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Abstract. The photoluminescent stimuli-responsive properties of two crystalline polymorphs of 

(PPh4)2[Cu2I4] formula, are reported. Distinct luminescence properties are exhibited by these ionic 

copper iodide compounds with blue or yellow emission and original luminescence thermochromism and 

mechanochromism are demonstrated. While one polymorph displays contrasted temperature-dependent 

emission properties, the other shows great modification of its emission upon mechanical solicitation. 

Establishment of structure-properties relationships supported by theoretical approach, permit to get 

insights into the origin of the photoluminescence properties and the mechanisms at play. According to 

DFT calculations, the different emission bands originate either from the (PPh4)
+ organic cation or from 

the [Cu2I4]
2- anion. Activation of these two emissive centers appears to be dependent on the crystalline 

packing of the polymorph. The thermochromism displayed by one polymorph can be attributed to 

variation in temperature of the relative intensities of two emission bands of two different excited states. 

The origin is different for the other polymorph with emission bands coming from two independent 

emissive centers namely, (PPh4)
+ and [Cu2I4]

2-. The luminescence mechanochromism is attributed to a 

polymorphic transition. The mechanical solicitation induces a partial transformation of one polymorph 

into the other within a disordered phase. The mechanochromic mechanism can be related to mechanical 

modifications of inter-molecular interactions between the (PPh4)
+ cations. By displaying luminescence 

properties that dependent on crystalline structure, excitation wavelength, temperature and mechanical 

solicitation, the studied copper iodides offer a great possibility of emissive color control and switch, a 

clear demonstration of great potentialities of this family of compounds for developing photoactive 

materials.  
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Introduction. 

Luminescent materials exhibiting multicolor emission switching are attracting attention due to their 

potential applications in data storage devices and security systems, for instance.1,2 Because of their 

outstanding photophysical properties and economic advantages, copper complexes are particularly 

appealing for developing light-emitting functional materials.3,4,5,6,7,8 Amongst Cu-based compounds, 

copper(I) iodide derivatives have recently emerged as attractive emissive materials due to their rich 

optical properties.9,10,11,12,13 

 

The d10 electronic configuration of Cu(I) gives rise to diverse coordination number/geometries and 

associated to the multiple connectivity modes of halides, the family of copper iodides present a great 

structural diversity, leading consequently to various photophysical properties. Actually, their potential 

applications as sensors,14,15,16,17 photocatalytic systems,18 and emitters in organic light-emitting diodes 

(OLEDs),19,20,21,22,23 have been recently reported. Copper(I) iodide compounds can also display diverse 

stimuli-responsive properties such as luminescence thermochromism,24,25 mechanochromism,26,27 

rigidochromism,28 or vapo/solvatochromism.29 Combining multistimuli-responsive properties is 

actually particularly appealing to access original multifunctional materials. The molecular cubane 

clusters formulated [Cu4I4L4] (L = ligand) is indeed well known for exhibiting multistimuli-responsive 

properties that are closely related to metallophilic interactions. Within the family of neutral copper 

iodides, another iconic complex is the rhomboid one formulated [Cu2I2L2].
19,30,31 While its emissive 

properties have been well described, its stimuli-responsive properties remain rare.27a Although fewer 

compared with neutral derivatives, charged copper iodide complexes are documented whose structural 

geometry vary with the counter-ion.13 Common anions are the binuclear [Cu2I6]
4- and the tetranuclear 

[Cu4I8]
4- 32 ones for which iodides replace the organic ligands, present in the neutral complexes. Note 

that zwitterionic compounds which covalently bind the anion and cation, have been recently reported.33 

Another binuclear anion is [Cu2I4]
2- which has been encountered in several associations with different 

organic and inorganic cations.34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66 The 

photophysical properties of these compounds have been rarely characterized, [Cu2I4]
2- being simply 

treated as an inorganic counter-anion and not as an emissive species by itself. In particular, with the 

tetraphenylphosphonium cation, the polymorphic structure of (PPh4)2[Cu2I4] has been reported but no 

photophysical characterization has been investigated.67,68 Occurrence of crystalline polymorphism 

provides a great tool to explore structure-properties relationships of molecular solids and to get insights 

into their physical properties.69 In particular, crystalline polymorphs of luminescent compounds usually 

exhibit different photophysical properties allowing determining the mechanisms at the origin of their 

light-emitting properties and even stimuli-responsive ones. This opportunity motivated our 

investigations for exploring the photophysical properties of the (PPh4)2[Cu2I4] compounds. 

 

Here, we report on the stimuli-responsive properties of two crystalline polymorphs of (PPh4)2[Cu2I4] 

resulting from the association of the [Cu2I4]
2- anion and the (PPh4)

+ cation (Figure 1). Original 

luminescence thermochromism and mechanochromism are demonstrated for these compounds. 

Comparative structural and photophysical characterisations of the two polymorphs are presented in 

order to elucidate the mechanochromism mechanism at play. Theoretical studies have been also 

conducted aiming at rationalizing the experimental light-emitting properties. 
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Figure 1. Schematic drawing of the [Cu2I4]2- anion and (PPh4)+ cation. 

