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Abstract. Molecular copper iodide clusters with the [Cu4I4] cubane core have been functionalized by 

phosphine ligands carrying protomesogenic gallate-based derivatives bearing either long alkyl chains 

(C8, C12 and C16) or cyanobiphenyl (CBP) fragments. The mesomorphic properties of the functionalized 

clusters were studied by combining differential scanning calorimetry (DSC), polarized optical 

microscopy (POM) and small angle X-ray scattering (SAXS) experiments. Whereas clusters 

functionalized solely with long alkyl chains present amorphous or crystalline states, the cluster carrying 

CBP fragments displays liquid crystal properties with the formation of a smectic A mesophase from 

room temperature up to 100 °C. Temperature-dependent photoluminescence measurements show that the 

CBP derivative displays an unusual luminescence thermochromism which is possibly due to a resonance 

energy transfer mechanism between the emissive [Cu4I4] inorganic and CBP moieties. The emission 

properties of this original cluster are also sensitive to variation of local order of the molecular assembly. 

Moreover, the liquid crystalline properties imported on the inorganic core allow for a facile deformation 

of its local environment leading to mechanochromic properties related to modulation of intramolecular 

interactions. Indeed, mechanical constraints on the molecularly self-assembled structure induce changes 

at the molecular level by modification of the [Cu4I4] inorganic cluster core geometry and in particular of 

the strength of the cuprophilic interactions. 
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Introduction. 
In the last ten years, stimuli-responsive luminescent materials have emerged as a new class of smart functional 

materials having potential applications in recording and sensor devices.1,2,3 Materials displaying luminescence 

mechanochromism for which external mechanical force (grinding or shearing) is converted into visible light 

emission change, present great interest in the development of security systems, pressure mapping sensors4 and 

memory devices for examples.5,6,7,8,9,10,11,12 

 

The mechanochromic luminescent materials are in great majority based on organic dyes13 and in less extent on 

transition metal complexes.14 Because the solid-state luminescence properties of molecular materials depend on the 

molecular structure and structural arrangements of the molecules, the mechanochromism mechanism is usually 

depicted as modifications of the inter-molecular interactions upon mechanical solicitations, leading to changes of the 

packing mode and eventually of the emitting energy states. Reversibility of the phenomenon is usually achieved by 

restoring the structural arrangement (recrystallization) by thermal treatment or solvent exposure.15 

 

For the development of mechanochromic materials, the study of liquid crystals appear as a relevant strategy.16 

These functional soft materials exhibit mobile and ordered states which can be easily deformed upon the application 

of an external stimulus thus inducing modifications of the molecularly assembled structures. The number of liquid 

crystal compounds exhibiting luminescence mechanochromic properties is still limited with mainly purely organic 

examples based on conjugated polyaromatic moieties.17,18,19 The mechanochromism mechanism of these 

compounds is based on modifications of intermolecular interactions. Despite the rich photoluminescence properties 

of transition metal complexes,20 only few compounds based on platinum,21,22 and iridium23 metals have been 

reported so far.  

 

The molecular copper(I) iodide clusters constitute a relevant family of photoactive compounds by exhibiting 

remarkable optical properties.24,25 In particular, [Cu4I4L4] (L = organic ligand) cubane clusters exhibits 

luminescence properties highly sensitive to their solid-state organization via intermolecular interactions,26 leading to 

stimuli-responsive properties. These compounds are indeed rare examples combining both luminescence 

mechanochromism and thermochromism: a particularly appealing property for developing multifunctional sensing 

systems.27,28,29,30 However, the rational synthesis of such compounds is still a great challenge. In this context, 

combining the sensitive photoluminescence properties of copper iodide clusters with the flexible self-assembly 

properties of liquid crystals is thus very promising to develop original stimuli-responsive photoactive materials. 

 

Here, we report on the study of metallomesogens based on [Cu4I4L4] copper iodide clusters. In order to obtain 

such clusters exhibiting mesomorphic properties, two strategies have been explored. The first one is the grafting of 

long lypophilic alkyl chains onto the [Cu4I4] cubane core and the second one is the direct grafting of mesomorphic 

promoters through flexible spacers. The latter is known to induce mesomorphic properties to unconventional core 

with isotropic geometry such as fullerene,31 metal complexes32 or metallic clusters.33 Both strategies aim at 

improving interfaces and areas compatibilities between the rigid inorganic cores and the soft organic moieties and to 

enhance micro-segregation processes leading to liquid crystalline properties. Therefore, the [Cu4I4] cubane cluster 

core has been functionalized by phosphine ligands carrying protomesogenic gallate-based derivatives bearing either 

long alkyl chains (C8, C12 and C16) or cyanobiphenyl (CBP) fragments (Figure 1). The mesomorphic properties 

of the functionalized clusters namely CUB-Cn (n = 8, 12, 16) or CUB-CBP, were studied by combining 

differential scanning calorimetry (DSC), polarized optical microscopy (POM) and small angle X-ray scattering 

(SAXS) experiments. Whereas clusters functionalized solely with long alkyl chains present amorphous or crystalline 

states, CUB-CBP cluster displays liquid crystal properties with the formation of a smectic A mesophase. 

Photophysical characterisations revealed luminescence thermochromism of the compounds and in particular of 

CUB-CBP with an unclassical behaviour. Indeed, due to the intrinsic luminescence properties of the CBP moiety, 
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CUB-CBP constitutes a dual emissive system presenting intriguing emission properties. Study of the evolution of 

CUB-CBP emission in function of its molecular organization has been conducted. Moreover, associated with its 

liquid crystal properties, the CBP derivative also displays luminescence mechanochromic properties with reversible 

modification of the emission wavelength in response to grinding. The correlation between the optical properties and 

the molecular organizations has been analyzed. Changes in the molecularly self-assembled structure induce a 

change at the molecular level by modification of the inorganic cluster core geometry and in particular of the 

strength of the intramolecular cuprophilic interactions. 
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Figure 1. General representation of the functionalized [Cu4I4L4] copper iodide clusters (CUB) with the corresponding L 
ligands with Cn (n = 8, 12 and 16) for alkyl chains and CBP for cyanobiphenyl group.  
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Experimental Section. 

