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Abstract.

Mechanochromic luminescent materials displaying switchable luminescence properties in response to
external mechanical force are currently attracting wide interest because of their multiple potential
applications. In the growing number of mechanochromic luminescent compounds, the
mechanochromic complexes based on copper present appealing features with a large variety of
mechanochromic properties and economical advantages over other metals. Among Cu-based
compounds, the molecular copper iodide clusters of cubane geometry formulated [CuylsLs] (L =
organic ligand), stand out. Indeed, they can exhibit multiple luminescent stimuli-responsive properties,
being particularly suitable for the development of multifunctional photoactive systems. This
perspective describes the survey of these mechanochromic luminescent cubane copper iodide clusters.
Based on our investigations, their mechanochromic luminescent properties are presented along with
the study of the underlying mechanism. Establishment of structure-properties relationships supported
by various characterization techniques and associated to theoretical investigations permit to get
insights into the mechanism at play. Studies of other researcher groups are also described and illustrate
the interest shown by these mechanochromic compounds. Mechanically-responsive films are reported,
demonstrating the potential use in a range of applications of such copper-based stimuli-responsive
materials. Current challenges that faces the development of technological applications are finally
outlined.

Keywords. luminescence mechanochromism, copper iodide clusters, cuprophilic interactions,
mechanically responsive materials.
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Introduction.

Mechanochromic luminescent materials displaying switchable luminescence properties in response to
external mechanical force are currently attracting wide interest for potential applications in strain
detection, optical recording, storage and anti-counterfeiting, among others."’ Regarding their potential
applications, one of the most attractive feature of these stimuli-responsive materials is the
straightforward detection of the emission changes by simple non-invasive spectroscopic means or even
with the naked eye.*™* Even though the number of reported compounds exhibiting luminescence
mechanochromism has greatly increased over the past decade, in-depth studies analysing the
underlying mechanisms remain relatively rare. However, such studies are of crucial importance not
only from a fundamental point of view but also to guide further development of these stimuli-
responsive materials with optimized properties.

The majority of the mechanochromic luminescent compounds are based on organic molecules,** in
comparison with the metal-based compounds.®® The latter demonstrated nonetheless a rich variety of
mechanochromic properties, mainly based on Au'®?° and Pt*>*' complexes. Examples of Zn,***
Al 19782 and Ag®™ ™ -based compounds have been also described as well as organoboron
complexes.””®? Several Cu complexes®*® have been reported too and in addition to their original
mechanochromic properties, their economical interest compared with other metals, open appealing
perspectives of applications.'® The first copper-based mechanochromic complex was indeed a
molecular copper iodide cluster of cubane geometry, formulated [Cu4lsL4] (L = phosphine ligand),
reported by our group.!”” The cubane molecular structure of these tetranuclear clusters can be
described as a distorted cube built on four copper(l) atoms and four iodine atoms, the ligands (L)
coordinating each copper atom which is then in a tetrahedral coordination environment (Figure 1).
This structure can be also viewed as a Cuy tetrahedron included within a larger 1, one and was first
described for the [CusCly(PPhs)s] cluster in 1974.'® Followed by the report of this original
mechanochromic luminescent copper iodide cluster, our group and others have demonstrated the rich
luminescence mechanochromism of these polymetallic compounds.’®"*®?# Indeed, among the
mechanochromic luminescent compounds, they stand out because of their propensity to exhibit
multiple stimuli-responsive properties, with possible luminescence thermochromism and/or
solvatochromism for the best known, being particularly suitable for the development of
multifunctional photoactive systems.”**** Regarding applications, the potential of [CugalsL4] clusters
as efficient phosphors have been already demonstrated for lighting devices.*¥*%

Figure 1. Different representations of the molecular structure of the cubane cluster formulated [Cu4lsLs] (L =
ligand). The Cu-Cu interactions are shown as dotted pink lines.

Here, we report the survey of this family of mechanochromic luminescent compounds consisting of
the [Cu,lsL,] cubane copper iodide clusters. Based on our investigations, their mechanochromic
luminescent properties are presented along with the study of the underlying mechanism that was
conducted through the establishment of structure-properties relationships supported by various
characterization techniques and associated to theoretical investigations. Studies of other researchers
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are also described and illustrate the interest shown by these mechanochromic compounds.
Mechanically-responsive films are eventually described, demonstrating the potential use in a range of
applications of such copper-based stimuli-responsive materials.

Mechanochromic luminescent [CuylsL4] clusters.