 

 

Results and Discussions. 

The two crystalline polymorphs of (PPh4)2[Cu2I4], namely A and B, were synthesized in solution 

by reacting copper iodide (CuI) and tetraphenylphosphonium iodide (P(C6H4)4I) in dichloromethane, 

acetone or acetonitrile, at room temperature (details in experimental section). By slowly adding an anti-

solvent (diethyl-ether or cyclohexane) to the reaction solution, the products precipitated as colorless 

crystalline powders. Both polymorphs are formed concomitantly but their relative proportion vary with 

the nature of the used solvents. For the dichloromethane/cyclohexane solvents, polymorph A is largely 

predominant but for the acetonitrile/diethyl-ether combination this is the polymorph B. Rapid 

concentration of an acetone solution leads exclusively to polymorph B. The (PPh4)2[Cu2I4] formula is in 

agreement with elemental analysis (experimental section). The reported synthesis for these two 

polymorphs (A and B), uses Cu, I2 and PPh4I as reactants in acetone. Concomitant formation was also 

reported in this previous work.67 The synthesis of two other known polymorphs namely (PPh4)2[Cu2I4]-

C and D was also described with acetone as solvent with Cu, I2 and PPh4I as reactants.68 None of these 

two latter were obtained in our synthesis conditions.  

 

 

Figure 2. Photos of the crystalline polymorphs (PPh4)2[Cu2I4] under ambient light and under UV irradiation 

(lamp at 365 nm) with the yellow-emitting A and blue-emitting B, at room temperature. 

 

The colorless crystals of the two polymorphs exhibit distinctive emission colors under UV irradiation, 

with a yellow emission for A while that of B is blue (Figure 2). Real crystalline polymorphs displaying 

such different emission properties in the visible spectra are quite rare. Their respective crystal structures 

were determined by SCXRD (single crystal X-Ray diffraction) analysis at different temperatures (100, 

150, 200 and 293 K, Table S1). Their structures were already solved67 at room temperature but here are 

reported low temperature measurements to correlate with the photoluminescence data. The purity of the 
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samples was confirmed by powder X-ray diffraction analysis (Figure S3) and elemental analysis 

(experimental part in SI). A and B crystallize in the monoclinic P21/c space group. The unit cell contents 

are shown in Figure 3. Both structures can be described as an alternation of organic layers formed by 

the PPh4
+ cations and inorganic layers formed by the [Cu2I4]

2- anions. No solvent of crystallization is 

included in the structures giving to these two compounds the important characteristic of real crystalline 

polymorphs. Indeed, the comparative study is in this case straightforward and not hampered by the 

potential effect of solvent of crystallization.  

 

   
 

Figure 3. View of the unit cell of (PPh4)2[Cu2I4]-A and B polymorphs at 293 K. 

 

The (PPh4)
+ cation in A and the two independent ones in B, present a classical geometry with a 

tetrahedral environment around the phosphorus atom. Free rotation around the P-C bond leads to 

different orientation of the phenyl groups (Figure S1). The molecular structure of the [Cu2I4]
2- anions 

are depicted in Figure 4. All Cu atoms present a pseudo-trigonal CuI3 environment with iodide atoms in 

μ1 and μ2 coordination modes. In polymorph A, [Cu2I4]
2- has an inversion center whereas in B it is in 

general position. Selected bond lengths and angles in the [Cu2I4]
2- anions at 293 K are listed in Table 1. 

The Cu-I bond distances and I-Cu-I angle values are within the range of reported values for such copper 

iodide compounds.34-66 The Cu-Iμ1-bond distances are shorter than the Cu-Iμ2 ones in agreement with 

the stronger ionic interaction. The intramolecular Cu-Cu bond distances in A (Cu1-Cu1 =2.955(1) Å) is 

much longer compared with that in B (Cu1-Cu2 =2.662(1) Å at 293 K). These Cu-Cu distances lie in the 

range of values encountered in copper iodide compounds.9,13,26 Nevertheless comparison with the value 

of the sum of the van der Waals radii of Cu of 2.80 Å, suggests that strong cuprophilic bonding 

interaction (d10-d10) occurs in B, whereas it is much weaker in the case of A.70,71 Values of the torsional 

angles in the [Cu2I4]
2- anions are significantly different in the two polymorphs (mean values of 173.86(4) 

in A and 162.07(4)° in B), as reported in Table 1. As shown in Figure 4, these geometric differences 

lead in A to an almost planar form of the [Cu2I4]
2- anion and to a strongly folded one in B. Bond lengths 

and angles in the [Cu2I4]
2- anions at lower temperatures are reported in Table 1 (100 and 293 K) and S3 
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(100, 150, 200 and 293 K). Similar temperature dependent behavior is observed for both polymorphs 

with crystal lattice contraction (from 293 to 100 K) of 2.3 and 3.0 % in A and B, respectively. The Cu-

Cu distances present a shortening upon temperature decreasing of 3.0 and 2.1 % in A and B, respectively. 

