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Abstract. In the field of stimuli-responsive luminescent materials, mechanochromic compounds
exhibiting reversible emission color changes activated by mechanical stimulation, present appealing
perspectives in sensor applications. The mechanochromic luminescence properties of the molecular
cubane copper iodide cluster [Cusls(PPhy(CsHs-CH20H))a] (1), are reported in this study. This
compound can form upon melting an amorphous phase giving an unprecedented opportunity to
investigate the mechanochromism phenomenon. Because the mechanically induced crystalline-to-
amorphous transition is only partial, the completely amorphous phase represents the ultimate state of
the mechanically altered phase. Furthermore, the studied compound could form two different crystalline
polymorphs namely 1«CH3CN and 1°THF, allowing establishment of straightforward structure-
properties relationships. Photophysical and structural characterizations of 1 in different states were
performed and the experimental data were supported by theoretical investigations. Solid-state NMR
(Nuclear Magnetic Resonance) analysis permit to quantify the amorphous part in the mechanically
altered phase. IR (Infra-Red) and Raman analysis enabled identification of the spectroscopic signatures
of each states. DFT (density functional theory) calculations led to assignment of both the NMR
characteristics and the vibrational bands. Rationalization of the photoluminescence properties was also
conducted with simulation of the phosphorescence spectra allowing an accurate interpretation of the
thermochromic luminescence properties of this family of compounds. The combined study of crystalline
polymorphism and amorphous state permit to get deeper into the mechanochromism mechanism that
implies changes of the [Cu.l4] cluster core geometry. By combining multi-stimuli responsive properties,
copper iodide clusters constitute an appealing class of compounds towards original functional materials.

Keywords. luminescence mechanochromism, copper iodide cluster, amorphous phase, polymorphism,
phosphorescence, DFT, vibronic coupling.



Introduction

Stimuli-responsive luminescent materials present great applicative perspectives for memory and
security systems.**#>87 Intense researches are currently devoted to luminescent mechanochromic
materials exhibiting reversible emission color changes activated by mechanical stimulation, because of
their promising sensor applications, 8910111213.141516.17.1819.20 |y the |ast decade, the number of reports on
luminescent mechanochromic compounds keeps increasing®® with a majority of organic
compounds®?* compared with the metal-based ones which are mainly based on gold® and platinum®
complexes. Despite this plethora of studies, thorough investigations to understand the mechanisms at
play still remain relatively scarce.”” Nevertheless, such studies are fundamentally important not only to
get insights into mechanochromic mechanisms but also to design and develop new stimuli-responsive
materials with targeted optimized properties.

Studies of mechanochromic materials generally show that the application of mechanical forces induces
modifications of the structural arrangements and consequently changes of the solid-state photophysical
properties. Excepted for limited cases for which crystal-to-crystal transformations are involved,?®
mechanistic studies are generally arduous due to the high difficulty to characterize the structural changes
within the altered compound without the help of single-crystal X-ray analysis. Indeed, a crystalline-to-
amorphous transition commonly takes place and the transformation is generally incomplete. The low
amount combined with the amorphous character of the transformed phase, prevents straightforward
structural characterizations. In that case, study of a completely amorphous phase which represents the
ultimate state of the altered state, should provide useful information into such mechanically induced
transformations. To assure a totally amorphous state, melting process is preferred over fast precipitation.
This strategy can be easily envisioned for organic compounds®*® and boron complexes®*? but for
metal-based compounds, melting is frequently preceded by decomposition. To our knowledge, the only
study of the mechanochromic properties of a metal-based compound in correlation with its amorphous
phase obtained through melting process, concerns a gold(l) isocyanide complex.*

Copper-based compounds have emerged as relevant mechanochromic materials regarding their large
panel of photophysical properties and economic advantages.>*** Copper complexes are actually more
accessible and less expensive compared with noble metals and lanthanide ions.**%%% Since the
discovery of the mechanochromic luminescence properties of a copper iodide molecular cluster,®? we
have pursued our investigations on the family of copper iodide compounds demonstrating high
contrasted emission responses to mechanical solicitations. Among this family, cubane copper iodide
clusters formulated [CuslsL4] (L = organic ligand), are particularly appealing because of their multi-
stimuli responsive properties with combination of mechanochromism, thermochromism and even
solvatochromism, being particularly attractive for the development of multifunctional materials.®® The
mechanochromic properties of these compounds have been attributed to modifications of the cuprophilic
interactions induced by the applied mechanical stress. Indeed, a shortening of the Cu-Cu bond lengths
has been evidenced as being responsible for the observed modifications of the emission properties. 4
However, up to now, direct characterization of the amorphous phase has not been performed because of
partial amorphization.



Here, we report on the study of the mechanochromic luminescence properties of the cubane copper
iodide cluster formulated [Cusls(PPh2(CsHs-CH20H))4] (1) which could form a fully amorphous phase
upon melting. Photophysical and structural analysis permit to get more insights into the
mechanochromism mechanism showing that the amorphous state is the ultimate state of the
mechanically induced crystalline-to-amorphous transformation. In particular, solid-state NMR (nuclear
magnetic resonance) characterizations allowed us to quantify the amorphous part in the mechanically
altered phase. These results are supported by structure-properties relationships which could be
established through characterizations of two crystalline polymorphs of the studied compound. IR (infra-
red) and Raman analysis enable identification of the spectroscopic signatures of the different states of 1
(Chart 1). DFT (density functional theory) calculations were conducted and permit a precise assignment
of both the NMR characteristics and the vibrational bands. Rationalization of the photoluminescence
properties was also possible thanks to the DFT investigations. The phosphorescence emission spectra
were simulated allowing an accurate interpretation of the thermochromic luminescence properties of
this family of compounds. Although, the study of crystalline polymorphs for the understanding of the
mechanochromism mechanism has been already reported, investigating the ultimate state of mechanical
solicitation through an amorphous phase, is to our knowledge, unprecedented for copper iodide
compounds.