Synthesis. All manipulations were performed with standard air-free techniques using schlenk equipment, unless 

otherwise noted. Solvents were distilled from appropriate drying agents and degassed prior to use. All the reactants 

were purchased from Aldrich or Fluka and used as received. 4-((diphenylphosphino)phenyl)methanol,34 gallate 

derivatives carrying Cn (n = 8, 12, and 16) alkyl chains35 or gallate derivative carrying CBP fragments36 have been 

prepared as previously reported. 

L-C8. A solution of 4-(diphenylphosphino)phenyl)methanol (200 mg, 0.68 mmol) in dichloromethane (5 mL) is 

added dropwise to a solution of DCC (169 mg, 0.82 mmol), DMAP (83.5 mg, 0.68 mmol) and of 3,4,5- 

trioctyloxybenzoic acid (347 mg, 0.74 mmol) in degassed dichloromethane (20 mL). The solution is stirred at room 

temperature overnight. After filtration and solvent evaporation, the product is purified by chromatography on silica 

gel (eluent: CH2Cl2 / petroleum ether, 1 / 1). After solvent evaporation and drying under vacuum, the ligand is 

obtained as colorless oil (379 mg, 0.49 mmol, Yield = 71 %). 1H NMR (300 MHz, CDCl3) δ (ppm): 0.89 (m, 9H, 

CH3), 1.29 (m, 24H, CH2), 1.47 (m, 6H, CH2), 1.81 (m, 6H, CH2), 4.00 (m, 6H, O-CH2), 5.35 (s, 2H, CH2), 

7.17-7.70 (m, 16H, Ph). 31P NMR (121 MHz, CDCl3) δ (ppm) : -5.9. MS (ESI-TOF): m/z calcd [M+], 781.05; 

found, 781.41. L-C12. A solution of 4-(diphenylphosphino)phenyl)methanol (200 mg, 0.68 mmol) in 

dichloromethane (5 mL) is added dropwise to a solution of DCC (169 mg, 0.82 mmol), DMAP (83.5 mg, 

0.68 mmol) and of 3,4,5- tridodecyloxybenzoic acid (462 mg, 0,68 mmol) in degassed dichloromethane (20 mL). 

The solution is stirred at room temperature overnight. After filtration and solvent evaporation, the product is 

purified by chromatography on silica gel (eluent: CH2Cl2 / petroleum ether, 1 / 1). After solvent evaporation and 

drying under vacuum, the ligand is obtained as colorless oil (484 mg, 0.51 mmol, Yield = 75 %). 1H NMR (300 

MHz, CDCl3) δ (ppm): 0.89 (m, 9H, CH3), 1.27 (m, 48H, CH2), 1.47 (m, 6H, CH2), 1.79 (m, 6H, CH2), 4.01 (m, 

6H, O-CH2), 5.35 (s, 2H, CH2), 7.29-7.41 (m, 16H, Ph). 31P NMR (121 MHz, CDCl3) δ (ppm) : -5.8. MS (ESI-

TOF): m/z calcd [M+], 949.37; found, 949.97. L-C16. A solution of 4-(diphenylphosphino)phenyl)methanol (200 

mg, 0.68 mmol) in dichloromethane (5 mL) is added dropwise to a solution of DCC (169 mg, 0.82 mmol), DMAP 

(83.5 mg, 0.68 mmol) and 3,4,5- trihexadecyloxybenzoic acid (577 mg, 0,68 mmol) in degassed dichloromethane 

(20 mL). The solution is stirred at room temperature overnight. After filtration and solvent evaporation, the product 

is purified by chromatography on silica gel (eluent: CH2Cl2 / petroleum ether, 1 / 2). After solvent evaporation, 

drying under vacuum and precipitation in a CH2Cl2/methanol mixture, the ligand is obtained as white powder (532 

mg, 0.51 mmol, Yield = 75 %). 1H NMR (300 MHz, CDCl3) δ (ppm): 0.88 (m, 9H, CH3), 1.25 (m, 72H, CH2), 

1.46 (m, 6H, CH2), 1.79 (m, 6H, CH2), 3.99 (m, 6H, O-CH2), 5.30 (s, 2H, CH2), 7.16-7.70 (m, 16H, Ph). 31P 

NMR (121 MHz, CDCl3) δ (ppm) : -5.9. MS (ESI-TOF): m/z calcd [M], 1117.69; found, 1118.02. Melting point = 

54 °C. L-CBP. A solution of 4-(diphenylphosphino)phenyl)methanol (65 mg, 0.22 mmol) in dichloromethane (5 

mL) is added dropwise to a solution of DCC (53 mg, 0.26 mmol), DMAP (22.4 mg, 0.18 mmol) and of the 

corresponding benzoic acid (230 mg, 0.18 mmol) in degassed dichloromethane (30 mL). The mixture is stirred at 

room temperature overnight. After solvent evaporation, the crude product is purified by silica gel chromatography 

(ethyl acetate/CH2Cl2, 1/20). After precipitation from a CH2Cl2/CH3CN mixture, the ligand is obtained as a white 

solid (166 mg, 0.11 mmol, Yield = 60 %). 1H NMR (300 MHz CDCl3) δ (ppm) : 1.30 (m, 36H, CH2), 1.47 (m, 

12H, CH2), 1.77 (m, 12H, CH2), 3.99 (m, 12H, CH2), 5.34 (s, 2H, CH2), 6.97 (d, 6H, Ph), 7.28 (s, 2H, CH), 

7.34-7.57 (m, 20H, Ph), 7.65 (m, 12H, Ph). 31P NMR (121 MHz, CDCl3) δ (ppm): -3.3. Anal. Calcd. (% wt.) for 

C101H114PN3O8, CH3CN: C, 78.80; H, 7.51; N, 3.57; Found: C, 78.45; H, 7.83; N, 3.25. Melting point = 60 °C 