Attractive photoluminescence properties. Even when structural investigations on the tetranuclear
copper iodide [Cuyl,L4] clusters were still relatively limited,'®****% the temperature-dependent
emission properties coined as fluorescence thermochromism, was already described for the cluster
with the pyridine ligand.**® This first report demonstrated the appealing luminescence properties of
such compounds which then rapidly attracted scientists attention.**"**® Numerous clusters with N-
based ligands were subsequently investigated and showed rich photophysical properties including the
noteworthy contribution of the group of P. C. Ford.® At the early stages of our investigations,
photophysical studies of clusters with phosphines as ligands were scarce with two examples having
P("Bus); and a phosphole derivative as ligands.***'*" In addition to their potentially rich
photoluminescence properties, the phosphine-based clusters attracted our intention because of their
enhanced chemical stability over the N-based ligands (Cu-P bond being more stable than Cu-N one).
Chemical stability is indeed an essential criterion for the synthesis of materials based on these
phosphors.

r
1 , hex=300nm — &K
(a) I (b) HE o x| 3
)8 .. 65Kk | ©
° ° =
[ L I 80K | 10
. ‘op 0o T 100K
. ® =
4 : g' 5 “’g.‘ o \ —— 140K
* %8 ‘_ < %e = 180K
oo | gl% : @ 220K
.« = g —— 260K
oo *° . Ste- £ 290K
-8 ‘::
o 0¥ o
o ® ﬁ

400 500 600 700 Nuclear configuration
Wavelength (nm)

Figure 2. (a) Molecular structure of [Cu4l,(PPhs),]. (b) Temperature-dependent emission spectra with the two,
HE and LE, emission bands. (c) Simplified energy diagram illustrating the luminescence thermochromism.

The synthesis of these clusters is commonly conducted in solution by reacting Cul with the
corresponding ligands. The reaction product is often obtained as a white crystalline powder in
relatively high synthesis yields. The luminescence thermochromism of the phosphine-based clusters
was firstly evaluated by carrying out a comparative study of three [Cuslsls] cubane clusters
coordinated by different phosphine ligands (L = triphenylphosphine, tricyclopentylphosphine, and
diphenylpropylphosphine).'** The cubane molecular structure of [Cusls(PPhs),] obtained from
SCXRD (single-crystal X-ray diffraction) is presented in Figure 2a as example. The luminescence
thermochromism is characterized by two emission bands namely HE (for High Energy) and LE (for
Low Energy), whose relative intensity vary with the temperature. The thermochromism of
[Cu4ls(PPhg),] is presented in Figure 2b with a color change from green to purple from room
temperature to 77 K. DFT (Density Functional Theory) calculations permit to rationalize the
luminescence thermochromism and to assign these two emission bands to two transitions involving
molecular orbitals of different nature. The LE band was attributed to a transition implying a triplet
state called ®CC (Cluster Centered) which results from a combination of two transitions: one iodide-to-
copper charge transfer (XMCT) and another involving the copper atoms (Cu d — s). This transition
takes place between an orbital of Cu-Cu anti-bonding character (HOMO) and a vacant one having a



Cu-Cu bonding character (LUMO+24 for [Cu4ls(PPhs),]). Upon excitation, a significant relaxation
thus occurs through Cu-Cu bond shortening leading to an energetic stabilization of the *CC excited
state. This LE emission band is therefore particularly dependent on the Cu-Cu intramolecular
interactions. The first experimental correlation between the Cu-Cu distances and the emission
wavelength was actually demonstrated on cubane clusters with thioether ligands by combining
temperature-dependent SCXRD and luminescence experiments.*® The HE band, predominant at low
temperature, was attributed to a copper,iodide — phosphine charge transfer transition denoted
(M+X)LCT involving LUMOs based on m* orbitals of the ligands. The temperature variation of the
two emission bands was explained by a thermal equilibrium between the two corresponding excited
state (*CC and 3(M+X)LCT), as illustrated in Figure 2c. This result agrees with previous reports on the
pyridine cluster***!* but with a stronger coupling between the two excited states for the phosphines
derivatives. Note that more accurate simulations of the luminescence thermochromism of phosphine-
based clusters was recently achieved.” Another striking difference with the N-based ligands lies on
the Cu-Cu intramolecular distances which are much longer in the phosphines case with mean distance
values of <3.1 A > versus <2.7 A > They are also much longer than 2.8 A being twice the van der
Waals radius of copper (1),**" which is usually considered as threshold for d'°-d' interactions to
occur.*® Therefore, even there is no strong cuprophilic interaction in the clusters with phosphine
ligands, they display the Cu-Cu bonding emissive state and the phenomenon of thermochromic
luminescence, just as the pyridine derivatives do. The large shortening of the Cu-Cu contacts upon
excitation is moreover strong enough to significantly impact the emission properties. Finally, this
study showed that phosphine-based [Cu,lsL,] clusters exhibit rich photoluminescence properties.
Modulation of the thermochromism was later on demonstrated upon maodification the electronic
properties of the ligands.**®

Luminescence mechanochromism. During the course of our investigations on these attracting
luminophors, one cluster demonstrated completely original photoluminescence properties. Indeed, in
addition to luminescence thermochromism, the cluster formulated [Cu4ls(PPh,CH,CH=CH,),],
exhibits mechanochromic luminescent properties.’® This phenomenon is characterized by a dramatic
change of the emission from weak green to bright yellow, upon manual grinding of the crystalline
compound (Figure 3). This contrasted effect with wavelength change from 530 to 580 nm and
photoluminescence quantum yield (QY) increase from 2 to 14 %, is readily observable with the naked
eye. The luminescence thermochromism of the cluster is also modified by the mechanical stress, the
blue emission of the pristine compound at 77 K becoming purple. Reversibility is achieved by a
thermal treatment at a relatively mild temperature (~ 100 ° C) or upon solvent exposure.