Chart 1. Labels of the different states studied for [Cuals(PPh2(Ce¢Hs-CH2OH))4] 1.

[Cuala(PPhy(CsHs-CH20H))4]*3THF crystalline polymorph 1°'THF
[Cuala(PPhy(CsHas-CH20H))4]*CH3CN crystalline polymorph 1-CHsCN
[CU4|4(PPh2(C6H4-CHzOH))4]‘3THF ground 1G
[Cuals(PPhy(CsHas-CH20H))4] amorphous 1A

Results and Discussion.

Synthesis and X-ray Diffraction Characterizations.

[Cuals(PPha(CeH4s-CH20H))4] (1) cluster was synthesized in dichloromethane by reacting Cul and the
PPhy(CsH4-CH20OH) phosphine ligand at room temperature. 1¢«CH3CN was obtained as a colorless
crystalline powder by recrystallization in CH3CN as previously described in the study of cluster-based
organogels.* Recrystallization in a tetrahydrofuran/cyclohexane solvents mixture led to another solvate,
1°THF, as colorless crystals. The AIE (Aggregation Induced Emission) properties of this solvate were
previously studied and its mechanochromic luminescence properties were shown but not analyzed.*
The structure of the two polymorphs were determined by single-crystal X-Ray diffraction analysis at
150 K, that of 1#«CH3CN was already reported* but is anew described here for comparison with 1sTHF.
The determined formula namely  [Cu4ls(PPhy(CsHs-CH20H))4]¢3CsHsO  (1¢THF)  and
[Cuala(PPhy(CeHs-CH20H))4]*CoH3sN (1+CH3CN) with in both cases solvent molecules included, were
confirmed by liquid *H NMR and elemental analysis (experimental section in SI). The purity of the
samples was further confirmed by powder X-Ray diffraction with good matching between the
experimental and the calculated powder patterns (Figures 3 and S3).

1-THF and 1«CH:CN crystallize in the triclinic P-1 space group (Table S1). The unit cells are shown
in Figures S1-2. The structures can be described as a 2D arrangement of clusters in the a,b plan, solvent



molecules being located between the plans. The molecular structure of both clusters are depicted in
Figure 1. They present the classical cubane structure with four copper atoms forming a tetrahedron that
is included within a larger tetrahedron of the four iodide atoms resulting in a [Cuals] distorted cube. The
phosphine ligands are coordinated to the copper atoms by the phosphorous and present structural
disorder. In 1*THF, one CH,OH group is disordered over two positions and in 1¢«CH3CN three CgHa-
CH>0OH moieties are concerned. Selected bond distances and angles are reported in Table 1. Overall, the
clusters present standard geometric characteristics for copper iodide clusters of cubane geometry
coordinated by phosphine ligands.*® The mean values of the Cu-I, Cu-P bond distances and I-Cu-1 angles
are similar for the two polymorphs. Cu-Cu distances are shorter in 1°THF compared with those of
1CH;CN (mean values of 2.900(1) vs 2.942(1) A) leading to a more contracted Cu, tetrahedron (2.85(1)
vs 3.00(1) A®). The Cu-Cu distances values are quite close to the 2.80 A value of the van der Waals radii
of Cu, suggesting significant cuprophilic bonding interaction (d'°-d') in both polymorphs.*** This
contrasts with some previously reported mechanochromic copper iodide clusters whose Cu-Cu values
can reach 3.3 A %2¢ With shorter Cu-Cu distances and comparable Cu-I bonds, 1sTHF presents a more
distorted [Cual4] cluster core with a much larger standard deviation of the 1-Cu-I angles values (3.4 vs
1.5°) compared with the more symmetrical cluster core of 1¢«CH3;CN.

1°'THF

1-CH:CN

Figure 1. Molecular structure of [Cuals(PPh2(CsHs-CH20OH)4] cluster in 1eTHF and 1«CHsCN. Structural disorder
of the ligands is not shown for clarity. Cu-Cu contacts are represented in dashed pink lines.

Table 1. Selected bonds lengths and angles of [Cuala(PPh2(CsHa-CH,OH).] cluster in 1¢THF and 1¢«CH3CN from
SCXRD data recorded at 150 K.

1THF 1-CH:CN
Cu-Cu (A) 2.7636(12) 2.7777(12) | 2.9016(10) 2.9120(9)
2.8411(12) 2.9044(12) | 2.9226(10) 2.9400(9)
3.0262(12) 3.0855(12) | 2.9668(10) 3.0067(9)
mean 2.8998(12) 2.9416(10)
standard-deviation 0.132 0.039
Cus (R%) 2.85(1) 3.00(1)




Cu-1 (A) 2.6542(10) 2.6629(10) 2.6429(7) 2.6657(8)
2.6845(10) 2.6815(10) 2.6694(9) 2.6716(8)
2.6924(11) 2.7036(10) 2.6822(7) 2.6830(8)
2.6722(10) 2.6760(10) 2.6921(8) 2.6957(7)
2.7221(10) 2.6782(10) 2.6982(7) 2.7030(8)
2.6884(10) 2.7100(10) 2.7080(8) 2.7465(8)
mean 2.6855(10) 2.6882(9)
standard-deviation 0.019 0.026
Cu-P (A) 2.2532(19) 2.2555(14)
2.2623(19) 2.2574(17)
2.2512(18) 2.2577(14)
2.2540(20) 2.2640(14)
mean 2.2552(19) 2.2587(17)
standard-deviation 0.005 0.004
I-Cu-1 (°) 113.98(4) 110.24(3) 107.42(2) 107.50(3)
105.39(4) 111.48(3) 107.93(2) 108.25(2)
112.15(3) 109.92(3) 108.42(3) 108.92(3)
110.91(3) 106.45(3) 109.18(3) 109.63(2)
104.49(3) 114.61(3) 109.88(3) 110.40(3)
111.65(3) 105.94(3) 110.72(2) 112.37(3)
mean 109.77(3) 109.22(3)
standard-deviation 3.405 1.468