CUB-C8. To a CuI (54 mg, 0.28 mmol) suspension in dichloromethane (20 mL) is added L-C8 ligand (200 mg, 

0.26 mmol). The solution is stirred for 12 h at room temperature. After filtration and solvent evaporation, le 

product is purified by silica gel chromatography (eluent: CH2Cl2 / pentane, 4 / 1). After solvent evaporation and 

drying under vacuum, the product is obtained as a waxy material (118 mg, 0.030 mmol, Yield = 47 %). 1H NMR 

(300 MHz, CD2Cl2) δ (ppm) : 0.87 (m, 9H, CH3), 1.29 (m, 24H, CH2), 1.45 (m, 6H, CH2), 1.76 (m, 6H, CH2), 

3.97 (q, 6H, O-CH2), 5.35 (s, 2H, CH2), 7.30-7.38 (m, 10H, Ph), 7.51-7.57 (m, 6H, Ph). 31P NMR (121 MHz, 

CD2Cl2) δ (ppm) : -22.5 (br). Anal. Calcd. (% wt.) for C50H69PO5CuI: C, 61.82; H, 7.16; Found: C, 62.22; H, 

7.25. CUB-C12. To a CuI (60 mg, 0.32 mmol) suspension in dichloromethane (20 mL) is added L-C12 ligand 
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(300 mg, 0.32 mmol). The solution is stirred for 12 h at room temperature. After filtration and solvent evaporation, 

le product is purified by silica gel chromatography (eluent: CH2Cl2 / cyclohexane, 2 / 1). After solvent evaporation 

and drying under vacuum, the cluster is obtained as a waxy material (244 mg, 0.054 mmol, Yield = 68 %). 1H 

NMR (300 MHz, CDCl3) δ (ppm) : 0.86 (m, 9H, CH3), 1.25 (m, 48H, CH2), 1.45 (m, 6H, CH2), 1.74 (m, 6H, 

CH2), 3.95 (q, 6H, O-CH2), 5.33 (s, 2H, CH2), 7.30-7.37 (m, 10H, Ph), 7.50-7.55 (m, 6H, Ph). 1P NMR (121 

MHz, CDCl3) δ (ppm) : -20.3 (br). Anal. Calcd (% wt.) for C62H93PO5CuI: C, 65.33; H, 8.22; Found: C, 65.76; H, 

8.44. CUB-C16. To a CuI (50 mg, 0.26 mmol) suspension in dichloromethane (20 mL) is added L-C16 ligand 

(250 mg, 0.24 mmol). The solution is stirred for 12 h at room temperature. After filtration and solvent evaporation, 

le product is purified by silica gel chromatography (eluent: CH2Cl2 / cyclohexane, 2 / 1). After solvent evaporation 

and drying under vacuum, the product is obtained as a white solid (136 mg, 0.028 mmol, Yield = 46 %). 1H NMR 

(300 MHz CD2Cl2) δ (ppm) : 0.86 (m, 9H, CH3), 1.24 (m, 72H, CH2), 1.41 (m, 6H, CH2), 1.71 (m, 6H, CH2), 

3.95 (q, 6H, O-CH2), 5.33 (s, 2H, CH2), 7.29-7.37 (m, 10H, Ph), 7.50-7.56 (m, 6H, Ph). 31P NMR (121 MHz, 

CD2Cl2) δ (ppm) : -19.0 (br). Anal. Calcd (% wt.) for C74H117PO5CuI + 4 CH2Cl2: C, 64.66; H, 8.61; Found: C, 

64.64; H, 9.11. CUB-CBP. To a suspension of CuI (14 mg, 0.07 mmol) in dichloromethane (20 mL) was added 

L-CBP ligand (106 mg, 0.07 mmol). The solution was stirred for 12 h at room temperature. After filtration and 

evaporation, the white powder was purified by silica gel chromatography (eluent: CH2Cl2 / ethyl acetate, 20 / 1). 

After solvent evaporation, product is obtained as a white solid (104 mg, 0.015 mmol, Yield = 87 %). 1H NMR (300 

MHz CD2Cl2) δ (ppm) : 1.30 (m, 36 H, CH2), 1.45 (m, 12 H, CH2), 1.77 (m, 12 H, CH2), 3.97 (m, 12 H, CH2), 

5.34 (s, 2 H, CH2), 6.95 (d, 6 H, Ph), 7.24-7.37 (m, 10 H, Ph), 7.51-7.56 (m, 12 H, Ph), 7.65 (m, 12 H, Ph). 31P 

NMR (121 MHz, CD2Cl2) δ (ppm): -22.7. Anal. Calcd (% wt.) for C101H114PN3O8CuI: C, 70.55; H, 6.68; N, 2.44; 

Found: C, 71.88; H, 7.15; N, 2.55. 

Characterizations. 1H and 31P liquid NMR spectra were recorded on a Bruker Avance II spectrometer at room 

temperature, operating at the radiofrequency (rf) of 300 MHz. 1H spectra were internally referenced from peaks of 

residual protons in deuterated solvents or from tetramethylsilane (TMS). A solution of H3PO4 85 % weight was 

used as an external standard for 31P spectra. Elemental analyses (C, H, N) were performed by the Service de 

microanalyses de l'ICSN - CNRS Gif-sur-Yvette. Luminescence spectra were recorded on a SPEX Fluorolog FL 

212 and on a Fluoromax-4 spectrofluorimeters (Horiba Jobin Yvon). The excitation source is a 450 Watt xenon 

lamp, excitation spectra were corrected for the variation of the incident lamp flux, as well as emission spectra for 

the transmission of the monochromator and the response of the photomultiplier. Low temperature measurements 

were recorded with a liquid helium circulation cryostat SMC TBT Air Liquid model C102084. The absolute 

internal quantum yields () were measured by using a Fluoromax-4 (Horiba Jobin Yvon) integrating sphere. UV-

visible absorption spectra were recorded with a Varian Cary 50 spectrophotometer with dichloromethane solutions 

of the clusters and ligands. Differential scanning calorimetry (DSC) was carried out by using NETZSCH DSC 200 

F3 instrument equipped with an intracooler. DSC traces were measured at 10 °C/min down to -25 °C. Optical 

microscopy investigations were performed on a Nikon H600L polarizing microscope equipped with a Linkam 

“liquid crystal pro system” hotstage. The microscope is also equipped with a UV irradiation source (Hg Lamp, λ = 

340-380 nm) and an ocean optic USB 2000+ UV-Vis-NIR spectrophotometer based on CCD detection technology. 