(C) P . (b) (c)

intensity (a. u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 3. (a) Molecular structure of [Cuyls(PPh,CH,CH=CH,),] from SCXRD. (b) Photos of crystalline powder
before and after manual grinding in a mortar, under UV irradiation. (c) Corresponding luminescence spectra
before and after grinding at A¢, = 360 nm.



Liquid-state 'H and *'P NMR, UV-visible absorption and elemental analyses indicated that the
chemical composition was unchanged and that the molecular structure of the cluster was not altered
under the grinding process. The photoemission properties showed that the LE band of the pristine
crystalline phase was of very low intensity and somehow quenched that was no longer the case after
grinding. The ground phase has clearly a more classical luminescence behavior compared to the
pristine one. Because the LE band depends on the Cu-Cu interactions, as previously presented,
modifications of these interactions within the cluster was suspected to occur under the mechanical
stress. Indeed, because of the Cu-Cu bonding character of the excited state, a shortening of the Cu-Cu
distances lowers the corresponding energy level resulting in an emission of weaker energy. This was
coherent with the redshift observed upon grinding. This was confirmed by the exceptionally long
intramolecular Cu-Cu distances of the cluster (<3.278(3) A>), with some even over 3.4 A, compared
with the values classically observed which can explain the seeming quenching of the LE band and the
possibility of shortening. The long Cu-Cu distances are attributed to constraints resulting from the
crystal packing. Upon grinding, modification of the intermolecular interactions induces relaxation of
the cluster core to a molecular structure with shorter intramolecular Cu-Cu distances which
subsequently regained classical luminescence properties. Suppression of the crystalline constraints
were further confirmed by the similarities between the optical properties of the ground phase and those
of the cluster in solution. Because no amorphous phase was detected by PXRD analysis but instead
only a broadening of the diffraction peaks, the ground phase can be localized at local defects in the
crystalline structure created upon grinding. This result contrasts with the commonly observed
amorphous-to-crystalline transition reported for a large majority of mechanochromic compounds, with
long-distance changes of the intermolecular interactions. The possibility to return to the pristine
crystalline phase upon thermal treatment is in accordance to formation of structural defects in the
cluster case. Note that precise characterization of these defects is rendered difficult because of their
small proportion within the crystalline structure.

The mechanism investigation. A second cluster exhibiting luminescence mechanochromism was
further revealed permitting a more comprehensive understanding of the phenomenon to be gained but
above all, it generalized the mechanochromism phenomenon for this family of compounds.**?
particularly interesting feature of this second cluster formulated [Cusl4((PPhy(CH,)2(CH5 )ZS|)ZO)2],
was its crystalline polymorphism, allowing straightforward establishment of structure-property
relationships. Indeed, this cluster crystallizes in two crystalline forms, one green (G) and the other
yellow emissive (Y) (Figure 4a). Only the green polymorph exhibits mechanochromic luminescence
properties with a ground phase (C) presenting an emission band very similar to that of the yellow
polymorph (Figure 4b). The reversibility is achieved upon solvent treatment.
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Figure 4. (a) Photos of polymorphic crystals of [Cu,ls((PPh,(CH,),(CHa),Si),0),] (G and Y) under ambient

light and UV at room temperature. (b) Luminescence spectra of G, Y and C at 290 K, S corresponds to the

cluster in dichloromethane solution. (c) Solid-state static “°Cu NMR spectra of G, [Cugal4(PPh3),] and C. The best




fit of the DFT simulated G spectrum with the individual contributions of Cu(1) and Cu(2) sites. The peaks at
2400 ppm are the copper signal of the NMR coil.

