety instead of 

being delocalized across the two (Figure 10). As a result, the excited state structure for this 3CC transition 

exhibits a lengthening of the Cu-Cu contact in the Cu2I2 connection by ~0.15 Å (~4 %). The spin 

densities also fully assess the fact that for the 3(X+M)LCT transition (HE band), the π* orbitals are 

occupied. In contrast, the spin density is clearly localized on a Cu4 cluster core for the second observed 

emission (LE band), and therefore fully confirm the 3CC character of this excited state (Figure 10).  
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C-EthylD (HE) 
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Figure 10. Spin densities corresponding to the 3(X+M)LCT and 3CC transitions. 

 

Additionally, electron localization function (ELF), depicted around three Cu atoms of a Cu4 core for all 

the clusters (Figure 11) were analyzed in their various simulated excited states (3(X+M)LCT and 3CC). 

For the 3(X+M)CT transition, the ELF value at the center of the Cu3 triangle is close to zero. Conversely, 

for the 3CC one, a significant spin density is centered on the Cu4 cluster core, the ELF value is around 

0.5 at the center of the triangle (Figure 11). This indicates the presence of shared electrons, a non-

negligible bonding character associated to the shortening of the Cu-Cu bond lengths (Figure S21), and 

is associated with a jellium-like electron distribution. These results confirm the different origin of the 

two HE and LE emission bands, 3(X+M)CT and 3CC, respectively, and their respective attribution. 

 

 

Figure 11. Electron localization function (ELF) for the 3(X+M)LCT (HE) and 3CC (LE) transitions of the four 

clusters. 

 

Conclusion. 

Two sets of molecular copper iodide clusters based on the cubane core were comparatively studied; 

monomers based on a single [Cu4I4] motif and [Cu8I8] dimers which present a rare geometry resulting 

from the connection of two tetranuclear monomers. Monomers and dimers were both obtained from the 

same reacting media suggesting an equilibrium in solution and their similar energies of formation, that 

are confirmed by the DFT calculations. The competitive formation of one cluster over another illustrates 

the versatility of copper(I) coordination ability. The investigation of two different phenylphosphine 

ligands permit to evaluate the effect of different substituent on the photophysical properties. Whereas 

the ethyl substituent leads to classical photoluminescence behavior for the corresponding clusters, the 

alkene chain on the styrene moieties has a great impact even though the structural characterizations 

indicate similar structures. No significant distortion of the cubane cluster cores upon dimerization is 

neither observed with a Cu2I2 connection presenting classical geometric feature for copper iodides.  
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While the structural differences are minor on the [Cu4I4] motif, the monomer and dimers can be easily 

distinguished from their specific signatures in solid-state 63Cu NMR, Raman and IR analyses. Indeed, 

the Cu2I2 connection in the dimers significantly enlarge and modify the shape of the 63Cu NMR spectra. 

Solid-state NMR technique is thus particularly powerful to distinguish the different cluster core 

geometries. By combining experimental IR and Raman spectroscopies with DFT calculations, the 

vibrational signature of these clusters could have been interpreted. Future work will be conducted to 

improve accuracy of the IR and Raman spectra simulation by using anharmonic approximation that is 

quite challenging for such large systems. 

 

The monomer and the dimer of a same ligand present relatively similar photophysical properties. With 

the ethyl ligands, luminescence thermochromism is observed with two emission bands namely 
3(X+M)LCT and 3CC, whose respective intensity varies with the temperature. This behaviour, quite 

classical for copper iodide clusters, contrasts with the styrene derivatives which display an original 

photoluminescence with a single emission band excited at lower energy. The DFT calculations permit 

to ascribe this unclassical emission band to a 3(X+M)LCT transition which is importantly modified by 

the presence of additional vacant orbitals based on the styrene group. In particular, its shift to lower 

energy can be attributed to the lower energy of these styrene-based orbitals by delocalization over the 

double bond. The presence of these unoccupied orbitals has another consequence: the lack of a second 

emission band for the styrene derivatives. Indeed, their lower energy compared with orbitals based solely 

on phenyl groups, creates a gap within the ligand-based block of orbitals that renders less favorable 

transitions of higher energy such as the 3CC one. The styrene group acts somehow as a quencher of 

luminescence. 

 

This study demonstrates that original copper iodide complexes of high nuclearity are accessible thanks 

to the structural flexibility in this family of compounds, in adequate experimental conditions. In the 

studied cases, the nuclearity of copper iodide clusters has eventually less influence on the photophysical 

properties than the nature of the ligand. By a neat choice of the electronic properties of the ligands, it 

may be possible to control and tune the photophysical properties of the corresponding clusters. This is 

a relevant perspective for developing materials for specific lighting applications.  

 

Supporting Information. 

Details of synthetic procedures, experimental details, characterizations data and additional figures 

(crystal structures, IR, Raman, calculated molecular orbitals). This information is available free of 

charge at http://pubs.acs.org. 
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The study of a series of tetranuclear and octanuclear copper iodide clusters coordinated with different phosphine 

ligands permit to evaluate the effect of the dimerization of the cubane core and the influence of the nature of the 

ligands on their photophysical properties.  

 

 


