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Phase dependence and mechano and thermal ductility of the luminescence
properties of tetranuclear Cu(l) metallacycle assemblies stabilized by ditopic organo-

pnictogen (P, As) ligands.
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Introduction

An ever-rising attention is devoted to the study of luminescent
Cu(l)-based derivatives as new photo-functional molecular
materials for emitting devices or/and luminescent sensors.
Such derivatives offer particularly appealing perspectives for
future developments, not only due of the relatively high
abundance and low cost of copper offering a competitive
alternative to the well-known phosphorescent compounds
based on expensive heavy metal complexes, but also regarding
the various photophysical properties these Cu(l) complexes
exhibit.”™® Indeed, emission covering the full visible light
spectrum have been reported for such compounds, combined
with a large diversity of radiative relaxation processes,
including very efficient Thermally Activated Delayed
Fluorescence (TADF) processes.7’8‘13_36 In such complexes
presenting TADF properties, spatially well-separated HOMO
and LUMO orbitals induce small energy gap between the
lowest energy singlet-triplet states. This enables a thermal
population of the lowest energy excited singlet state (S;) from
the lowest energy triplet excited state (T,), via a reverse
intersystem crossing (RISC). Consequently, efficient radiative
relaxation processes from this thermally populated S, state to
the ground state Sy can take place allowing exalted solid-state
luminescence properties
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Scheme 1 Molecular structure of the derivatives 1,* 2,°° 3°* and 4.7
close to room temperature (RT). Importantly, in Cu(l)-
polynuclear systems, non-covalent cuprophilic interactions
characterized by short intermetallic distances (d(Cu-Cu) bellow
ca. 2.9 A)” can be found in the ground state and/or in the
excited state relaxed geometries.32’33 Such interactions induce

an enhancement of the spin-orbit coupling (SOC) constants
compared to the one observed with non-interacting Cu(l) ions
for which intrinsic individual SOC is generally moderate.
Consequently, the radiative rate constants for the T, state are
increased, promoting efficient RISC to the S; state but also a
fast and efficient phosphorescent relaxation process to the
ground state (SO).48

In order to prepare emissive Cu(l) assemblies bearing larger
SOC constant value and likely improved radiative relaxation
rates and luminescence properties, one approach could consist
in the introduction of heavy donor elements bearing high
individual SOC values in the coordination sphere of the Cu(l)
ions. Interestingly, a general synthetic strategy toward highly
luminescent Cu(l)—based systems relies on the use of aromatic
organophosphorus ligands that confer a remarkable stability to
Cu(l) complexes but also, very frequently, generate electronic
configuration promoting emergence of TADF properties. In a
marked contrast, the use of analogous heavier pnictogen-
based ligands, in particular arsines, remains particularly scarce
while such ligands could be advantageous over lighter
pnictogen donors due to higher intrinsic SOC (such as §=1202
cm™ for As atom while £€=230 cm™ for P atom).”® Thus,
Artem’ev et al. described recently the preparation and the
photophysical studies of a series of complexes 1 (Scheme 1) in
which CuX (X = Cl, Br, 1) sub-units are stabilized by the bis(2-
pyridyl)phenylarsine Iigand.49 It was reported that these
derivatives present short-lived luminescence at RT assigned to
a combination of fast phosphorescence and TADF processes.
Interestingly, these dinuclear Cu(l)—-arsine complexes displayed
significantly shorter decay times than their phosphine
analogous, which was tentatively assigned to a consequence of
the higher SOC strength carried by the arsenic atoms versus
phosphorus atoms. in 2020 Naka et al. reported the study of
‘Cu,l,’-based bimetallic phosphorescent complexes 2 (Scheme
1) stabilized by the triphenylarsine ligand and showing
mechanochromic luminescence properties.50 In 2021, this
group also reported a comparative study of the effect of a
arsenic  ligand (bis(diphenylarsino)methane) versus its
phosphorus-based congener (bis(diphenylphosphino)methane,
dppm) on the formation of inter- and intramolecular
metallophilic interactions in Au(l)-Cu(l) ionic-pair luminescent
derivatives 3 (Scheme 1).51 In 2021, Karasik et al. developed a
series of {CuylsLs} cubane-based clusters 4 (Scheme 1) bearing
arsine ligands to study the effect of the presence of the arsenic



heavy atom on the HE (high energy) band emission of the
cluster.>>?
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Scheme 2 a) Molecular structure of the ligands Lasp and dppm, b)
Syntheses and schematic description of the tetrametallic metallacycles
A and B.