Occurrence of alcohol function on the ligand leads to the formation of hydrogen bonds within the
structures (Figures S1-2). Short OO contacts (< 3 A) occur between the CH,OH groups with one
intramolecular of 2.743(1) and 2.579(1) A for 1THF and 1+CH3CN, respectively. Several others are
intermolecular (2.872(1), 2.726(1), 2.769(1) A for 1¢THF and 2.743(1), 2.683(1), 2.628(1), 2.688(1) A
for 1«CH3CN), which connect the clusters along the ¢ axis. In 1¢THF another hydrogen bond implies
one THF solvent molecule (2.799(1) A, Figure S1).

In order to support the different analysis performed to characterize the mechanochromic properties of
the studied cluster, DFT calculations were carried out with Gaussian.®® The PBEO functional and a
standard double-§ polarized basis set (LANL2DZ), were used augmented with polarization functions on
all atoms.*”*® For the cluster structure optimization, the molecular structure of 1sTHF was used as the
starting point. Using the structure of 1«CH3CN led to a similar optimized structure. All structures were
optimized and checked to be at the minimum of the potential energy surface with frequency calculations.
Since the cluster structure is too large to perform anharmonic computations, harmonic IR and Raman
spectra were simulated and corrected with a scaling factor of 0.96. For calculations of the NMR
parameters and ®*Cu solid-state spectra simulations, the DEF2TZVP basis set was enforced upon
relaxation with the same functional. The UV-visible absorption transitions were calculated by TD-DFT
(time dependent-DFT) calculations® and spin-unrestricted method was used to perform computations
of the excited states. To simulate the phosphorescence spectra, vibronic contributions to electronic
transitions were modelled using the Vertical Hessian approach as implemented in the version of the
Gaussian Package. The VMS software was used for all data post-treatments.®® More details are given in
SI.

Mechanochromic properties.

1°THF and 1«CH3CN are both photoluminescent and display bright green emission under UV excitation
at room temperature. Upon manual grinding in a mortar, they demonstrate substantial emission color
changes from green to yellow without modification of the colorless body-color (Figure 2). These
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luminescence mechanochromic properties of the polymorphs were then characterized. Since their
ground phases present similar properties (*H and 3P liquid NMR, luminescence spectra and PXRD
patterns in Figure S3), only results regarding the ground phase of 1*'THF (1G) are detailed in the
following for clarity reasons. Reversibility of the mechanochromism occurs upon THF vapor exposure
(other solvents were tried without success), which induces recrystallization of the compound (emission
spectra and PXRD patterns in Figure S4) but is not observed upon thermal treatment.
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Figure 2. Photos of partially ground crystals (left side) of 1*THF under visible light and UV irradiation (365 nm
lamp), at room temperature and corresponding emission spectra.

Elemental analyses of 1¢THF before and after grinding (1G) revealed the same chemical composition
and a partial loss of the THF solvent molecules (experimental section in SI). This result indicates the
preservation of the [Cuals(PPh2(CeHa-CH2OH)4] cluster after grinding and that no chemical reaction
occurs which is confirmed by similar *H and *P liquid NMR spectra before and after grinding
(experimental section in SI). From TGA-DSC (Figure S5), *H liquid NMR and elemental analysis of
1G, around two over the three solvent molecules have left the structure during the grinding process. If
powder of 1¢THF is placed under vacuum for 1h30, no solvent loss is observed (TGA-DSC in Figure
S5 and *H NMR analysis). This means that the solvent departure is triggered by the mechanical
solicitations. However, because the two polymorphs 1eTHF and 1«CH3;CN including different solvent,
display similar luminescence properties, we can assume that solvent departure is not responsible for the
luminescence changes. The solvent generates different crystalline structures but it is not directly
involved in the emission mechanism. The powder X-ray diffraction (PXRD) analysis of 1G shows that
the well resolved diffraction peaks of the pristine phase, are broadened after grinding (Figure 3). This
clearly indicates alteration of the crystalline structure by the mechanical solicitation with partial
amorphization.
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Figure 3. PXRD patterns of 1eTHF, 1G and 1A along with theoretical diagram calculated from the SCXRD
data.*sample holder (Al).

Because a crystalline-to-amorphous transition occurs, we explored the possibility to obtain a totally
amorphous phase. TGA DSC analysis of 1*THF showed a first endothermic peak around 140 °C related
to solvent departure, followed by second one at 230 °C corresponding to a melting transition (Figure
S5). No exothermic peak is observed upon cooling down indicating no possible recrystallization. Similar
DSC curve is observed for 1G, in accordance with mechanochromism irreversibility upon thermal
treatment. Crystalline powder of 1¢THF was then heated at 225 °C under inert atmosphere and melting
was observed leading, after rapid cooling (melt quenching), to the amorphous phase (1A). Elemental
analysis and liquid NMR (*H and 3'P) confirmed the integrity of the cluster in 1A and the total loss of
the THF solvent molecule (experimental section in SI). The PXRD pattern of 1A presents a very broad
peak around 7 ° attesting its amorphous state (Figure 3). To our knowledge, this is the first reported
amorphous phase for such copper iodide cluster.