Concerning the Cu-I bond distances (mean values), slight increases of 0.2 % for A and 0.1 % for B are 

observed by lowering the temperature. These observations mean that upon decreasing the temperature, 

the Cu-Cu distances contract while Cu-I ones remain almost constant. This can be explained by the Cu-

Cu interactions of d10-d10 type which are weaker compared with the ionic Cu-I bonds and their 

modification minimizes the crystal packing energy. This phenomena has been already observed in 

copper iodide clusters by applying isostatic pressure.72 Even if the thermal lattice contraction is larger 

in B compared with that of A, this is the [Cu2I4]
2- anion in A that presents the more important structural 

changes. This can be due to the longer Cu-Cu distances in A that is far from the van der Waals value, 

being therefore more easily compressible. The density can be a criteria to evaluate the relative stability 

of crystalline polymorphs, with more stable compounds having denser phase.69 However, the very close 

density values of A and B (1.863 and 1.851 respectively at 293 K) does not give useful information in 

the present case. 

 

 
Figure 4. Molecular structure of [Cu2I4]2- anion in (PPh4)2[Cu2I4]-A and B polymorphs at 293 and 100 K. 
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Table 1. Selected intramolecular bonds lengths and angles of (PPh4)2[Cu2I4] at 100 and 293 K from SCXRD. 

Compound A B 

 100 K 293 K 100 K 293 K 

Cu…Cu 2.8652(9) 2.9549(13) 2.6072(5) 2.6621(9) 

Cu-Iμ2 

 

 

 

Cu-Iμ1 

 
mean 

2.5833(6)*2 

2.5907(6)*2 

 

 

2.5126(7)*2 

 
2.5622(7) 

2.5806(7)*2 

2.5932(7)*2 

 

 

2.4954(7)*2 

 
2.5564(7) 

2.5711(5) 

2.5740(4) 

2.6033(4) 

2.6076(5) 

2.4969(4) 

2.4976(4) 
2.5584(5) 

2.5720(8) 

2.5780(8) 

2.6029(8) 

2.6086(7) 

2.4858(7) 

2.4904(7) 
2.5563(8) 

Iμ1-Cu-I μ2 

 

 

 

Iμ2-Cu-I μ2 

 

125.87(2)*2 

120.98(2)*2 

 

 

112.75(2)*2 

 

127.09(3)*2 

122.26(3)*2 

 

 

110.34(2)*2 

 

125.19(2) 

119.92(2) 

124.57(2) 

119.99(2) 

114.80(1) 

114.85(2) 

124.71(3) 

121.27(3) 

124.58(3) 

121.12(3) 

113.94(3) 

113.93(3) 

I-Cu-I-Cu 

 

 

 

172.76(3)*2 

173.16(3)*2 

 

 

173.68(4)*2 

174.04(4)*2 

 

 

159.14(3) 

159.27(3) 

164.21(3) 

164.51(3) 

160.15(4) 

160.22(4) 

163.89(4) 

164.00(4) 

 

The great majority of the reported compounds incorporating the [Cu2I4]
2- anion present a planar 

geometry. In addition to the case of (PPh4)2[Cu2I4],
67,68 only three examples of [Cu2I4]

2- anion with a 

folded geometry are known, with the As(Ph4)
+ 40, (CH3PPh3)

+ 45, and Ba(tetraglyme)2
2+ 39 cations. The 

spherical geometry of these three cations may account for structural constraints leading to the folded 

geometry. This reflects the flexibility of copper(I) halide complexes that can adapt their molecular 

geometry to the crystalline packing. Regarding the Cu-Cu distances, the values with the As(Ph4)
+, 40 

(CH3PPh3)
+, 45 and Ba(tetraglyme)2

2+ 39 cations are 2.663(4), 2.678(3) and 2.636(1) Å, respectively, 

which are similar to that of B (2.662(1) Å). They indeed all lie within the range of 2.6-2.8 Å of the 

literature values. The relatively long value of 2.955(1) Å found in A, can be associated to its planar 

geometry. Indeed, the planar [Cu2I4]
2- anion with comparable Cu-Cu distance of 2.938(1) Å has been 

reported with a phosphonium anion (i-Pr(Ph3P))+.34 

 

Short intermolecular contacts (< 3 Å) are present in the crystalline structure of A and B. Several C-H…C 

contacts occur between the phenyl groups of the phosphonium cations (2.897(1), 2.911(1) and 2.914(1) 

Å in A and 2.928(1), 2.949(1), 2.922(1) and 2.854(1) Å in B). Cu…H contacts also exist in A of 2.631(1) 

Å whereas the shortest one in B is of 2.938(1) Å (Figure S2). As shown in Figure 5, - stacking can be 

also observed in A with C…C contacts of 3.398(1) and 3.950(1) Å. Such interaction is not found in B. 

The different networks of interactions between the phenyl groups in A and B are confirmed by the 

different FTIR signatures around 3050 cm-1 (Figure S4). 
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Figure 5. Intermolecular - interactions in (PPh4)2[Cu2I4]-A. 