Analysis of the molecular structures of the two polymorphs revealed shorter Cu-Cu distances for the
yellow luminescent cluster Y (<Cu-Cu> = 2.885 (1) A) compared to its green counterpart G (<Cu-Cu>
=3.104 (1) A), while other geometric characteristics are comparable. This result permit to confirm the
correlation between the emission wavelength at room temperature (LE band) and the Cu-Cu distances.
This correlation provided information about the ground phase since its emission properties are similar
to those of Y. PXRD analysis showed that a crystalline-to-amorphous transition occurs in contrast to
the previous mechanochromic cluster. The ground phase is therefore no longer minor allowing to carry
out solid-state NMR study. The *'P NMR spectra are different for the two polymorphs in agreement
with different molecular structures. The spectrum of the ground compound (C) is in agreement with an
almost complete amorphization with a chemical shift different from that of the crystalline phase,
which highlights the modification of the environment of phosphorus atoms under the grinding process.
The less classical ®Cu solid-state NMR analysis was conducted to get information on the Cu-Cu
interactions within the amorphous ground phase. The ®*Cu spectra of C presents a signal similar to that
of [Cugl4(PPhs)4] (close geometrical parameters with similar Cu-Cu distances to Y), which is different
from that of the G pristine form. The latter could have been simulated by DFT and is indeed composed
of two contributions: one corresponding to Cu atoms involved in short and another in long Cu-Cu
distances (Figure 4c). The grinding thus modifies the copper environment with a shortening of the Cu-
Cu distances leading to a more symmetrical [Cu,ls] core. This study was therefore in perfect
agreement with the previous results indicating modification of the cuprophilic interactions within the
cluster under the mechanical effect, generating consequently changes of the luminescence properties.
These results were further confirmed by the study of another series of crystalline polymorphs of such
cubane copper iodide clusters.'*®

Even if the Cu-Cu interactions appeared to be the main culprits for the luminescence
mechanochromism of the copper iodide clusters, no direct evidence of their modification under the
effect of mechanical stress was obtained so far. In order to get information on the molecular structure
of the cluster within the mechanically altered phase, we performed in situ measurements of
luminescence and SCXRD, under controlled hydrostatic pressure using a Diamond Avil Cell
(DAC).™ Such experiments allowed to directly correlate the structural changes induced by the
pressure, with the observed emission properties.
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A single crystal of the [Cu4ly(PPh,CH,CH=CH,),] cluster was thus studied over the 0-4 GPa
pressure range (Figure 5a). Upon increasing the pressure, the emission band undergoes a redshift
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similar to the grinding effect. No phase transition was detected, the pressure causes compression of the
system with 20 % reduction of the cell volume, a typical value for ‘soft” molecular compounds. This
compression increases the number of intercluster interactions and induces substantial modifications of
the molecular structure of the cluster and in particular of its [Cu,ls] core (Figure 5b). Variations of
different bond distances and angles over the pressure range (Figure 5c), indicate that while the Cu-P
and Cu-I bonds present a limited change (1 and 2 %, respectively), the Cu-Cu distances are largely
shortened (-13 %) from <3.278(2) A> to <2.837(2) A> which then become comparable to the sum of
the van der Waals radii of copper (1) (2.8 A). A large geometric modification of the cluster core thus
occurred with a contraction of the volume of the Cu, tetrahedron (- 35%) while that of I, shows only a
small variation (+ 7 %). These results highlight the flexibility of the cluster core with the Cu-Cu bonds
endorsing most of the mechanical stress. By reducing in a controlled manner the intramolecular Cu-Cu
distances, the redshift of the emission observed under mechanical stress can therefore be correlated to
Cu-Cu distances shortening. This conclusion was in a perfect agreement with previous analyses and
permit to definitively ascribe the mechanochromic luminescence phenomenon of copper iodide
clusters to an increase of cuprophilic interactions. In opposite to several other studies,™ the effects of
the isotropic pressure (DAC) are similar to those of the anisotropic stress (grinding) in the present
case. This difference can be explained by different mechanochromism mechanisms. Indeed, for the
clusters, the mechanism involves changes at the intramolecular level while the others are based on
modifications of intermolecular interactions with for instance, formation of excimers*®? and changes of
intermolecular Au-Au interactions.'*®

From previous results, the pristine crystal packing of the cluster is a crucial parameter in the
mechanochromism mechanism by creating a metastable state. Indeed, it is the specific inter-cluster
interactions that impose constraints on the molecular structure of the cluster leading to a distorted
geometry having relatively long Cu-Cu distances. As schematized in Figure 6, under the action of
grinding, modification of the intermolecular interactions allows relaxation of the molecular structure
towards a more contracted geometry with shorter Cu-Cu distances. The mechanochromism thus results
from a subtle competition between crystal packing and intramolecular interactions. This competition is
illustrated by crystalline polymorphs presenting different Cu-Cu interactions, encountered for several
clusters of this family. The importance of the intermolecular interactions was subsequently
demonstrated by a comparative study conducted between the first mechanochromic cluster and its
analogue coordinated by the saturated version of the ligand (PPh,CH,CH=CH, vs
PPh,CH,CH,CHj;)."*® Differences in the intermolecular interactions in the molecular arrangements is
the only explanation for the lack of mechanochromic properties of the latter.
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Figure 6. Schematic representation of the mechanism of the luminescence mechanochromism phenomenon of
cubane [Cugl,L4] copper iodide clusters.