In order to identify local transformations induced by the grinding effect, solid-state NMR analysis were
performed on 1+THF, 1«CH3CN, 1G and 1A. 'H and **C magic-angle spinning (MAS) NMR spectra
are in agreement with the PPhy(C¢H4-CH20OH) ligand (Figure S6). The *H spectra all show signals of the
phenyl groups at ~ 8 ppm. For 1THF and 1G signals of the THF solvent molecules are observed at ~
3 and 1 ppm. For 1«CH3CN, the weak signal of the CH3;CN molecule is observed at ~ 2 ppm. As
expected, the signal of the phenyl groups is predominantly observed for the 1A solvent free phase. The
signal of the OH group of the methanol moiety, too broad, is not observed and that of the CH, group
can be guessed at around 2 ppm. For all compounds, the main **C NMR peaks correspond to the phenyl
groups of the ligands (140-110 ppm) and to the CH, group (~ 57 ppm). More broadened peaks are clearly
observed for 1A that could be due either to its amorphous character or to dynamics of the monitored
domains.

83Cu static and *'P MAS NMR spectra are shown in Figure 4. The ®Cu nucleus has a large quadrupolar
moment giving rise to particularly broad static NMR spectra for which the individual components are
not resolved. Similar ®Cu patterns are observed for 1eTHF, 1«CH3:CN, 1G and 1A, whose features



(span and shape of the static pattern) are characteristic of the [Cuals] cubane structure.®**? This is
confirmed by the ®Cu NMR parameters of 1+THF calculated at the DFT level from the structural model,
that reproduces well the observed NMR spectrum (Figure S7 and Table S2). This result confirms once
more the preservation of the cubane cluster [Cuasla(PPhy(CsHs-CH,0OH)4] within the 1G and 1A phases.
The 3P MAS spectrum of 1+THF presents multiple peaks resulting from the one-bond J-couplings
between the *'P atoms and the two copper isotopes (*°Cu and ®*Cu of 3/2 nuclear spin with 30.8 and 69.2
% of natural abundance, respectively), leading to two quartets.® Therefore, with four independent
phosphorus sites in 1THF, eight quartets are expected with high overlapping (this is similar for
1-CH3CN). As shown earlier, a *P-®*Cu heteronuclear multiple quantum (HMQC) filter® can be applied
to filter out the *'P-**Cu J-multiplets, greatly simplifying the spectrum analysis.*® From such a simplified
spectrum, the number of resonances, isotropic chemical shifts (8iso) and J-coupling constants can be
easily determined (Figure S8-11). Both polymorphs exhibit two inequivalent *'P NMR resonances: the
two lines of similar intensity in 1¢THF are located at §is, = -23.2 ppm (2J3763¥ = 1510 Hz) and &iso = -
26.0 ppm (1J3P83C = 1485 Hz), while the two lines of relative intensity 3:1 in 1+CH3CN are located at
Siso = -20.7 ppm (131783 = 1587 Hz) and &iso = -30.6 ppm (*J*F53°! = 1630 Hz), in accordance with
the different geometry and symmetry of their molecular structures. Indeed, while Cu-P and Cu-I bond
distances are quite similar, the Cu-Cu interactions are clearly distinct with a more symmetrical cluster
core for 1«CHsCN. The DFT calculations further confirm the similarity of the 3P &is, for pairs of
phosphorus atoms in 1THF (Table S2). This result shows the sensitivity of the **P NMR MAS analysis
to detect relatively small structural changes. The 3P NMR spectra of 1G presents similar structure to
that of pristine phase with little shift and a broadening of the peaks. The additional broad signal suggests
amorphization of the compound and modification of the phosphorous environment induced by the
grinding. This effect is clearly more pronounced for the amorphous phase 1A with even broader 3P
signal shifted to higher magnetic field (barycentre of the resonance is at -18.8 ppm, Figure 4), for which
the J-coupling patterns can no longer be seen. However, they are still present as attested by the HMQC
NMR spectrum (Figure S11, in the absence of Cu-P J-coupling, there would be no signal at all on the
HMQC NMR spectrum), which is narrower than the 3'P NMR spectrum due to the removal of the 'P-
Cu J-multiplets. The presence of J-multiplets confirms the preservation of the cluster-phosphine bonds
in the amorphous phase. Looking in details at the 3'P spectrum of 1G, it can be noticed that it is the sum
of signals coming from the two narrow peaks of the crystalline phase 1*THF and of the broad signal
from the amorphous phase 1A, in agreement with PXRD analysis. Deconvolution of the spectrum of 1G
(Figure 5) shows that both resonances of the pristine phase still have similar intensity, indicating that
the grinding affects the cluster homogeneously. From this analysis, it is also possible to quantify the
amount of amorphous phase within 1G, which is evaluated to 25 %. This analysis is very informative
for the mechanochromism mechanism and was facilitated by the data obtained for the amorphous 1A
phase. It therefore allows to state that the grinding process induces partial amorphization of the
compound while keeping intact 75 % of the crystalline phase.
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Figure 4. Solid-state NMR %Cu static WURST-QCPMG spectra and 3P CPMAS spectra of 1+CH3CN, 1°THF,
1G and 1A. The peaks at 0 ppm in 1*THF and 1G are attributed to artefacts from the experiment.
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Figure 5. Deconvolution of the 3P spectrum of 1G. The crystalline contribution contains two 3P resonances
labelled Pa and Ph, each of them being the sum of two quartet resulting from the 3P-53Cu and 3!P-55Cu J-couplings.
The amorphous contribution was simulated using a Gaussian line shape, according to the shape of the 3P NMR
spectrum of 1A.