 

Structural comparison with the two other known polymorphs, C and D,68 indicates similarities between 

A and C and, B and D. [Cu2I4]
2- anion presents a planar geometry in C as observed in A and a similar 

close packing of (PPh4)+ cations is found in these two polymorphs. In D, the geometry of the [Cu2I4]
2- 

anion is folded as in B. These polymorphs however present different arrangements of the (PPh4)+ cations 

that are less dense compared with that of A and C.  

 

Luminescent mechanochromism is exhibited by polymorph B whereas no emission modification 

was observed for A under mechanical solicitation. As shown in Figure 6, the manual grinding of 

crystalline powder of B results in a great emission change by shifting from blue to yellow light. 

Meanwhile, the ground phase, noted Bg (g stands for ground), maintains the slightly yellowish body-

color of the initial crystalline sample. To our knowledge, B is the only example of CuI-based 

mechanochromic compounds of ionic nature. Note that mechanosynthesis was tested to synthesize 

(PPh4)2[Cu2I4] by grinding the reactants with drops of solvent. This was unsuccessful to obtain 

polymorph A but from PXRD analysis, polymorph B was detected. After careful examination, 

polymorph B was not obtained but the ground form Bg instead. The mechanosynthesis has therefore to 

be employed carefully when mechanochromic compounds are involved. 

 

 

Figure 6. Photos of crystalline powder of (PPh4)2[Cu2I4]-B partially ground (right side) under visible light and 

UV irradiation (365 nm UV lamp), at room temperature. 

 

Results of elemental analysis of Bg are similar to those of B corresponding to the (PPh4)2[Cu2I4] formula 

(experimental section), indicating that no chemical reaction related to adsorption or removal of 

atmospheric molecules are induced by the grinding process. Solid state 31P NMR analysis (vide infra) 

also demonstrates that the molecular structure of the complex is preserved in Bg. The powder X-Ray 
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diffraction (PXRD) analysis of B revealed numerous sharp and intense diffraction peaks which indicate 

good crystallinity (Figure 7). After grinding, intensity decrease and broadening of the peaks is observed 

that indicates partial alteration of the crystalline packing and possible amorphization.  

 

FTIR spectra were recorded for the three compounds along with that of PPh4I for comparison. DFT 

calculations performed on (PPh4)
+ and [Cu2I4]

2- moieties (anharmonic computations, detailed in SI), 

permit to simulate their IR signatures and to assign the vibration bands. Post-treatments were performed 

using the VMS package.73 Experimental FTIR spectra (4000-500 cm-1) are similar for all the compounds 

and clearly correspond to the tetraphenylphosphonium cation’s signature. Simulated spectrum is in very 

good agreement with that of PPh4I (Figures S4-5). Main peaks observed at 1433, 1103, 722, 686 and 

526 cm-1 can thus be attributed to combination of C-C and C-H vibrations. More specifically, the three 

highest wavenumbers comprise C-H bending, rocking and wagging motions. The two lowest 

wavenumbers correspond to C-H scissoring together with C-C breathing. Furthermore, the anharmonic 

treatment demonstrates that all peaks between 1800 and 2800 cm-1 correspond to overtones and 

combination bands. Spectra have been also recorded in the far-IR region (650-50 cm-1) and present 

differences between the two polymorphs but with a common peak at 177 cm-1 (Figure S6). The spectra 

of Bg has different peaks compared with that of B (203, 71 cm-1) which are observed in A suggesting 

structural similarities between them. The peak at 177 cm-1 in A and B is found at 179 cm-1 in Bg. This 

peak, simulated at 168 cm-1, corresponds to Cu-I bond stretching vibrations of [Cu2I4]
2- (Figure S7). The 

experimental peak at 152 cm-1 can also be attributed to Cu-I bond vibrations calculated at 127 cm-1. At 

lower frequencies, two peaks are observed which are different for the two polymorphs (A: 71, 53 cm-1 

and B: 68 and 48 cm-1). Corresponding values for Bg (71 and 51 cm-1) are closer to those of A indicating 

again structural similarities. From simulations, these two vibrations (73 and 31 cm-1) may correspond to 

an out of plane bending and a wagging modes of the [Cu2I4]
2- anion. Differences observed can be 

attributed to the different planar and folded geometries of the anion. Values reported for (PNP)2[Cu2I4] 

(71 and 54 cm-1)66 whose geometry is planar, are indeed close to those of A.  
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Figure 7. PXRD of B and Bg recorded at room temperature.  

 

The reversibility of the mechanochromic effect was tested by solvent treatment but without success. 

With the different tested solvents, the initial blue emission of B is not recovered and instead either the 

yellow emission of Bg is maintained (cyclohexane, diethyl-ether) or a white emission appears 
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(acetonitrile, acetone). This irreversibility can be explained by the formation of these copper iodide 

compounds which is highly dependent to the experimental conditions such as the solvent. This is 

illustrated by the rich polymorphism and isomerism displayed by this family of compounds. 