A similar mechanism based on modulation of the Cu-Cu distances has been also reported for
explaining the luminescent mechanochromic properties of several other cubane copper iodide clusters.
In particular, the group of M.-C. Hong described the mechanochromism of [Cugyl4(PPh,(CH,),CO,H),]
whose mechanism is ascribed to Cu-Cu distances shortening associated with solvent release.'®
Perturbation of the Cu-Cu interactions were also involved in the case of [Cuyls(PPh,CeHy-
N(CHs),),]."*® More recently, changes in intramolecular Cu-Cu interactions were involved in the
mechanochromism of [Cu,ls(3-pmbtd),] coordinated by a bidentate N-based ligand, even if there are
not particularly long in the pristine crystalline phase.** Reconsideration of the involvement of the Cu-
Cu interactions in the mechanochromism was argued by Yang et al., based on the very long distances
(<3.470 A>) presented by [Cu,ls(P(CsHa-CHs)s)s].™*® Changes in the weak intermolecular interactions
was instead suggested for explaining the observed emission redshift upon grinding. However, it should
be kept in mind that even if in the pristine state the Cu-Cu distances are long enough to prevent
cuprophilic interaction, important shortening can occur under mechanical forces that can impact the
photoluminescence properties. Note that changes in intra and intermolecular Cu-Cu interactions was
even pointed for explaining the luminescence mechanochomism of copper nanoclusters.™*

Towards the predictability of the mechanochromic properties. The future development of
mechanochromic luminescent materials will certainly benefit from their rational design. However,
despite the large number of reported mechanochromic compounds, the predictability of their
mechanochromic properties remains a great challenge. Regarding the cubane clusters, long
intramolecular Cu-Cu distances appeared to be one of the necessary condition for presenting
mechanochromic properties. The [Cuyls(PPhg),] cluster was known to present two crystalline
polymorphs, a and b, having different luminescence properties and structural features.™>>'*® Indeed, a
is yellow luminescent (Amax = 545 nm) with relatively short Cu-Cu distances (<2.968(1) A>) compared
with the b green emissive polymorph (Amax = 520 nm) displaying longer distances (<3.069(2) A>). We
thus postulated that only the green polymorph should be mechanochromic. We effectively proven it
experimentally (Figure 7).%* Characterizations indicated a crystal-to-amorphous transition for b and a
ground phase presenting spectroscopic similarities with the non mechanochromic polymorph a.
Structural analyses under controlled pressure (DAC) additionally confirmed the Cu-Cu bonds
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flexibility and their shortening. This study permit to ascertain the mechanochromic mechanism based
on an increase of Cu-Cu interactions under mechanical stress. Above all, this study demonstrated that
mechanochromic properties can be, at a certain degree, predicted for this family of compounds that
constitutes a step further toward their rational design.
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Figure 7. Photos of crystalline powder of [Cuyl4(PPh3)4]b and a, partially ground (bG and aG, right side) under
UV irradiation (365 nm - UV lamp) and corresponding solid-state luminescence spectra with normalized
emission spectra in solid line (A, = 365 nm) and excitation ones in dotted lines recorded at A, of emission, at
room temperature.

The luminescence mechanochromism of organic molecules are in several cases associated to
their AIE properties (Aggregation Induced Emission). An AIE compound is characterized by a weak
emission in solution while an intense emission is displayed when aggregated in solid-state due to
restriction of molecular motions.™>" Because of multiple conformations, AIE organic molecules
generally exhibit disordered and low density arrangements in the solid-state, facilitating their
transformation between different molecular arrangements. This characteristic leads to an increased
sensitivity to external stimuli and in particular to mechanical stress. Therefore, many AIE molecules
were reported to be mechanochromic'*** leading to the appealing perspective of the rational design
of luminescent mechanochromic materials. Regarding the mechanochromic luminescence properties
of copper iodide clusters and their structural flexibility, it seemed interesting to precisely evaluate their
AIE properties. We have thus studied the AIE properties of two different [Cu4lsLs] copper iodide
clusters and the correlation with their luminescence mechanochromism properties.®* The two clusters
are formulated [Cu4l4(PPhy(CsH4-CH,0OH)),] and [Cuyl,(PPh,CH,CH,CH3),4], and only the first one
is mechanochromic, as presented below. As shown is Figure 8, the AIE properties of the two clusters
are characterized by an increase of the emission intensity of their solution upon aggregation induced
by the addition of water acting as poor solvent. The two clusters exhibit different AIE behaviors with a
more gradual increase of the emission intensity for [Cuyls(PPh,CH,CH,CHa),] while it appears more
abruptly for the other one.
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Figure 8. Photos of THF/H,O and acetone/H,O suspensions of [Cuyls(PPhy(CsH,CH,0H)),] and
[Cu4l4(PPh,CH,CH,CHa),4], respectively, with the water fraction (f,) ranging from 30 to 90 vol%, under UV
(365 nm) at room temperature. Corresponding emission spectra and emission intensity as a function of f,. SEM
images of the particles formed in solutions with f,, = 90 %.