All compounds were characterized by IR and Raman analysis and the spectra of 1°THF were simulated
by DFT calculations. A good agreement is observed between the experimental and the simulated
vibrational signatures allowing a possible assignment of the vibrational bands (Figure S12). The main
bands were assigned to the dominant involved vibrations (Table S3). Precisely assign the vibrational
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bands is complex due to the entangled and coupled movements in such high nuclearity compounds,
therefore assignment must be taken with some caution. In Figure 6 are reported the experimental IR
spectra of 1¢THF, 1#«CH3CN, 1G and 1A from 45 to 4000 cm™. Low frequencies region was explored
(45-650 cm™) because the vibrational bands involving the [Cuals] cluster core are expected in this range.
Below 450 cm, all vibrations are attributed to the PPhy(CsH4+-CH,OH) ligand. More specifically, the
frequencies at 836 cm™ and 1478 cm™ come from the phenyl groups. The two bands observed at 2920
cm™ and 2967 cm™ are related to stretching of the CH, units. The large band over the 3100-3500 cm'™
range correspond to the OH groups (stretching) which are involved in hydrogen bonds. Such interactions
effectively occur within the crystalline structure as previously described. In the 45-650 cm™ range, the
two first bands at 87 cm™ (Cu-I stretching) and 125 cm™ (Cu-1 stretching and Cu-Cu breathing) in the
1°THEF spectra, imply the [Cuals] cluster core. These results are in accordance with previous studies on
IR analysis of phosphine-based [CualsL4] clusters reporting two characteristic bands of the cubane
structure at around 90 and 140 cm™ involving Cu-I vibrations.>**"*® The two bands observed at 258 and
287 cm™ are assigned to Cu-P stretching vibrations. The bands at 383 and 396 cm™ involve the phosphine
ligands (C-H bonds). The intense peaks in the range 469-516 cm™* correspond to combinations of Cu-P
and P-C vibrations.

1A ‘ 3340 (OH)
1G 2920 (C-H)
1.THF 396 (Ph) 516 (Cu-P. C-P) ‘ 1478 (Ph)
287 (Cu-P) 469 (CU-P, C-P) 836 (Ph) ‘
— 1-CH3CN 383 (Ph) ' :
258 (Cu-P, C-P) 516 (Cu-P, P-C)
125 (Cu-l, Cu-Cu
87 (Cu-l)

Absorbance (a.u.)

‘ "-‘ M
o “V%MN\,\//V—/_/V‘\/ \/—”

100 200 300 400 500 600 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™) Wavenumber (cm ™)
Figure 6. IR spectra of 1eTHF, 1«CH3CN, 1G and 1A in the 45-650 and 450-4000 cm regions.

Comparison of the four spectra indicates an overall similar signature, in accordance with their common
molecular component (Figure 6). In the 450-4000 cm™ region, the four similar spectra agree with no
significant modification of the ligand. However, the large band centered at 3300 cm™ exhibits different
feature. 1G presents a slightly larger band compared with that of 1eTHF and this broadening is even
larger for 1A and 1«CH3CN. This suggests dissimilar hydrogen bonds networks within the different
phases. In contrast to previous region, in the low energy region, larger differences are observed between
the compounds. By comparing the spectra of 1*THF and 1«CH3CN, a small wavenumber shift is
observed from 87 to 89 cm™ and from 125 to 129 cm™, in agreement with the different cluster core
geometries. Frequencies in the 469-516 cm™ range are also modified probably due to the different
structural arrangements of the phenyl groups. Spectra of 1G and 1A are relatively similar with bands at
91 and 133 cm™ These values are close to those of 1sCH3;CN, that possibly indicates a more
symmetrical [Cual4] cluster core in the amorphous phases compared with that of 1°THF. Modification
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of the vibrations in the 469-516 cm™ range and disappearance of the bands at 258 and 287 cm™ of
1°THF, also indicate changes of the Cu-P bonds. These results agree with the 3'P solid-state NMR
analysis showing modification of the phosphorous environment in 1G and 1A. With the main changes
observed in the low frequencies region, IR analyses clearly indicate modifications of the structure of the
[Cual4] cluster core in the amorphous phases either created by mechanical solicitation or melting. The
mechanical solicitations thus essentially impact the cluster core and conversely, the ligand is less
affected. This can be explained by the stronger covalent bonds in the ligand, compared with the ionic
Cu-I and cuprophilic Cu-Cu interactions of the cluster core.

Raman spectra from 45 to 3500 cm™ are shown in Figure 7. Spectra in the 600-3500 cm™ region are
similar for all the compounds and correspond to the phosphine ligand, in accordance with the IR analyses
(Table S3). In the low frequencies region, the three bands at 72, 92 and 117 cm™ in the 1¢THF spectra
are attributed to normal modes of Cu-I stretching. The band at 117 cm™ additionally involves Cu-Cu
vibrations (breathing). The less intense peaks at 220 cm™ can be assigned to the Cu-P stretching. These
results are in agreement with previous experimental data on cubane clusters.**"% While the band at 117
cm™ seems to be similar for both polymorphs, the two other bands are broadened and shifted from 72 to
80 and from 92 to 94 cm™* for 1+CH3CN. This agrees with their different molecular structures and [Cual]
cluster cores and confirms the IR results. Spectra of 1A shows a very broad signal with hardly discernible
peaks attributed to its disordered amorphous state. Spectra of 1G is similar to that of 1¢THF that can be
therefore easily explained by the ‘invisibility’ of its amorphous ground phase and the dominant intact
crystalline part. In that case, Raman analysis is clearly less informative compared with IR for studying
the mechanochromic effect.

72 (Cu-l) i 1A
L 92 (Cu-) P 16
N P Do 2932 (CH,
;117 (Cu-l, Cu-Cu) : : 1-THF : (CH,)
258 (C-P)! 1-CH,CN ‘ 1098 (Ph)

220 (Cup), 89P0 801 éPh) 3

693 (Fh)
617 (PH):

Intensity (a.u.)

50 100 150 200 _250 1300 350 400 500 1000 1500 2000 2500 3000 3500
Raman shift (cm™) Raman shift (cm™)
Figure 7. Raman spectra of 1*'THF, 1*CH3CN, 1G and 1A.

Photophysical properties.