X-ray scattering experiments (SAXS) were performed using a FR591 Bruker AXS rotating anode X-ray generator 

operated at 40 kV and 40 mA with monochromatic Cu K radiation (λ = 1.541 Å) and point collimation. The 

patterns were collected with a Mar345 Image-Plate detector (Marresearch, Norderstedt, Germany). 

Complementary SAXS measurements at lower angles (Figure 11) where performed at the LPS (Orsay, France) on 

a Rigaku rotating anode X-Ray generator operated at 40 kV and 40 mA using Cu radiation and equipped with a 

Pilatus detector. The samples were held in Lindeman glass capillaries (1 mm diameter). The molecular mechanics 

studies have been performed on the French supercomputer Occigen using the program suite Materials Studio 

(Forcite). A periodic cell containing 48 CUB-CBP molecular clusters was built according to the dimension given by 

the X-ray measurements and the molecular volume of the molecule (58.7x3/13x4/13x4 Å) (density = 1.07). After 

energy relaxation, the simulation consisted of a 1 ns isotherm at 333 K with the “universal” forcefield (NVT 

ensemble and 1 fs time step) in periodic boundary conditions. 
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Results and Discussion. 

Synthesis and characterization of the metallomesogens. 

Mesomorphic properties were introduced to the copper iodide clusters via the ligands. Previous study on copper 

iodide gelators showed the effective transfer of the self-assembled properties of the cholesteryl moieties of the 

ligands to the clusters.37 Phosphine ligands bearing long alkyl chains and CBP (cyanobiphenyl) groups have been 

synthesized starting from 4-(diphenylphosphino)phenylmethanol (see experimental part and schemes S1-2). The 

ligands incorporating gallate derivatives possess alkyl chains of different length (C8, C12 and C16) or CBP 

moieties. CBP-based organic compounds such as 5CB (pentyl-cyanobiphenyl) are well known for their liquid 

crystal properties.38 The synthesized ligands are soluble in chloroform, dichloromethane, acetone, tetrahydrofuran 

and insoluble in acetonitrile, water, diethylether, ethanol and methanol. The corresponding clusters, CUB-Cn (n 

=8, 12 and 16) and CUB-CBP have been synthesized by reacting CuI with the ligands in dichloromethane at room 

temperature. CUB-C8 and CUB-C12 have been obtained as viscous liquids whereas CUB-C16 and CUB-CBP 

are solid powders. The clusters present the same solubility properties as the ligands. From UV-vis absorption 

analysis, the coordination of the ligand is revealed by a new absorption band around 300 nm (Figure S1). This band 

must originate from the charge-transfer transition namely X,MLCT.39 For CUB-CBP, the latter is masked by the 

absorption band of the CBP moiety. The formula [Cu4I4L4] (L = ligand) is confirmed by elemental analysis, 1H and 
31P NMR analyses.  

 

The DSC traces and SAXS patterns of CUB-Cn (n = 8, 12 and 16) are reported in SI and all the data related to 

their mesomorphic properties are reported in Table 1. CUB-C8 presents a single glass transition centered at Tg = 

3.5 °C (Figure S2). From POM observations, the compound is in an isotropic soft viscous and malleable state at 

room temperature and is a brittle solid in an isotropic glassy state below Tg. SAXS pattern of the isotropic fluid 

phase at 20 °C displays three scattering signals centered at 34.3, 11.3 and 4.1 Å (Figure S3). These mean distances 

are attributed respectively to the distance between the CUB-C8 functionalized clusters, the [Cu4I4] inorganic cores 

and the C8 alkyl chains in a disordered state. Despite the sharper peak in the small angle region of the SAXS 

patterns, POM observations clearly indicate that this compound remains amorphous over the whole explored 

temperature range. Similarly, CUB-C12 displays only a reversible glass transition centered at Tg = 15.5 °C, 

corresponding to the thermal transition between an isotropic glassy state and a viscous isotropic state as confirmed 

by POM observations. CUB-C16 presents one first order reversible transition centered at Tcryst. = 33 °C above 

which the compound is in an isotropic fluid state as revealed by POM observations. Below this transition, a weak 

birefringence appears and the compound becomes solid and brittle. This transition corresponds to the 

melting/crystallization of the compound (Figure S2). Compared with CUB-C8 and CUB-C12, the increase of the 

chain length favours the crystallization and a melting point instead of a glass transition is observed. The SAXS 

pattern of CUB-C16 recorded at 50 °C displays three similar scattering signals corresponding to the mean distances 

between the clusters at various scales in a poorly organized phase. The sharpening of the halo at around 2 = 20° 

(~ 4.1 Å) observed by lowering the temperature (pattern at -20 °C in Figure S3) agrees with the crystallisation of 

the long alkyl chains. In the small angle region, the appearance of a second order reflection at 2 = 3.8 ° indicates a 

short range organization of the compound. The limited number of reflections on the XRD pattern and the poor 

quality of the textures observed by POM does not allow more details on the molecular organization of CUB-C16 in 

the crystalline phase.  
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Table 1. DSC and XRD data of CUB-Cn (n = 8, 12 and 16) and CUB-CBP. 