Characterizations of the suspensions show the formation of relatively stable particles of 250 nm mean
diameter with a main amorphous character (Figure 8). These particles exhibit the luminescence
thermochromism of the corresponding clusters. The mechanism at the origin of the AIE properties of
the clusters can be attributed to suppression of non-radiative decays once aggregated, in accordance
with studies on organic molecules and complexes. This result agrees with the nature of the emission
band of the cluster. Indeed, as previously mentioned, the excited triplet state of the LE band presents
large relaxation due to intramolecular distortions which may result in an efficient non-radiative decay
pathway. This effect thus explains the low intensity of the emission of the cluster in solution. On the
other hand, the rigidity of the solid-state limiting molecular motions favors radiative processes. The
AIE properties of the clusters can be related to the ligands with in particular the rotation of the phenyl
groups. The correlation between the AIE properties and the mechanochromism of the two clusters is
not, however, straightforward. Indeed, only one cluster is mechanochromic while the two clusters
present AIE properties. Nevertheless, a relation between AIE properties and mechanochromism can be
established on the basis of the formation of solid-state arrangements sensitive to mechanical stress.
Indeed, the molecular structure of these pseudo-tetrahedral clusters having bulky ligands with flexible
substituents, leads to crystal packing of low density. However, as illustrated by the non-
mechanochromic cluster, the formation of a relatively soft molecular arrangement is not the only
requirement to exhibit luminescence mechanochromism, the molecular structure of the cluster must
itself be mechanical stress sensitive.

Deepening of the mechanochromism mechanism. As previously shown, the study of the
mechanochromism mechanism is generally arduous due to the difficulty in directly characterizing the
structural changes within the mechanically altered phase. Indeed, in opposite to outstanding examples
for which the application of mechanical forces induces a crystal-to-crystal transformation,'®* a partial
crystal-to-amorphous transition generally occurs or even only local defects are formed, as for some
copper iodide clusters. The characterization of an amorphous phase embedded within a crystalline
phase is relatively complicated. In this context, we managed to synthesize a luminescent
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mechanochromic cluster that can form upon melting a fully amorphous state, representing the ultimate
mechanically altered state.'®
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Figure 9. Photos of the four studied states of [Cu4l,(PPh,CsH,s-CH,OH),]: CH3CN, THF, G and A under visible
light and UV excitation, at 298 and 77 K. Corresponding solid-state *'P CPMAS NMR spectra.

In addition to an amorphous state, this cluster of [Cu4l4(PPh,CsH4-CH,OH),] formula can form two
crystalline polymorphs upon recrystallization in CH3;CN and THF solvents. The comparative study of
this cluster in four different states: crystalline THF and CH3;CN, ground G and amorphous A (Figure
9), was therefore carried out along with DFT calculations to rationalize the experimental results. The
luminescence mechanochromism properties of this cluster are characterized by a redshift of the
emission from green to yellow (540 to 560 nm), with an incomplete crystal-to-amorphous transition.
The ®*Cu and *'P solid-state NMR spectra confirmed this partial crystal-to-amorphous transition with a
signal for G with two contributions, one from an intact crystalline phase and the other from an
amorphous phase. Using the NMR signature of A, the quantification of the amorphous phase within G
was possible and permit to evaluate the proportion of mechanically modified phase at 25%. This result
provides a quantitative response regarding the mechanochromism mechanism, rarely reported. IR and
Raman characterizations were conducted supported by DFT spectra simulations. In particular, spectra
were recorded in the low frequency domain (45-650 cm™) where the vibrations of the inorganic [Cugls]
cluster core occur. Analyses of the four states showed that while the signal of the ligand is not
modified, changes are observed the Cu-l and Cu-Cu bonds vibrations. Moreover, the signal of G
presents similarities with that of A which is closed to the CH;CN polymorph having a more
symmetrical cluster core. In this study, the characterization of the fully amorphous phase, being the
ultimate state of grinding, allowed to get further into the understanding of the associated mechanism.
Cu-Cu interactions are still involved in the present case but this work, combining intimately
experience and theory, shows that the geometry of the cluster core must be considered as a whole.

The mechanochromic luminescent effect was so far reported upon grinding crystalline powders.
Liquid-crystalline compounds being softer so more easily altered by mechanical forces but still
organized, attracted our attention. In order to confer mesomorphic properties to copper iodide clusters,
the functionalization of the [Cuyl,] cluster core was realized with a phosphine ligand (L) bearing the
cyanobiphenyl (CBP) moiety, a well-known mesomorphic promoter (Figure 10a).*"’
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Figure 10. (a) Schematic representation of the cluster functionalized with a CBP ligand, namely CUB-CBP. (b)
Suggested model of molecular organization of the lamellar smectic mesophase. (c) Photos of the pristine and
ground (g) CUB-CBP cluster under UV excitation at 298 and 77 K.