Photos of the samples are gather in Figure 8. While the colorless crystalline 1*THF and 1CH3;CN
compounds emit an intense green light under UV irradiation at room temperature, the white powder of
1G and the transparent sample of 1A present a yellow emission. In opposite to the three other
compounds, 1A has a yellow body-color under ambient light. In addition to luminescence
mechanochromism, 1°THF and 1«CH3CN present thermochromic luminescent properties. Indeed, when
placed in liquid nitrogen (77 K), their green emission becomes turquoise and blue, respectively (Figure
8). The grinding process affects the thermochromic luminescence properties as well since 1G exhibits a
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bright blue emission at 77 K. This is different for 1A which presents a greener emission by lowering the
temperature. Upon progressive warming, the initial emissions are recovered, indicating reversible
luminescence thermochromism for the compounds.

1-CH;CN 1-THF

Figure 8. Photos of 1«CH3CN, 1THF, 1G and 1A under visible light and UV excitation (365 nm), at room
temperature and at 77 K.

Solid-state emission and excitation spectra were recorded from room temperature to 77 K and are
reported in Figure 9 (whole temperature range in Figure S13), and the selected data are summarized in
Table 2. At 293 K (Figure 9), 1THF and 1«CH;CN display a single broad emission band (labelled LE
for low energy) centered at Amax = 540 and 542 nm (Aex = 350 nm), respectively. After grinding (1G),
this band is shifted to Amax = 560 nm. This bathochromic shift of 20 nm can be easily detected by the
naked eyes because of eyes sensitivity in the yellow-green spectral region. The emission band of 1A is
centered at 577 nm, in accordance with its yellow emission. Therefore, the emission band of 1G just lies
between that of the pristine crystalline phase and that of 1A. The corresponding absolute internal
guantum yields measured at room temperature present high values of 73, 55 and 43 % for 1«CH;CN,
1°THF and 1G respectively, and a lower one of 10 % for 1A. The higher absorption of 1A in the visible
region can explain this lower value. Emission lifetimes were recorded at room temperature (Figure S14)
and 1°THF and 1«CH;CN present a single exponential decay of T = 3.67 and 3.91 ps, respectively. In
contrast, data of 1G and 1A are best fitted as biexponential decays with t; =1.19 and t,=4.33 us and .1
=1.41 ys and 1= 4.86 ps, respectively. For 1G, this behavior can be explained by its dual composition;
with the amorphous part having a shorter lifetime compared with that of the pristine crystalline phase.
The behavior of 1A can be explained by its disordered state with different emissive centers.

203 K 1.THF =350 nm % =540 nm 100 K 1.THF 2= 350 nm % = 540 nm 77 K 1-THF &,,=350 nm%_ =475 nm
—1CHCNA 350nmA =540 nm —1CHCN) -350nm) = 440, 540 nm —1CHCN7 7350nmk =440 nm
= 1G A= 330nm) —560nm 1G = 330nmA —440 560 nm 1G 2, 330nmA 7440nm
‘3—/ 1A %, —350nm) —580nm lA?L 350 nm i, —580nm 1A%, 7350nm} 7555nm
=2
[%2]
c
Q
E
o
Q
N
©
£ f k
S
z
T T T T , T T T T T
300 400 500 OO 700 400 500 600 300 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 9. Emission (solid lines) and excitation (dotted lines for LE and dashed lines for HE band) normalized
spectra of 1+«CH3CN, 1°THF, 1G and 1A at 293, 100 and 77 K.
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The luminescence thermochromism observed for 1s«CH3CN, 1THF and 1G is characterized by the
appearance, by lowering the temperature, of a new emission band at higher energy (labelled HE for high
energy). At 77 K, the HE band is centered at 442, 474 and 442 nm for 1«CH:CN, 1°THF and 1G,
respectively (Figure 9). At this temperature, the LE band is still present at 535 nm for 1¢THF that is
different for 1«CH3CN and 1G for which it is almost extinguished. These results are in agreement with
the turquoise and blue emission displayed by these compounds. For 1A, only a weak HE band (shoulder)
around 430 nm is observed at 77 K. Upon lowering the temperature, the temperature-dependent spectra
of the four compounds show first an increase of the intensity of the LE band followed by a decrease
(Figure S13). The increase is relative to classical enhancement of radiative processes and the decrease
is concomitant with the progressive increase in intensity of the HE band. Limited shifts of the emission
wavelengths are observed with the temperature for 1*CH3CN, 1°THF, and 1G. In the case of 1A, a blue
shift of 26 nm of the LE band is observed from 293 to 77 K, which is in accordance with the yellow to
green emission color change. Excitation spectra present broad features with main contribution around
350 nm and expanded beyond 400 nm. In the low-energy region, 1A presents more intense excitation
band in accordance with its slight yellow color.

Table 2. Photoluminescence data of the studied compounds at different temperature. Lifetimes (1) and quantum
yields (QY) were recorded at 293 K.

A em [}\-ex] A" em [}\-ex] A" m [}\.ex] T (}LS) QY (%)
(nm) (nm) (nm) [)\.ex =266 nm] [lex =350 nm]
293 K 100 K 77K
LE HE LE HE LE

1«CH3CN 542 448 547 442 542 3.91 73
[350] [350] | [350] | [350]

1°THF 540 - 547 474 535 3.67 55
[350] [350] | [350] | [350]

1G 560 448 555 442 - 1.19 43
[330] [330] | [330] | [330] 4.33

1A 577 - 557 - 551 141 10
[350] [350] [350] 4.86

To rationalize the luminescence properties of [Cuals(PPhy(CsHa-CH20OH)4] (1), structural relaxation of
the ground (So) and of two triplet excited states (T1 and T2) were performed by DFT calculations.
Selected geometric parameters of each state are given in Table 3 and their related structures are depicted
in Figure S15. As shown in Table 3, the computed bond lengths are in good agreement with respect to
experiment although the Cu-Cu and Cu-P are slightly overestimated. The used basis set is a good
compromise between computational costs and accuracy, although a slight overestimation of some
geometrical parameter may arise. The electronic structure of 1 at the ground state was calculated and
the Kohn-Sham diagram is reported in Figure 10. The HOMO-LUMO gap is of 4.36 eV indicating a
strong thermodynamic stability.
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Figure 10. Kohn-Sham orbital diagram of [Cusl4(PPhy(CsHs-CH,OH)4] (1) in the ground state (So). Orbital
compositions are in the order Cu/I/P/Ph.