These studies triggered our interest for exploring such
potential impact of the replacement of phosphorus donor
atoms by arsenic donor atoms in ligands coordinated to Cu(l)
metal centers on the alteration of photophysical properties of
the resulting complexes. Herein, we report the preparation of
a tetrametallic Cu(l) metallacycle A (Scheme 2) stabilized by
the “mixed”’ arsenic-phosphorus bridging ligand
[(diphenylarsino)methyl]ldiphenylphosphane Lasp (Scheme 2a).
This tetrametallic assembly is obtained considering an
adaptation of the coordination-driven supramolecular
synthetic approach. Its synthesis, characterization, X-ray single
crystal molecular structure and solid-state
properties are reported and compared to its analogous
tetrametallic compound B (Schemes 2b) previously published
by our group, based on the diphosphine dppm Iigand.32
Density functional theory (DFT) calculations reveal that the
SOC of the heavier arsenic element does not show a direct
influence on the photophysical properties in A compared to
the derivative B. However, the establishment of structure-
property relationships reveals an impact of the La,p ligand on
the crystalline packing of A compared to the organization
observed in the crystals of the lighter congener species B. This
raises the question of the relative impacts of the SOC values on
the luminescence efficiencies of these derivatives versus the
extended supramolecular organizations in the crystalline solid-
states. In line with this point, luminescent thermochromism
and mechanochromism are observed and analyzed for both A
and B assemblies, that moreover also display in the solid-state
at high temperature an original irreversible thermal crystalline
transition that impacts their photophysical properties. All in
all, this study highlights the subtle and competitive effects that
can rule out the photophysics of Cu(l) polymetallic assemblies
based on organo-pnictogen ligands and reveals their stimuli-
sensitive behaviours, allowing the facile preparation of

luminescence

different phases bearing contrasted efficient luminescence
properties.

Results and discussion

Preparation and characterization of the tetrametallic metallacycle
A

The high flexibility presented by Cu(l) metal complexes was in
general initially considered as being very detrimental in the
perspective of designing highly luminescent Cu(l) complexes.
Indeed, it allows easy geometrical re-organization processes to
be activated in the excited states, connected with fast
nonradiative decay rates and concomitant small RT emission
quantum vyields. Such unfavorable situation was firstly avoided
by coordinating Cu(l) ion with bulky chelating Iigands.8 As a
result, little freedom for distortions in the exited state is
imposed to the Cu(l) ion’s coordination sphere and RT
photoluminescence quantum yields as high as the unity can be
measured in particular in systems where TADF relaxation
processes take place. In an alternative approach, in 2016 Yam
and Lescop described the selective preparation of the sterically
constrained highly emissive tetrametallic Cu(l) metallacycle B
(Scheme 2b) from the self-assembly reaction of the pre-
assembled bimetallic precursor [Cuz(yz—dppm)z]z+ with cyanide
connecting Iigands.32 Within this tetrametallic assembly
bearing multiple chelates and metallacycle subunits, the Cu(l)
ions’ coordination sphere can undergo only reduced structural
re-organization alteration in the excited states at the time
scale of the photoexcitation events, due to the high energetic
cost of such process over the whole constrained polycyclic
architecture.  Consequently, deactivation
pathways are disfavored which promotes emergence of
enhanced solid-state photophysical properties in these self-
assembled derivatives, also likely favored by the cuprophilic
interactions observed within this assembly (d(Cu-Cu) =
2.866(9) A in the [Cuy(u-dppm),]** subunits). Indeed, the
derivative B reveals to be an efficient TADF luminophore,
emitting in the solid state at RT upon photoexcitation an eye-
perceived blue light with a remarkable emission quantum vyield
of 72 %.
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Fig. 1 Infra-red spectra centered on v(C=N) vibrational bands of a)
derivatives A, A’, A; and b) derivatives B, B’, By.



This result motivated us to replace the chelating dppm ligand
by its Lasp analog ligand and to explore whether similar self-
assembling could take upon its combination with Cu(l) metal
centers and cyanide ligands. The synthesis of the Lasp chelating
ligand was conducted based on an adaptation of a previously
reported procedure,ss’56 heating Ph,AsCl at its reflux point with
Ph,PCH,-TMS (TMS: trimethylsilyl) under inert atmosphere
affording without additive purification Lasp as a white powder
collected in 92 % vyield. As for compound B based on the dppm
ligand, a synthetic approach adapted of coordination driven
supramolecular chemistry was conducted. The pre-assembled
“U-shape” molecular clip [Cuy(uz-(Las,p)2(CH3CN),](PFg), was
formed in situ in a CH,Cl, solution reacting two equivalents of
[Cu(CH5;CN),]PFg with two equivalents of the Lysp ligand. One
equivalent of KCN was then added affording a clear colorless
solution from which air stable single crystals of A were isolated
by slow diffusion of pentane vapors through the crude mother
solution, leading to a homogeneous batch of colorless
polycrystalline powder in 89 % yield.56 The RT 31P{lH} solution
NMR spectrum of derivative A shows a singlet at -9.45 ppm
(Fig. S1). This signal is deshielded compared to the non-
coordinated L p ligand (5 =-21.6 ppm, Fig. S1), suggesting that
a coordination occurred with the Cu(l) ions. This chemical shift
is consistent with the two broad singlets (6 =-8.5 ppm and -
10.5 ppm) observed in the RT 3ptHy spectrum of the
metallacycle B, supporting a similar molecular structure.’* The
presence of PFg~ counter-anions is confirmed by a septet at -
144.4 ppm in the pitHy spectrum (and by the typical v(PFg")
vibrational band at 834 cm™" in the infrared spectrum (Fig. S4).
The RT *H solution NMR spectrum revealed the substitution of
the acetonitrile ligands as no peak assigned to this fragment is
detected (Fig. S1). This is in accordance with the solid-state
infrared spectrum of the derivative A in which the typical
signature of the v(C=N) stretching mode of the acetonitrile
Iigand57 coordinated to a Cu(l) metal center at 2311 em™t s
absent while a u(C=N) vibrational band at 2118 em™!
characteristic of a Cu(l)-C=N-Cu(l) fragment is observed (Fig.
1), at a similar energy than reported for the analogous
metallacycle B.*?