Compound Transition temperatures (°C) 

(H in J.g-1, Cp in J.g-1.K-1) [a] 

Diffraction peaks (Å) 

CUB-C8 G 6.0 (Cp = 0.12, Tg) I  

I 1.1 (Cp = 0.93, Tg) G  

34.3, 11.3, 4.1 (20 °C) 

 

 

CUB-C12 

 

G 17.0 (Cp = 0.12, Tg) I 

I 13.8 (Cp = 0.11, Tg) G 

 

- 

 

 

CUB-C16 

 

Cr 41.0 (H = 32.03) I 

I 24.6 (H = -30.73) Cr 

 

41.4, 11.2, 4.4 (50 °C) 

 

 

CUB-CBP 

 

G 25.2 (Cp = 0.43, Tg) SmA 104.1 (H = 

8.19) I 

I 98.3 (H = -8.13) SmA 22.4 (Cp = 0.325, 

Tg) G 

 

24.5, 11.3, 4.4 (120 °C) 

58.7, 29.2, 11.9, 4.4 (80 

°C) 

[a] SmA = Smectic A phase, G = glassy state, Cr = crystalline phase; I = isotropic liquid.  

T in °C, H in J.g-1 and Cp* in J.g-1.K-1 are given in parentheses. 

 

 

CUB-Cn (n= 8, 12, 16) compounds are thus deprived of mesomorphic properties. This contrasts with Mn12 

polyoxometallate compounds functionalized by similar gallate derivatives carrying three long alkyl chains, for which 

thermotropic cubic mesophases have been reported.40 This can be explained by an insufficient coating of the long 

alkyl chains around the [Cu4I4] cluster core in order to generate an isotropic spherical interface able to induce a 

proper molecular segregation into a 3D array. Heating at high temperatures to further increase the fluidity of the 

phases did not lead to inverse melting and no “re-entrance of the isotropic phase” was observed.41 All CUB-Cn 

stay in an isotropic state up to 160 °C as confirmed by SAXS measurements. 

 

As shown in Figure 2a, the DSC curves of CUB-CBP present a reversible second order glass transition around 20 

°C (Tg) and a first order reversible thermal transition centered at 100 °C. The material is fluid and appears 

completely black under crossed polarizers above 100 °C. Upon cooling from the isotropic phase, a fluid and 

birefringent phase readily develops which correspond to the formation of a liquid crystalline phase. The texture 

observed presents large homeotropic domains and Maltese crosses, typical of a smectic A phase (Figure 2b).42 

Below the glass transition, the material is no more fluid and the persistent texture of the smectic A phase is hardly 

deformable. CUB-CBP was found to be stable up to 220 °C. Under UV irradiation at 350-400 nm, the compound 

appears to be highly emissive in the blue-green region (vide supra and Figure S4). 
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Figure 2. (a) DSC curves of CUB-CBP (red: second heating curve, black: first cooling curves, 10 °C/min). (b) Texture 
observed by optical microscopy between crossed-polarizers upon cooling (symbolized by the cross in the corner of the 
picture) at 95 °C revealing the co-existence of black homeotropic regions and Maltese crosses. 

 

 

The SAXS patterns recorded at 120 °C is typical of a poorly organized isotropic phase and displays three broad 

low intensity halos centred at 24.5, 11.3 and 4.4 Å, corresponding respectively to the mean distances between the 

CUB-CBP clusters, the [Cu4I4] inorganic cores and the C12 alkyl chains bearing the cyanobiphenyl groups (Figure 

3). The patterns recorded at different temperatures between the glass transition and the clearing point (20-100 °C) 

are all similar and confirm the formation of a lamellar liquid crystalline phase. They present two equidistant sharp 

reflections at 58.7 and 29.2 Å (at 80 °C, corresponding to (001) and (002) reflections) with reciprocal spacing of 

1:2 ratio, due to the lamellar order. The broad signal at 11.9 Å (2 = 7.4°), not commensurate with the two 

previous peaks, is attributed to some short range order of the [Cu4I4] cores inside the lamellas. Another broad and 

diffuse halo is observed at 4.4 Å (2 = 21°) and corresponds to the lateral short-range order of the molten alkyl 

chains and the mesogenic CBP moieties. These data indicate an organization, in which the peripheral mesogenic 

groups carried by the phosphine ligands are equally distributed on either side of the [Cu4I4] inorganic core in a 

compact manner. Such micro-segregated smectic structure is commonly observed with cyanobiphenyl end-capped 

molecules.31,32,33,40 From the calculated volume of the functionalized molecular cluster,43 the surface of each CBP 

moiety can be estimated to 32 Å2. This value is large compare with the expected cross-sectional area of 22-24 Å2 

for a CBP group arranged normal to the smectic layers.44 This implies that in the present smectic A arrangement, 

the CBP moieties are interdigitated and densely packed into organic sublayers. The interlayer periodicity d (58.7 Å) 

is slightly shorter than the length of the molecule in a fully extended configuration, estimated to be around 71 Å,45 

in accordance with a cylindrical molecular conformation organized into layers with an interdigitation of the CBP 

groups into organic sublayers. A possible model for such an organization is presented in Figure 4. In order to 

validate this liquid crystalline organization of the CUB-CBP mesogens, Molecular Dynamics (MD) simulations 

were carried out at 333 K. The calculations support the suggested model. After structure optimization, the layered 

structure with a segregation between the cubane clusters, the alkyl chains and the cyanobiphenyl fragments is 

preserved (Figure S5) and the majority of the cyanobiphenyl fragments remains confined and strongly interdigitated 

into nitrogen rich organic sublayers even if some of them are also expelled into the alkyl chains layers. Note that to 

account for the value of the cross-section of the cyanobiphenyl fragments and to produce a reasonable packing 

density in the alkyl chain sublayers, the polymethylene spacers should be conformationally disordered (molten 

state) and not all in an anti-conformation. The lamellar structure thus originates from the anisotropic arrangement 

of the ligands surrounding the [Cu4I4] cluster cores, leading to the segregated organization into inorganic and 
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organic sublayers. As already stated, similar organisation has been already been proposed for other unconventional 

cores bearing cyanbiphenyl mesogenic groups.31,32,33,Erreur ! S ignet non défini. At lower temperature, the compound is in 

solid state keeping the smectic A organization.  

 

0 5 10 15 20 25 30

100

1000

 20 °C

 80 °C

 120 °C

 

 

[Cu
4
I
4
]

alkyl chains

002

001

in
te

n
s
it
y
 (

c
o
u
n
ts

)

2 (°)  
Figure 3. SAXS patterns of CUB-CBP collected at 120 °C (isotropic phase), at 80 °C (LC smectic A phase) and at 20 °C 

(solid smectic A phase). 