The HOMO is composed of Cu d (30 %) and I p (40 %) orbitals. The first 24 lowest unoccupied orbitals
are in a relatively small energy range (0.8 eV) and are all combinations of the n* phenyl orbitals of the
ligands (> 90 %). The LUMO+24 has a large Cu s contribution (81 %) with a strong metal-metal bonding
character. Consequently, if one is able to put an electron into this orbital at the excited state, then the
Cu-Cu bond length is expected to be strongly shortened. The electronic transitions of lowest energy
calculated by TD-DFT correspond to electron promotion from the highest occupied orbitals to the lowest
unoccupied m* ones. Therefore, the transitions can be characterized as mixed halogen- and metal-to-
ligand charge transfers, namely '(X,M)LCT. The simulated absorption spectrum exhibits main bands in
the 280-320 nm range that is in good agreement with the broad absorption band centered at 310 nm
(Table 4, Figure S16). In order to interpret the observed emission properties, computations of the triplet
excited states (T1 and T2) were performed. Promoting an electron from the So HOMO (Cu, 1) into one
(or a combination) of the n* (phenyl) orbitals generates the T, excited state. The corresponding transition
is thus of *(X,M)LCT character. The other excited state Ty, results from an electron promotion to the
LUMO+24 orbital. Therefore, one may characterize the transition as a mixed *XM and intra-metal (Cu
d — s) charge transfers. Because this transition mainly involves the [Cusl4] cluster core, this T; state is
labelled 3CC (Cluster Centered). The expected Cu-Cu shortening between Sy and T} is well reproduced
in the simulation (0.36 A, -12 %) whereas a small stretching was calculated for T» (0.06 A, +2 %). Cu-
P bond lengths are almost unaffected for both triplets. However, the Cu-I distance in T, increases
significantly with respect to the ground state (0.19 A, + 7 %) in comparison with little change in T2 (0.01
A, - 0.3 %). The data clearly indicate that the geometry of T is closer to that of Sp compared with that
of T, (Table 3).
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Table 3. Geometrical parameters (mean values) of the optimized DFT structures at the Sp, T1 and T states along
with the X-ray structural data reported in square brackets for 1.

[Cusla(PPh2(CsHa-CH2OH)d]

SO Tl T2

HOMO-LUMO gap (eV) 4.36 - :
Cu-Cu (&) é-ggg] 2.643 3.054
Cul (&) é;ﬁ% 2.914 2.712
Cu-P (A [3335,] 2.365 2.346
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Table 4. Experimental and computed absorption and luminescence data for 1. Values in parenthesis are the
oscillator strengths (f* > 0.03) associated with the absorption wavelengths A (nm). Main contributions to these
transitions are indicated with their corresponding weights in %. Energies are given in square brackets.

[Cuala(PPh2(CsHs-CH20H)4]

Experimental Computed

A [E] A (%) transition, A [E]
283 (0.04) Cu/l — == phenyl
HOMO-2 — LUMO+13 (13%), HOMO-2 — LUMO+14 (18%),
HOMO-1 — LUMO+14 (18%)
287 (0.03) Cu/l — 7= phenyl
HOMO-2 — LUMO+10 (27%), HOMO — LUMO+11 (16%),
HOMO — LUMO+13 (16%)
288 (0.04) Cu/l — = phenyl
HOMO-2 —» LUMO+11 (17%), HOMO-1 — LUMO+11 (13%),
HOMO-1 — LUMO+13 (14%), HOMO — LUMO+11 (12%),
HOMO — LUMO+13 (17%)
308 (0.04) Cu/l — 7= phenyl
HOMO-2 — LUMO+7 (53%), HOMO-1 — LUMO+7 (18%)
312 (0.03) Cu/l — 7= phenyl
HOMO-2 — LUMO+6 (16%), HOMO-1 — LUMO+1 (14%),
HOMO-1— LUMO+6 (15%), HOMO-1— LUMO+8 (11%)
316 (0.04) Cu/l — == phenyl
HOMO-1 — LUMO+5 (24%), HOMO — LUMO+6 (37%),
HOMO — LUMO+8 (17%)
319 (0.03) Cu/l — 7= phenyl
HOMO-2 — LUMO+2 (15%), HOMO-2 — LUMO+4 (21%),
HOMO-1 — LUMO+2 (11%), HOMO-1 — LUMO+4 (33%)

474 [2.61eV] 77K 460 [2.69 €V] To—So

Absorption 310 [4 eV]
A (nm) (broad)

Emission
A (nm)