 

To get insight into the local structure of the ground phase in light of that of the two polymorphs, solid-

state NMR analysis has been conducted. In addition to the classical 1H and 13C nuclei, 31P and 63,65Cu 

ones have been studied. Those two latter are particularly relevant to probe the copper iodide structural 

geometries.74,75 1H MAS NMR spectra (Figure S8) present broad signatures centered at 7.5 ppm which 

are in agreement with the phosphonium cation (P(C6H5)4
+) with phenyl groups characteristics. 13C MAS 

NMR spectra present two broad features around 135 and 120 ppm, the latter corresponding to carbon 

atoms bonded to the phosphorus atom (Figure S8). No significant difference is observed between the 

samples. The 31P signatures shown in Figure 8, are also in accordance with the phosphonium cation. The 

singlet observed at 22 ppm for A results from the crystallographically independent (PPh4)
+ and for B the 

two peaks at 21 and 23 ppm correspond to the two inequivalent cations. The different structural 

conformation of the phosphonium within the structure of the two polymorphs are thus revealed thanks 

to the sensitivity of the 31P nucleus. The two peaks are also present in the 31P spectrum of Bg but with a 

broadened feature. This indicates the preservation of the structure of B upon grinding but with creation 

of some local structural disorder in accordance with the PXRD analysis.  

 

 

Figure 8. 31P CPMAS solid state NMR spectra of (PPh4)2[Cu2I4]-A, B and Bg. 

 

The 63Cu static NMR spectra are shown in Figure 9. They present particularly broad signals extending 

over 1.5 MHz. For A, the quadrupolar coupling constant (CQ) is about 45.6 MHz, with asymmetry 

parameter (Q) of 0.34. This large CQ value is typical of copper atoms in three-coordinated CuI3 

geometry and is clearly distinct from the four-coordinate PCuI3, P2CuI2 and CuI4 copper environment 

signatures (usually 20-25 MHz CQ values).76 The 63Cu NMR spectrum of A can be simulated using a 

single component (Figure S9), in agreement with the single Cu site in the crystal structure. In B, the two 

individual components are still strongly overlapped (a deconvolution is suggested in Figure S10), despite 

the use of high magnetic field (17.6 T). Both CQ values are in the 45-47 MHz range, again, in agreement 

with copper atoms in three-coordinated CuI3 geometry. The two polymorphs present distinct 65Cu NMR 

signatures but the correlation with their structure is difficult to establish at this stage. The spectra of Bg 

is very similar to that of B, indicating the preservation of the [Cu2I4]
2- anion upon grinding. Partial 
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amorphization is however not obvious in this case, probably due to predominance of the signal of intact 

crystalline part. 

 

 
Figure 9. 63Cu static WURST-QCPMG NMR spectra of (PPh4)2[Cu2I4]-A, B and Bg. The span of the patterns is 

about 9000 ppm, corresponding to ca 1.7 MHz. The stars indicate signals due to the copper coil of the NMR 

probehead. 

 

 

As shown in Figure 10, all studied compounds are slightly yellowish crystalline powders under 

daily light at room temperature whereas under UV illumination they present distinct luminescence colors 

with bright yellow, blue and yellowish emissions for A, B and Bg, respectively. By lowering the 

temperature down to 77 K, significant change of the emissions colors is observed with a yellow to orange 

shift for A, a yellow to blue shift for Bg while for B the pristine blue emission turns into deeper blue. 

This phenomenon is reversible upon warming up with recovery of the initial emissions. A and Bg thus 

present contrasted luminescence thermochromism. Because the temperature dependent emission color 

change is lesser for B compared with that of Bg, the grinding process induces in some way luminescence 

thermochromism to the compound. 

 



11 

 

 
Figure 10. Photos of crystalline powder of (PPh4)2[Cu2I4]-A, B and Bg under visible light and UV irradiation 

(365 nm UV lamp) at room temperature (298 K) and in liquid nitrogen (77 K). 

 

Solid-state emission and excitation spectra were recorded from 77 to 293 K. Corresponding temperature-

dependent spectra are shown in Figure S12 and related data are reported in Table 2. As shown in Figure 

11, at 293 K the emission spectra of A displays an unstructured emission band centered at 545 nm (λex 

= 380 nm), in accordance with the observed yellow emission. The emission band of B centered at 465 

nm presents a shoulder at 545 nm whereas for Bg this is the opposite, with the main emission band at 

545 nm and the shoulder at 465 nm (λex = 380 nm). The grinding thus induces a significant red-shit of 

the main emission of 80 nm that is among the largest values reported for mechanochromic compounds.77 

This agrees with the contrasted color emission change from blue to yellow observed upon grinding 

(Figure 6). Because the emission spectra of Bg is clearly a combination of the emission of the A and B 

polymorphs, the mechanical solicitation seems to induce a transition between the two polymorphs.  

 

The associated emission lifetimes present single exponential decays for A and B with τ = 1.01 and 0.07 

µs respectively, whereas Bg displays a biexponential decay with τ1 = 0.14 and τ2 = 0.93 µs values (Figure 

S13). These measurements reveal the formation upon grinding of new emissive species with longer 

lifetime values, close to that of A. This confirms the mechanical transformation of the B polymorph into 

the A one. The absolute internal quantum yields determined at room temperature are QY = 10, 2 and 1 

% for A, B and Bg, respectively (Table 2).  
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Figure 11. Solid-state luminescence spectra of A, B and Bg at 293 and 77 K with normalized emission in solid 

lines and excitation spectra in dotted lines. 