 

 

Figure 4. Model for the organization of the CUB-CBP clusters in the liquid crystalline smectic A phase presenting 

alternating inorganic and organic sublayers with d  60 Å. Carbon atoms are in grey, oxygen in red, nitrogen in blue, 
phosphorus in purple and [Cu4I4] cluster core in pink. 
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Optical properties. 

Thermochromism. At room temperature, CUB-C8 and CUB-C12 are colorless sticky materials whereas CUB-

C16 and CUB-CBP are slightly yellowish solids under ambient light (all samples have been cooled from isotropic 

phases). CUB-Cn display a yellow emission under UV excitation, as shown in Figure 5. In contrast, CUB-CBP 

presents a blue emission in the same conditions. The compounds exhibit thermochromic luminescence properties. 

When they are cooled into liquid nitrogen at 77 K, their emission color become more intense and greener. When 

the samples are progressively warmed up to room temperature, the initial emissions are recovered, indicating a 

completely reversible thermochromism for all the clusters. 

 

 
Figure 5. Photos of CUB-Cn (n = 8, 12, 16) and CUB-CBP under UV irradiation (lamp 312 nm) at 298 and 77 K.  
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Figure 6. Solid-state luminescence spectra of CUB-Cn and CUB-CBP (after cooling from the isotropic phases), at 298 
K and at 77 K, with emission spectra in plain lines and excitation spectra in dashed or dotted lines (normalized 
intensities).  

 

Solid-state emission and excitation spectra recorded for all the clusters are shown in Figure 6 at room temperature 

and at 77 K. The corresponding data are reported in Table 2. At 298 K, for ex = 395 nm, CUB-Cn (n = 8, 12, 16) 

present a similar unstructured broad emission band centered at λmax = 512, 514 and 515 nm, respectively, in 

agreement with the green-yellow light observed. The corresponding absolute quantum yield values are 395 = <1, 3 

and 2 %, respectively. This band is attributed to the classical LE band of copper iodide cubane clusters. Based on 

previous experimental and theoretical data,39 this band is assigned to a [Cu4I4] cluster centered excited state called 
3CC for ‘Cluster Centered’ and is essentially independent of the nature of the ligand. This triplet excited state is a 

combination of a halide-to-metal charge transfer (XMCT) and a copper-centered 3d  4s, 4p transitions. At 77 K, 

the emission band of CUB-Cn are slightly blue shifted in accordance with the observed greener emission (Figure 
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6). Usually, [Cu4I4] clusters bearing -conjugated ligands exhibit luminescence thermochromism by the appearance 

at higher energy, upon cooling, of a new emission band (namely HE for High Energy) centered around 420 nm.46 

This blue band is, in contrast with the 3CC one, ‘ligand-centered’ with a mixed charge-transfer (MLCT/XLCT) 

triplet excited state. The variation in temperature of the intensity of the LE and HE bands is at the origin of the 

luminescence thermochromism usually observed with the emissive state related to the LE band thermally populated 

from the HE one. This HE band is not observed for CUB-Cn compounds at 77 K but should appear at lower 

temperature. 

 

CUB-CBP presents different luminescence properties by displaying at room temperature for ex = 280 nm, two 

emission bands centered at λmax = 404 and 519 nm (Figure 6). The first one is attributed to the CBP groups 

because the corresponding free ligand presents a similar emission band centered at λmax = 378 nm (Figure S1) and 

the phosphine ligand without the CBP groups (ligand of CUB-C12) is not emissive in the same conditions. 

Moreover, CBP groups are reported to emit in the 400 nm range.47 The second band observed at 519 nm is 

attributed to the LE cluster band (3CC state), in agreement with the CUB-Cn. When the excitation wavelength 

decreases in energy, the intensity of this LE band relative to the CBP one increases and at ex = 400 nm, only the 

LE band is observed (see following part in Figure 10). The quantum yield values related to the two emission bands 

are 280 = 9 % and 400 = 1 %. At 77 K, the relative intensities of the CBP-based and LE emission bands are 

inversed with a larger intensity for the LE band leading to the greener emission observed upon cooling down 

(Figure 5). The LE band also shows structured feature with the appearance of two new sharper bands at λmax = 487 

and 522 nm. These bands can be attributed to vibronic structure because of their similar excitation profiles (same 

energy level). CUB-CBP thus presents luminescence thermochromism with variation in temperature of the 

intensity of two emission bands. However, in opposite to ‘classical’ luminescence thermochromism of copper 

iodide clusters, the intensity of the LE band of CUB-CBP increases upon cooling down. In this case, the ‘classical’ 

HE band (MLCT/XLCT) is not observed and replaced by the CBP-based one but without thermal equilibrium 

between the two emissive states. This original behavior can be attributed to FRET (Förster Resonance Energy 

Transfer) mechanism with the CBP group acting as the donor and the cluster core as the acceptor.48 This 

assumption is supported by the excitation profile corresponding to the LE band which overlaps the CBP emission 

band around 400 nm (Figure 6) and by the [Cu4I4]-CBP distance which can be estimated from the structural model 

to around 30 Å (simplified energy diagram in Figure S6). The transfer efficiency increases at lower temperature. 

The detailed photophysical characterization of the FRET phenomenon is in progress and will be reported in due 

course. 

 

 

Table 2. Photoluminescence data at 298 and 77 K of the clusters. CBPg corresponds to the ground sample. 