The functionalized cluster (CUB-CBP) exhibits mesomorphic properties with the formation of a
lamellar smectic A phase above the glass transition (24 °C), that is retained in the solid-state upon
cooling. In the suggested model of molecular organization in this smectic phase, the ligands are two by
two located on either side of the [Cuyly] cluster core with a perpendicular alignment to the layers
(Figure 11b). A molecular segregation is clearly observed with inorganic and organic layers. The CBP
groups interpenetration must be responsible for the mesomorphic properties. CUB-CBP in the smectic
phase presents two emission bands at room temperature. The one at 400 nm is attributed to the CBP
groups and the second one at 515 nm to the LE band. In addition to excitation-dependent emission,
luminescence thermochromism is also displayed by this cluster. The luminescence mechanochromism
for its part is characterized by a redshift of the LE emission band from blue to yellow-green from 515
to 540 nm (Figure 11c). According to SAXS analysis, the grinding induces a transition from the solid
smectic phase to a less organized one. In accordance to previous results, the mechanochromism is
attributed to an increase of the Cu-Cu interactions within the [Cug4ls] cluster core. However, in
opposite to other mechanochromic clusters, the mechanochromism is in this case spontaneously
reversible after few hours at room temperature. This effect can be explained by the softer matter
allowing spontaneous reconstruction. This rare example of a mesomorphic and mechanochromic
luminescent compound opens promising perspectives with respect to the wide range of external
stimuli impacting liquid-crystal structural arrangements and the related properties.

Other polymetallic copper iodide clusters. Copper iodide clusters with geometries different from the
cubane one were further proved to exhibit luminescence mechanochromism as well. One of them is
actually an isomer of the cubane form which has a chair geometry.™® Upon grinding, this compound
formulated [Cuyl,(PPh;3),]©2CHClI;, displays a contrasted emission change from blue to yellow
associated with a large redshift of 100 nm (Figure 11). Its pseudo-polymorph of
[Cu,l4(PPh3)4]*2CH,CI, formula exhibits an even more contrasted mechanochromic effect of OFF-
ON type.
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Figure 11. Mechanochromism of [Cug4ls(PPh3),]*2CHCI; with photos of the powder before and after grinding
and associated emission spectra with representations of the two chair and cubane isomers.

The photophysical properties of the ground phases have many similarities with those of the cubane
isomer and in particular they present its characteristic luminescence thermochromism. According to
structural and optical data associated to DFT calculations, the mechanism of the mechanochromism
has been attributed to a chair — cubane structural isomerization in the solid-state. This isomerization
occurs by closing the open chair structure to the cubane one which has two more Cu-I bonds and three
additional Cu-Cu interactions. The blue emission coming from the }(X+M)LCT excited state of the
chair isomer is then replaced upon grinding, by the yellow LE emission band of the cubane. This
mechanically-induced isomerization is corroborated by the very close thermodynamic stability of the
two isomers evaluated by DFT. However, this isomerization occurs because the crystalline structure
allows it. Indeed, the intermolecular interactions in the structure are relatively weak and the labile
solvent molecules in the structure (partially lost upon grinding) give the cluster enough freedom to
change its geometry. The lack of mechanochromic properties for another chair cluster formulated
[Cu4l4(PPh,-C¢H4CO,H),] can be explained by the strong cohesion of its crystalline structure based on
a robust hydrogen bonds network. This unprecedented mechanism based on a solid-state isomerization
indicates that the Cu-Cu interactions are no longer directly involved. A related mechanism has been
reported by Kobayashi et al., with a rhombic [Cu,l,] — cubane [Cu,ls] structural dimerization
involving a switch between the 3(M+X)LCT and 3CC excited states."™ In addition to clusters of chair
geometry, few other mechanochromic copper iodide clusters were also reported. A double cubane
formulated [Cuglg(PPh,CeHa-N(CHs),)e]*** was described as well as the butterfly shaped
[Cuals(PPh,py),] cluster.*”® Two isostructural coordination polymers based on the [Cuglg] cluster core
with pyridine-based ligands (CH5Si(*Py),) display mechanochromic properties too.'** In the three
latter examples, the mechanochromic mechanism was ascribed to Cu-Cu distances changes. This is
different for the dinuclear [Cu,l,L,] and [Cu,l,]* complexes whose mechanochromic properties were
attributed to modifications of intermolecular interactions, an expected result from their unique Cu-Cu
interaction, %%

Potential applicability. For practical applications of mechanical sensing, the design of thin films is
more suitable compared with powdered luminescent mechanochromic compound with no mechanical
strength. In parallel to the understanding the mechanochromism mechanism, we took advantage of the
contrasted luminescent mechanochromic properties of [Cugl,(PPh,CH,CH=CH,),] cluster to develop
mechanically-responsive films.''® These films were synthesized by deposition of a solution of the
cluster on a glass substrate (thickness ~ 150 nm). The X-ray diffraction analysis of these yellow
emissive films, revealed low crystallinity with crystalline domains of small coherence length (¢ ~ 6
nm). This agree with the very smooth film surface observed by SEM analysis (Figure 12). After
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annealing at 100 °C, the films are no longer emissive and narrow diffraction peaks were recorded
indicating recrystallization. The crystallites of micrometric size could actually be observed on the
corresponding SEM images.