 

The emission band of A does not present large change upon lowering the temperature down to 175 K 

with a moderate intensity increase (λex = 380 nm). Below 175 K, a new band centered at 650 nm appears 

whose intensity increases down to 77 K, thus becoming eventually predominant compared with the 545 

nm band (Figure 11 and S12). This agrees with the orange emission displayed at 77 K (Figure 10). 

Relatively narrow excitation bands are observed around 400 nm for the higher energy band (λem = 540 

nm) at 293 and 77 K compared to the broad feature of the low energy one (λem = 650 nm). For B, the 

emission at 465 nm presents a moderate blue-shift (from 465 to 455 nm) by lowering the temperature 

down to 77 K but with a great intensity increase (× 50). In opposite, the intensity of the secondary band 

at 545 nm decreases rapidly upon cooling and is not observed anymore at 77 K (Figure 11). No 

significant change is observed for the broad excitation bands (λem = 460 nm). Bg presents similar 

temperature-dependent behavior compared with B by displaying a great increase of the intensity of the 

460 nm emission band upon cooling. However, intensity of the emission band at 545 nm progressively 

increases from 293 to 200 K. At 225 K, the two emission bands have similar intensity and at 77 K the 

high energy one is largely predominant (Figure 11 and S12). The excitation bands present more 

structured profiles at low temperature (λem = 450 nm). 
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Figure 12. Solid-state photoluminescence maps (excitation vs. emission) of A, B and Bg at 293 and 77 K. 

 

In addition to temperature-dependent emission properties, the three compounds also display excitation-

dependent emissions with important color tuning possibility. This is illustrated by the 

photoluminescence maps recorded at 293 and 77 K and reported in Figure 12. With a narrow excitation 
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range around 415 nm, the emission properties of polymorph A are not excitation-dependent at 293 K 

(temperature dependent luminescence spectra at λex = 415 nm are reported in Figure S12). In contrast, 

at 77 K, the additional emission band at 650 nm is excitable at wavelength below 390 nm. At 77 K, the 

two emission bands (545 and 650 nm) can thus be either simultaneously (λex = 385 nm) or independently 

excited (λex = 415 and 350 nm respectively, Figure S12). In the case of B, there is no excitation dependent 

properties at 77 K with a wide range of possible excitations (280-400 nm) for the 465 nm emission band. 

This is different at 293 K with the second emission band at 550 nm that is excitable for wavelengths 

above 390 nm (Figure 12). This band cannot be solely excited but is, at λex = 415 nm, of comparable 

intensity compared with the blue one (Figure S12). For Bg at 293 K, the two emission bands at 560 and 

465 nm can be both excited around 380 nm. However, at λex = 415 nm, the emission band at 560 can be 

solely excited (Figure S12). This dual emissions system is also present at 77 K but with a more contrasted 

excitation dependency. Indeed, the more intense emission band is this time the blue one (460 nm) 

accompanied with the yellow one (560 nm). The latter can be excited individually at wavelengths above 

λex = 410 nm leading to a contrasted emission color change. 

 

Table 2. Photoluminescence data of (PPh4)2[Cu2I4]-A, B and Bg. Lifetimes and quantum yields have been 

measured at 293 K. 

 
max (nm)  [ex (nm)] Lifetime τ (s)  

[em (nm)] 

Quantum Yield QY (%) 

[ex (nm)] 293 K 77 K 

A 
545 [380] 650 [380] 

1.01 [550] 10 [415] 
545 [415] 533 [415] 

B 465 [380] 455 [380] 0.07 [460] 2 [380] 

Bg 545 [380] 455 [380] 
0.14 (41 %) 0.93 (59 %) 

[560] 
1 [380] 

 

 

Three different emission bands are thus observed for (PPh4)2[Cu2I4] (whatever the polymorph and the 

temperature) at roughly max = 460, 550, and 650 nm. These transitions can originate from the two 

different emissive centers which are the organic cation (PPh4)
+ and the inorganic anion [Cu2I4]

2-. 

Luminescence of tetraphenylphosphonium halides have been indeed reported and in particular PPh4I 

exhibits an emission at max = 430 nm which has been attributed to phosphorescence.78 On the anionic 

side, the emission properties of ionic copper halide compounds (no ligand in this case) can be attributed 

to 3XMCT (X stands for halide) and 3MC (metal centered) transitions with for the latter, possible 

influence of Cu-Cu interactions. Only few photophysical characterizations have been reported in the 

literature for [Cu2I4]
2- based compounds. For (btx)[Cu2I4] (btx = 1,6-

bis(triethylmethylammonium)xylol), an emission band was observed at max = 463 nm which was 

surprisingly attributed to a MLCT transition.35 Single emission bands were also reported for 

[Ba(tetraglyme)2][Cu2I4]
39 and [Cu(Me-PPy3)I]2[Cu2I4]

63 with max = 680 and 660 nm respectively, and 

were assigned to mixed XMCT and MC transitions. In the cases of (PPh3iPr)2[Cu2I4]
37 and {[K(benzo-

18-crown-6)]2[Cu2I4]}n,
38 dual emissions were recorded at max = 447, 558 nm and at max = 465, 632 

nm. These emissions were also attributed to XMCT and MC excited states, excepted the high energy 

band of (PPh3iPr)2[Cu2I4]
37 that was assigned to a cation centered transition. From these previous studies, 
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the assignment of the emission bands is not straightforward and were usually not supported by 

theoretical study. The only one theoretical approach was reported for [Cu(Me-PPy3)I]2[Cu2I4]
63 and 

despite large cation-anion distances, transitions from the MOs of the anion to those of the cation were 

suggested.  