CUB T (K) max
em [ex] (nm) 

n = 8 
298 512 [395] 

77 500 [395] 

n = 12 
298 514 [395] 

77 505 [395] 

n = 16 
298 515 [395] 

77 515 [395] 

CBP 

298 
404, 519 [280] 

519 [400] 

77 
401, 487, 522 [280] 

490, 522 [400] 

CBPg 298 
385, 549 [280] 

536 [400] 
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77 
397, 494, 529 [280] 

496, 529 [400] 

 

 

Temperature dependent emission and influence of the molecular organization. In order to evaluate the 

influence of the molecular organization on the luminescence properties, the emission of CUB-C16 and CUB-CBP 

has been recorded upon cooling from the isotropic state passing through temperature transitions. The spectra 

recorded from 60 to -10 °C for CUB-C16 (Tcryst. = 33 °C) are reported in Figure 7. Upon cooling, a significant 

intensity increase is observed along with a blue shift of the emission band. The variation in intensity can be 

explained by less efficient non-radiative phenomenon at lower temperature, usually observed by freezing a solution 

of clusters. This phenomenon along with the blue shift are directly related to the rigidochromism properties of the 

copper iodide clusters.49 According to these properties, the effect is more pronounced nearby the crystallization 

temperature (Figure 7 insert). 

 

 

Figure 7. Temperature dependence of CUB-C16 emission upon cooling from 60 down to -10 °C for ex = 395 nm and in 

insert evolution in temperature of the intensity at max. 

 

The emission spectra of CUB-CBP recorded from 120 °C down to -150 °C are reported in Figure 8. Upon 

cooling, the intensity increases without marked changes of the shape of the two emission bands centered at 404 

(CBP) and 519 (3CC) nm. This can be explained by the decrease of non-radiative deactivation as already 

mentioned. However, the increase of the intensity is not linear with the temperature (Figure 8 insert). In the 

isoptropic phase (> 100 °C) the intensity is very weak and it rapidly increases when entering into the liquid 

crystalline smectic A phase around 100 °C. This can be correlated to the change of the rigidity between the 

isotropic phase and the LC phase which diminish the non-radiative phenomenon. It should also be noticed that the 

intensity increase upon further cooling inside the liquid crystalline phase is not linear and should also be correlated 

to drastic rigidity changes within the LC phase. Below the glass transition (< 25 °C), entering the solid state, the 

emission intensities still gradually increase but at a lower rate in agreement with lower rigidity modifications.  
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Figure 8. Temperature dependence of the CUB-CBP emission upon cooling from 120 down to -150 °C K, at ex = 280 
nm and in insert evolution in temperature of the intensity of the two bands at 400 (black squares) and 520 nm (red circles). 

 

The temperature variation of the relative intensity of the LE and CBP bands also leads to change of the emission 

color. At high temperature, in the isotropic state (around 110°C), the sample exhibits a blue emission coming for 

the CBP band, the one of the CC band being almost absent. By lowering the temperature, the emission becomes 

greener as the intensity of the 3CC band progressively increases exceeding at -150 °C that of the CBP band. The 

corresponding chromaticity coordinates in the CIE diagram (Commission Internationale de L’Eclairage 1931) are 

reported in Figure S7 and show marked color variation from deep blue to cyan. This relative change of the intensity 

of the two bands is not connected to a temperature effect but really correlated to the molecular organization. 

Indeed, CUB-CBP in solution displays a single blue emission band (max = 363 nm) very similar to a spin-coated 

film (max = 383 nm) at room temperature (Figure S8). These results indicates that the appearance of the 3CC band 

is linked to a particular molecular order. In solution or in spin-coated film, there is no specific organization of the 

clusters just as in the isotropic phase. The ordering of the ligands leads to the 3CC emission as observed in the LC 

state. This change of the CBP organization can be observed in the corresponding band position with a redshifted 

emission for aggregated state.47 In our case, this redshift is observed between the isotropic state (max = 394 nm) 

and the LC phase (max = 404 nm). The emission of the solution and the spincoated film at higher energy agrees 

with less ordered phase with emission even reaching that of CBP monomers. Reorganization can be observed upon 

thermal treatment with the appearance of the CC band (Figure S8). Thus, the 3CC band emission of the [Cu4I4] 

cluster core is very sensitive to the molecular organization and in particular to the degree of aggregation of the CBP 

groups which seems to be optimal in the smectic phase. This dependence can be related to the FRET mechanism 

which probably occurs between this two emissive moieties. Indeed, FRET efficiency has been reported to be highly 

dependent to the donor-acceptor distance and to their respective orientation.50 

 

Mechanochromism. CUB-CBP exhibits mechanochromic luminescence properties whereas CUB-Cn do not. 

Indeed, upon grinding or crushing, CUB-CBP exhibits a change of its emission color with the initial blue emission 

converted into a green-yellow one while its body color remains similar (Figure 9). The luminescence spectra of 

CUB-CBP before and after grinding (namely CUB-CBPg) at room temperature, are reported in Figure 10 (Table 

2). The variation in intensity of the two bands in function of the excitation wavelength of CUB-CBPg is similar to 

the compound before grinding. From the spectra recorded at ex = 280 nm, the grinding induces a significant red 

shift of the emission wavelength of the CC band while the CBP based one endorses a blue shift. For ex = 400 nm, 

the shift of the 3CC band (25 nm) is obvious with the initial emission centered at λmax = 517 nm shifting to 540 nm 

after the mechanical solicitation. CUB-CBPg also presents luminescence thermochromism by exhibiting a greener 

emission at low temperature (Figure 9). The emission spectra recorded at 77 K before and after grinding are 
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reported in Figure 10 for comparison. For ex = 280 nm, the spectra are very similar with smaller blue and red 

shifts of the two CBP and 3CC bands compared with those at 298 K. For ex = 400 nm, the 3CC bands are still 

structured with also a smaller red shift (6 nm). The effect of the grinding thus appears less pronounced at low 

temperature.  

 

 
Figure 9. Photos under 365 nm (UV lamp) of CUB-CBP before and after grinding at 298 and 77 K.  
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Figure 10. Solid-state luminescence spectra of CUB-CBP and CUB-CBPg at 298 K and at 77 K, with emission spectra 

in plain lines and excitation spectra in dotted lines (normalized intensities). 