540 [2.30 eV] 293 K 555 [2.23 eV] T1—>So

Regarding the simulation of the luminescence spectra, the electronic vertical emission wavelengths were
computed around 460 and 555 nm for deexcitations from T, and T, respectively. These data are in very
good agreement with respect to the experimental ones (474 nm (HE) and 540 nm (LE) in Table 4). Based
on the DFT calculations, the luminescence thermochromism observed for the studied compounds can
be explained as following. At 77 K, the T, state of lowest energy is populated and is responsible for the
HE emission. When the temperature increases, T starts to be populated and T depopulated leading to
the LE emission. The thermal equilibrium between these two excited states is at the origin of the intensity
variation of the HE and LE emission bands with the temperature. This result is in agreement with
previous studies on cubane copper iodide clusters.**®° To simulate the whole luminescence properties
of 1, the spectral shape of both HE and LE emission spectra were simulated independently (Figure 11a).
The experimental emission band at 293 K (LE) is in very good agreement with the simulated curve
obtained for the T state. The two emission bands (HE and LE) observed at 77 K are also well reproduced
by combination of the spectra individually calculated for the T: and T, states. Reports on the
chromaticity diagram illustrates the good accordance between the experimental and theoretical data
(Figure 11b). The thermochromism can be thus completely interpreted and its two excited states origin
is confirmed. The calculations allow the reproduction of the phosphorescence spectra and the
thermochromic behavior that is unprecedented for [Cualals] clusters and were rarely performed on high
nuclearity systems.®
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Figure 11. (a) Simulated emission spectra of T and T triplet states and experimental spectra of 1*THF at 293
and 77 K. A suggested combination of the two simulated spectra (orange curve) fits the low temperature
experimental emission spectra at 77 K. (b) CIE 1931 chromaticity diagram with experimental and calculated data.

Conclusions

The luminescence mechanochromism of [Cusls(PPh2(CeHs-CH2OH))4] (1) is characterized by a
contrasted emission color change from green to yellow. From PXRD, this emission shift is accompanied
by a crystalline-to-amorphous transition. This transition is only partial and as quantified by solid-state
NMR analysis, 75 % of the pristine crystalline phase remains intact after the mechanical solicitation.
The solid-state NMR analysis also demonstrated that the amorphous phase created upon grinding (25 %
of 1G) presents similarities with the totally amorphous phase 1A, obtained by melting the crystalline
phase. From 3P solid-state NMR and IR analysis, the cluster core has been modified by the applied
mechanical forces with modifications of the Cu-Cu, Cu-l and Cu-P bonds. The IR spectra of 1G is
similar to 1A and both of them present similarities with that of 1¢«CH3;CN. This suggests that the [Cuals]
cluster core in the amorphous phases has a more symmetrical geometry as that observed in the SCXRD
analysis of 1*«CH3CN compared with the more distorted one in 1eTHF.

In accordance with the amorphous composition of 1G, its luminescence properties are characterized at
room temperature by an emission band (LE) lying between that of the crystalline and the melted phases.
This is also in agreement with the two different lifetimes values, also measured for 1A indicating a
disordered phase within are clusters of different emissive molecular structures. DFT calculations
assigned the LE emission band to a CC transition (XMCT, MM) and demonstrated that the
corresponding excited state is of Cu-Cu bonding character with a shortening of the Cu-Cu distances.
Therefore, with a redshift of the emission, a shortening of the Cu-Cu must occurs in the amorphous
phases. In these disordered phases, the cluster presents less structural constraints compared with the
crystalline state, leading to a relaxed geometry with shorter Cu-Cu interactions. The larger redshift is
actually observed for the complete amorphous phase 1A. The SCXRD molecular structures of the
clusters in 1*CH3CN and 1*THF present differences as detected by IR and NMR analysis, while their
emission wavelengths are nearly similar. This means that these differences are not large enough to
impact the emission and that structural changes occurring in 1G and 1A are consequently more
important.
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The luminescence thermochromism displayed by the studied compounds is characterized by the
variation in temperature of the relative intensity of two emission bands, LE and HE. While the LE band
is predominant at room temperature, the HE one appears progressively when the temperature is lowered.
Its origin also contrasts with that of the LE band and implies in this case the ligand with a (X,M)LCT
character. This thermochromism being typical of cubane copper iodide clusters, the preservation of the
cubane structure is therefore attested in 1G. The different thermochromism behavior between 1G and
1°THF constitutes another demonstration of the modification of the molecular structure of the cluster
upon grinding. Great similarities with the emission properties of 1«CH3;CN is an additional
confirmation. For 1A, the HE band is hardly distinguished and must appears at lower temperature. In
this case, the thermal transfer between the two excited states must be more efficient and a lower
temperature is needed to trap the emission at the (X,M)LCT emissive state. The less efficient transfer in
1G, indicates that the Cu-Cu interactions are not the only parameter to consider in the thermal transfer
between the two excited states.

The mechanochromism mechanism can be ascribed to a collapse of the intermolecular interactions upon
the effect of mechanical forces. This is in accordance with the modification of the hydrogen bond
networks shown in the IR analysis. This crystalline packing alteration induces modifications of the
molecular structure of the cluster and in particular towards a cluster core of more symmetric geometry
and with shorter Cu-Cu distances leading, as explained before, to the modification of the emissive
properties.

To conclude, these results demonstrate that the combined study of crystalline polymorphism and
amorphous state is gainful to the understanding of the mechanochromism phenomenon.
Characterizations of the amorphous phase being the ultimate state of the grinding altered state, give
insight into the mechanochromism mechanism. In accordance to previous reports, the intermolecular
cuprophilic interactions are involved in the mechanochromism mechanism but this study shows that the
geometry of the cluster core in whole, has to be considered. Getting deeper into the understanding of the
mechanochromism mechanism is beneficial for the development of mechanically-sensitive materials.
By combining multi-stimuli responsive properties, copper iodide clusters constitute an appealing class
of compounds with applicative perspectives towards original functional materials. Furthermore, the
possibility to obtain amorphous phase of such compounds represent relevant processing facilities for the
development of the fore-mentioned materials.
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The mechanochromic luminescence properties of a cubane copper iodide cluster which presents two crystalline
polymorphs and forms a fully amorphous phase upon melting, are described. Photophysical and structural analysis
supported by theoretical study permit to get insights into the mechanochromism mechanism with the amorphous
state representing the ultimate state of the mechanically induced crystalline-to-amorphous transformation.
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