 

The diverse and nebulous emission origins, prompted us to perform DFT (Density Functional 

Theory) computations, in order to get a clear vision of the electronic structure of (PPh4)2[Cu2I4] and have 

an accurate assignment of the emission properties. These calculations were carried on with the 

Gaussian16 package79 using the PBE0 functional together with the LANL2DZ basis augmented with 

polarization functions for H, C and P atoms, and the triple ζ basis set DEF2TZVP for Cu and I atoms 

(details in SI).80,81 The two potential emissive centers, (PPh4)
+ and [Cu2I4]

2-, were treated independently 

because of the large intermolecular distances in the crystalline structures that precludes electronic 

transfer.  

 

The (PPh4)
+ moiety was computed without symmetry constrain but the relaxed structure can be 

approximated to the S4 symmetry point group. The four P-C bond lengths have a mean value of 1.811 

Å and the C-P-C angles lie between 108 and 110°, leading to a slightly distorted tetrahedron. These 

values are in agreement with the corresponding experimental ones of 1.795(5) Å and 109.50(2)° (mean 

values). As shown in the orbital diagram in Figure 13, the last occupied orbitals are π-bonding ones and 

centered on phenyl moieties whereas the unoccupied ones are localized on the phosphorus atom together 

with phenyl moieties with a π*-antibonding character. The optimized structure exhibits a gap of ca 6 

eV, it is therefore a very stable structure from thermodynamics viewpoint. The computed triplet excited 

state of (PPh4)
+ keeps the pseudo S4 symmetry point group. In that case the P-C bonds are ranging from 

1.792 to 1.813 Å and angles from 107 to 110°. Therefore, the structural distortion appears to be stronger 

at the excited state than at the ground state. The corresponding simulated electronic phosphorescence is 

centered at 462 nm. Vibrational contributions to electronic transitions were then taken into account to 

simulate the emission spectrum using the so-called Adiabatic Shift ansatz (vibrational modes detailed 

in SI).82,83 For this compound, temperature effects were also considered during the vibronic calculation.84 

The simulated emission curve (Figure S14), is in a very good agreement with the emission spectra of 

PPh4I recorded at room temperature. These results demonstrate that PPh4
+ can be responsible for the 

emission at 460 nm observed for B. Furthermore, the simulated IR spectra and experimental FTIR 

spectra of PPh4I are in good agreement (Figure S5), giving confidence in this analysis. 
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Figure 13. Kohn-Sham orbital diagrams of PPh4
+ and [Cu2I4]2- at their ground states. 

 

For [Cu2I4]
2-, the two different geometries found in the polymorphs, planar and folded, were used as 

starting points to optimize the GS. It turned out that both structures converge to the same planar 

optimized geometry with the D2h symmetry. This could indicate that the folded geometry results from 

constraints of the crystalline packing. In this planar relaxed geometry, the computed Cu-Iµ1 and Cu-Iµ2 

bond distances values of 2.571 and 2.658 Å respectively, are in agreement with the experimental data 

of 2.495(1) and 2.587(1) Å (polymorph A). This is similar for the angles with computed values of Iµ1-

Cu-Iµ2 = 128.2° and Iµ2-Cu-Iµ2 = 103.6° and corresponding experimental ones of 124.68(3)° and 

110.34(3)°. Calculated Cu-Cu bond distance of 3.288 Å is in relative good accordance with the 

experimental one of 2.955(1) Å. As shown in the orbital diagram in Figure 13, the HOMO and HOMO-

1,2 are mainly localized on iodide atoms with smaller contribution of Cu atoms (3d). These latters 

present a strong Cu-Iµ2 bonding and Cu-Iµ1 antibonding characters. The LUMO possesses a strong Cu-

Cu bonding character which will lead to a strong shortening of the bond length at the excited state. The 

computed gap of 5.2 eV is also large. The most intense absorption transitions calculated by TD-DFT 

mainly correspond to, HOMO ⟶ LUMO, HOMO-1 ⟶ LUMO transitions with wavelengths around 

290 nm. These calculated wavelengths are in reasonable agreement with the experimental broad 

absorption band centered at 325 nm (Figure S11). The absorption transitions have thus mixed 1XMCT 

and 1MC character. Two triplet excited states were calculated for [Cu2I4]
2- and, as expected, their 

optimized geometries present a strong shortening of the Cu-Cu distance (2.463 and 2.468 Å) relative to 

that of the fundamental state. In both cases, the Iµ2 atoms leave their positions and become bonded to a 

single copper atom, leading to two CuI2 entities linked by the short Cu-Cu bond. The flexibility of copper 

iodides may account for this coordination change. The first excited state computed in TD-DFT, has for 

origin a transition from the HOMO-1 into the LUMO with Cu-Cu bonding characteristic. Therefore, the 

corresponding transition is of 3XMCT and 3MC character. The calculated emission wavelength is around 