ambient light UV 312 nm

y diffraction and NMR analysis of

Figure 12. Photos of mechanically-responsive films of [Cu4l4(PPh,CH,CH=CH,),] deposited on glass substrate
under ambient light and UV irradiation, (a) as-synthesized, (b) after annealing at 100 °C and (c) after writing
‘PMC’ with a stick on the surface and corresponding SEM images.

As shown in Figure 12c, it is possible to write on these films by activating an intense yellow emission.
The erasing process is simply achieved by a heat treatment, while maintaining the transparency of the
film. The luminescence mechanochromism behavior of these films is therefore similar to the cluster in
powder. Initially, the film contains many defects of yellow luminescence which are suppressed by
annealing. Writing creates such defects exactly where the mechanical stress is applied.

Conclusions and Perspectives.

This survey regarding the mechanochromic luminescent [CuglsLs] cubane copper iodide clusters,
highlights their rich mechanically-responsive properties along with the specificities of the underlying
mechanism. Mechanistic investigations conducted by employing different characterization techniques
combined with theoretical studies, lead to the conclusion that the main actors in this phenomenon are
the Cu(D)-Cu(l) interactions. The mechanical solicitations induce changes in the intermolecular
interactions which consequently modify the molecular structure of the cluster and in particular these
intramolecular Cu-Cu interactions. Because the latter are deeply implied in the triplet state responsible
for the emission, their small modifications induce drastic emission changes. The mechanochromism
thus results from a subtle competition between intermolecular and intramolecular interactions. The
driving force is indeed the formation of a metastable state which is created by specific intermolecular
interactions in the crystal packing. This metastable state is the [Cu,l,Ls] molecular structure with
relatively long intramolecular Cu-Cu distances. Because the crystal packing of these molecular
materials is relatively soft, it is sensitive to mechanical forces. As demonstrated by a possible
prediction, long intramolecular Cu-Cu distances is a prerequisite for mechanochromism to occur.
However, it is a necessary but not a sufficient condition, the resulting molecular structure should be
metastable to allow the Cu-Cu to be shortened. This parameter is rather difficult to control.
Nevertheless, the use of phosphine ligands appears to be a relatively efficient way since the majority
of the mechanochromic clusters are coordinated by phosphines. The higher steric hindrance of these
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ligands compared with the nitrogen-based ones, can favor structural competition generating at the
same time relatively long Cu-Cu distances and crystalline constraints.

Considering mechanochromic compounds in general, a mechanism based on intramolecular changes is
rarely encountered. Indeed, mechanisms result more commonly from changes of intermolecular
interactions, as illustrated by the examples of excimers interplay and mononuclear coordination
complexes. The particularity of the molecular cubane structure plays an important role. This compact
structure built on Cu-P coordination bonds, Cu-I ionic bonds and on Cu-Cu cuprophilic interactions, is
highly flexible. Because of their weakest energy, associated to the supple coordination sphere of the
d*® Cu(l) centers, the Cu-Cu interactions are the fitting parameters to adapt to their environment. This
is actually clearly demonstrated by the crystalline polymorphism presented by this family of
compounds. The influence of these metal-metal interactions to photophysical processes are at the
origin of the remarkable multi-stimuli responsive properties of these clusters. In this framework,
polynuclear copper complexes appear to be particularly relevant for designing stimuli-responsive
materials with numerous applications in the field of detection. As previously shown, several
mechanochromic copper iodide clusters with geometries different from the cubane one are starting to
emerge, that opens new avenues for enlarging the features of the mechanochromic luminescent
properties. Widening the emission wavelengths range, improving the reversibility and even enhancing
the sensitivity of the mechanochromic responses will effectively benefit the development of materials
with targeted and tunable mechanochromic properties.

Although the perspectives of applications of this family of mechanochromic luminescent clusters are
promising, some issues still need to be overcome. The synthesis of mechanically responsive films has
been demonstrated but the limited reversibility, due to the relatively weak mechanical strength of the
active layer, needs to be improved. Embedding the mechanochromic compound within a porous
substrate could allow gaining in repeatability. Quantification of the forces necessary to trigger the
luminescence changes, that is required for sensing applications, needs additionally to be conducted.
Studying nanoparticles of these clusters could be an efficient way to enhance the sensitivity of the
mechanochromic response. The synthesis of particles of crystalline character which are relatively
stable in solution has already been achieved, that would make possible the direct synthesis of thin
films. Mechanochromic luminescent nanoparticles could even be used as local probes to track and
analyze force-induced processes known to occur in various media.
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