 

 
1H liquid NMR spectra of the CUB-CBP before and after grinding are similar indicating that no chemical reaction 

related to adsorption or removal of atmospheric molecules was induced by the grinding. UV-vis. absorption (λmax = 

300 nm) and luminescence spectra in dichloromethane solution (λmax = 360 nm for λex = 280 nm) at room 

temperature, are also similar whether the cluster has been ground or not before dissolution, confirming that the 

molecular structure of the cluster is preserved after the mechanical solicitation. This is further supported by the 

comparable luminescence thermochromism exhibited by both compounds. CUB-CBP slowly recovers its initial 

phase and emission properties spontaneously at room temperature and this return can be accelerated upon thermal 

treatment (typically 100 °C, 30 min). When the sample is ground one more time, the shift of the emission is 

observed again which indicates reversibility of the phenomenon. SAXS analysis have been performed on CUB-

CBPg at room temperature. As shown in Figure 11, the grinding process induces a broadening of the diffraction 

peak (001) compared with that of the initial compound. The narrow peak width is further recovered upon annealing 

at 100°C in accordance with the reversibility of the mechanochromism phenomenon. The peak broadening 

observed, indicates a transformation into a less ordered phase, sort of partial amorphization of the lamellar 

organization induced by the mechanical solicitation.  
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Figure 11. SAXS pattern recorded at 298 K of CUB-CBP before and after grinding and after annealing at 100 °C for 30 

min. 

 

A crystal-to-amorphous phase transformation is a common feature for mechanochromic compounds.10 In 

particular, this is observed for the reported platinum liquid crystalline complex showing a disruption of the columnar 

mesophases with monomers emission leading to an isotropic phase with excimers emission.21 This is different for 

the iridium complex for which a rigidochromism phenomenon is at the origin of the emission wavelength changes.23 

The local heating induced by the grinding process must play a role in the mechanochromic properties of CUB-

CBP. The smectic solid  smectic CL transition occurs close to room temperature (Tg = 24 °C) meaning that a 

small increase in temperature can put the compound into the CL state. The gain of fluidity may help the system to 

reorganize into another less ordered metastable phase. This demonstrates the pertinence of liquid crystal properties 

to rationally synthesize mechanochromic compounds.  

 

According to previous studies on mechanochromic copper iodide clusters,27,28 the red shift of the LE emission 

observed upon grinding can be attributed to modification of the Cu-Cu interactions within the [Cu4I4] inorganic 

core. As previously mentioned, the LE band is cluster core centered in nature and its emission is correlated to the 

interatomic distances in the [Cu4I4] core. This LE emission indeed corresponds to a transition from a Cu-Cu 

nonbonding and Cu-I bonding HOMO to a strongly Cu-Cu bonding and Cu-I antibonding vacant orbital.39 

Therefore, the energy of the states mainly depends on the Cu-Cu bond distances with shorter distances leading to 

stabilization of the emissive state and a redshift of the emission. The mechanochromic properties of CUB-CBP can 

be thus explained by the shortening of the Cu-Cu bond distances upon grinding. This modification of the cluster 

molecular structure is connected to changes of intermolecular interactions upon disordering of the smectic A state. 

The blue shift observed for the CBP emission band is in agreement with modifications of the intermolecular order 

occurring through the ligands. Indeed, as already mentioned, the emission of CBP derivatives has been reported to 

be sensitive to their aggregation state (monomer vs dimer).47 This agrees with alteration of the lamellar organization 

upon grinding and in particular of the organic sublayers. Note that the FRET efficiency seems to be unmodified in 

this case implying somehow preservation of the [Cu4I4]-CBP distance and their mutual orientation. The driving 

force of the mechanochromism phenomenon must be a ‘constraint’ molecular structure of CUB-CBP in the initial 

lamellar solid phase which relaxes upon grinding into a [Cu4I4] cluster core having stronger cuprophilic interactions. 

The formation of such Cu-Cu interactions is facilitated in the less ordered phase because of the increased molecular 

mobility. The constraints can be attributed to the anisotropic arrangement of the ligands around the cluster core. 

The lack of such specific organization can explain the absence of mechanochromic properties for the CUB-Cn 

compounds. This demonstrates the flexibility of the cluster core which adapts its geometry to the organization of 

the ligands.  

 

Conclusion. 
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In order to rationally design and develop new stimuli-responsive materials with intriguing optical properties, the 

study of metallomesogens based on molecular copper iodide clusters has been conducted. Due to the unusual 

geometry of the inorganic [Cu4I4] cubane core, only the functionalization with mesomorphic promoters, such as 

cyanobipenyl (CBP) groups, permit to successfully import liquid crystalline properties to the clusters. This 

particular compound, namely CUB-CBP, which brings together the photoactive CBP moieties and [Cu4I4] cluster 

core, constitutes an original dual emissive system whose self-assembled supramolecular structures can be modified 

either by the temperature or mechanical stimuli resulting in luminescence properties changes. Indeed, CUB-CBP 

shows phase dependent emission properties and exhibits luminescent mechanochromic properties with reversible 

modification of the emission wavelength in response to mechanical solicitation. The grinding induces sort of 

crystalline-to-amorphous phase transition with a change of the self-assembled structures at the molecular level. The 

packing environment modification leads to cluster core geometry changes affecting the corresponding excited state. 

In opposite to most of the known systems for which mechanochromic properties are induced by a modulation of 

the intermolecular interactions between luminophores, here, they are due to the modulation of intramolecular 

interactions. In particular, the emission color change is attributed to the different strength of the cuprophilic 

interactions. The mechanochromism phenomenon clearly appears as a competition between inter and 

intramolecular interactions that can be easily modulated thanks to the mesomorphic properties. Detailed 

photophysical analyses of these newly synthesized cubane cluster containing soft materials will allow a deeper 

understanding of the inter-intramolecular interactions/structure relationship at the origin of the mechanochromism 

phenomenon. The anisotropy of the emission properties will be also evaluated. From this study, combining the rich 

photoluminescence properties of copper iodide clusters with the flexible self-assembly properties of liquid crystals 

appears to be very promising to develop original mechanochromic materials. Future studies aim at the synthesis of 

photoactive materials based on copper iodide liquid crystalline compounds presenting diverse structural geometries 

and molecular organizations.  
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