620 nm which could represent the experimental emission centered at 550 nm. In this excited state, the 

structure is indeed strongly distorted, both Iµ2 become Iµ1 and two sets of Cu-I appear (2×2.649 and 
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2×2.602 Å) with I-Cu-I angle value of 108°. The second excited state was calculated using the 

unrestricted approach. In that case, the Cs symmetry is found upon optimization. The corresponding 

mean Cu-I distances are 2.598 Å and the I-Cu-I angle is of 109°. It should be pointed out that both 

triplets have a similar geometrical shape, the Cu-I being shorter and the structure less distorted for this 

second excited state comparatively to the first one. The spin density (Figure S15) clearly demonstrates 

that the unpaired electrons are shared by the Cu atoms. This excited state gives rise to an emission 

wavelength computed at 840 nm which is comparable to the experimental one at 650 nm. Significant 

energetic deviations between the computed emissions and the experimental ones are here obtained (0.25 

eV and 0.43 eV). The computed redshift between the two emissions around 0.52 eV is however 

relatively close to the experimental one (0.35 eV).  

 

According to the DFT calculations, the different emission bands observed for (PPh4)2[Cu2I4] 

originate either from the (PPh4)
+ organic cation (max = 460 nm) or from the [Cu2I4]

2- anion (max = 550, 

and 650 nm) (Figure S16). Activation of these two emissive centers appears to be dependent on the 

molecular arrangement in the solid-state. The lack of the blue band for polymorph A can be related to 

the -orbital overlap present in its crystalline structure that are deleterious for the emission of phenyl-

based system. This effect can be referred to ACQ ‘aggregation-caused quenching’ phenomenon 

commonly encountered for -conjugated motifs.85 The fact that the red band (max = 650 nm) is not 

observed for polymorph B can be attributed to the structural geometry of the [Cu2I4]
2- anion. This low 

energy band is indeed theoretically predicted for the planar geometry but could be non-radiative for the 

folded form as in B.  

 

The difference between the two polymorphs is also evidenced by their temperature-dependent emission 

properties. Indeed, a contrasted luminescence thermochromism is observed for A whereas for 

polymorph B its temperature dependent emission is less pronounced. Luminescence thermochromism 

of B is however induced by mechanical solicitation, Bg displaying a yellow emission at room 

temperature that becomes blue upon decreasing the temperature. This blue shift contrasts with the 

observed redshift of A upon cooling. The thermochromism displayed by A can be related to that of 

[Cu4I4L4] cubane clusters with variation in temperature of the relative intensities of two emission bands 

corresponding to two different excited states (Figure S16).24,25 For Bg, the origin is different because the 

emission bands do not originate from the same molecule but come from two independent emissive 

centers namely (PPh4)
+ and [Cu2I4]

2-. 

 

The luminescence mechanochromism displayed by B appears to be the result of a polymorphic 

transition. The mechanical solicitation induces a partial transformation of the B polymorph into the A 

one. From DFT geometrical optimization, A is actually the most thermodynamically stable polymorph. 

Structural characterizations indicate that this created A polymorph is in a disordered (amorphous) phase 

in Bg. The mechanochromic mechanism can be thus related to modification of the structural packing 

and in particular of the - interactions between the (PPh4)
+ cations. Structural disorder may favors the 

formation of such intermolecular interactions that quench the emission band of (PPh4)
+ and consequently 

enhance that of the low-energy exhibited by [Cu2I4]
2-. The present mechanochromism thus implies inter-

molecular mechanical transformation that contrasts to intramolecular mechanism reported for [Cu4I4L4] 
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cubane clusters for which cuprophilic interactions are modified.26f By displaying mechanochromic 

properties in close relation with polymorphism, the flexible adaptation of copper iodide compounds to 

the structural environment is highlighted in the present study. 

 

 

Conclusion. 

The two studied copper iodide crystalline polymorphs displaying distinct luminescence properties 

constitute a neat example of molecular packing-dependent emission. Structural and photophysical 

characterizations of these real polymorphs permit to reveal their original stimuli-responsive properties. 

Theoretical investigations allowed to get insight into the mechanisms at play by rationalizing the 

emission properties and showing that the cationic and anionic counterparts are both emissive centers.  

 

Combined luminescence thermochromism and mechanochromism are demonstrated for these ionic 

copper iodide compounds. Their emission properties are additionally highly dependent on the excitation 

wavelength. By displaying luminescence properties that dependent on crystalline structure, excitation 

wavelength, temperature and mechanical solicitation, these compounds offer a great possibility of color 

control and switch. By reporting original photoactive properties of ionic copper iodide compounds, this 

study demonstrates the potentialities of these family of compounds for developing optical stimuli-

responsive materials. 
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