Crystal structure of the tetrametallic metallacycle A

The molecular structure of the derivative A was determined by
single crystal X-ray diffraction study at 150 K.>®* The ORTEP
diagram is represented in Fig. S10 and all the coordination
sphere parameters are reported in Table S1-S3. A [Cu,(uy,-
Las,p)a(CN),](PFg),] assembly is revealed, having a tetrametallic
scaffold similar to that of the compound B (Fig. 2). However,
while derivative B crystallizes in the P2,/n space group of the
monoclinic system,32 the assembly A crystallizes in the P-1
space group of the triclinic crystal system (Table 1).

Table 1. Crystal data and structure refinement of compound A

CCDC number 2284699
Empirical formula CsaHs0As,ClgCusFgNP3
Formula weight 1409.48
Temperature/K 150(2)

Crystal system triclinic
Space group P-1

a/A 14.0932(16)
b/A 14.5288(15)
c/A 14.8566(15)
a/° 84.136(4)
B/° 74.702(4)
v/° 73.177(4)
Volume/A® 2807.5(5)
z 2
Peacg/cm’ 1.667
p/mm™ 2.356
F(000) 1412.0

0.450 x 0.380 x 0.340
MoKa (A = 0.71073)
4.14to 55.058
-18<h<18,-18<k<18,-18<1<19

Crystal size/mm’

Radiation

20 range for data collection/®
Index ranges

Reflections collected 43687
Independent reflections 12827
Data/restraints/parameters 12827/213/705
Goodness-of-fit on F* 1.099

Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

R; =0.0839, wR; =0.2307
R; =0.0925, wR; =0.2372
3.37/-2.89

a)

D:5.002 A

d:2.957A d:2.866 A
a:54.27° o:57.54°
d)
. Aopt-full
€ s
D:5.007 A
d:2.710A

a:51.07°



Fig. 2 a) View of the molecular X-ray structure of the derivative A; b) and c)
Comparative views and selective metric parameters of the derivatives A and
B respectively; d) view of the Agpsui(So) calculated structure. (Counter-
anions, H atoms (b), c) and d)) and solvent molecules have been omitted for
clarity; location of the C and N atoms of the cyano ligands and of the P and
As atoms of the Lasp ligands have been chosen arbitrarily).

The asymmetric unit observed in the single crystals of the
derivative A contains one [Cuz(LAs,p)ZCN]+ fragment, one PFg~
counter-anion and three disordered CH,Cl, solvent molecules.
The derivative A is a tetrametallic metallacycle generated by
the connection of two [Cuz(/.lz—(LAs,,,)z]2+ fragments by two
cyanide ligands acting as ditopic linkers. The two Cu(l) ions of
the [Cuz(/.lz—(LAs,,,)z]2+ fragment are crystallographically
different and are denoted Cu(1) and Cu(2), Cu(1) being located
at vertices of the acute angles of the metallacycle scaffold and
Cu(2) at vertices of the obtuse ones. The four Cu(l) centers
forming the metallacycle lie in the same plane. The carbon and
nitrogen atoms of the cyanide bridging ligand are found to be
disordered on two atomic positions for which equal
occupancies were assigned. A similar treatment was applied
for the arsenic and phosphorus atoms of the Lasp ligand since
they are determined being equally distributed on both atomic
positions corresponding to the donor atoms of the assembling
Las,p ligands coordinated to the metal centers. Each Cu(l) ion is
coordinated to two donor atoms (phosphorus and/or arsenic
atoms) from two distinct Lap ligands and to one CN” ligand,
resulting in a trigonal planar geometry characterized by six
possible coordination sphere environments (P,(N or C);, As,(N
or C); or P;Asi(N or C);). For the sake of simplicity in the
description of the metric parameters of the inorganic
metallacyclic ‘Cus(CN),” backbone of the assembly A and by
analogy with the conclusions that were obtained from
geometry optimization calculations based on DFT considering
the possible arrangements of the carbon and nitrogen atoms
of the cyano units in the molecular scaffold of the derivative
B,32 it will be considered that the nitrogen atoms of the cyano
linkers are coordinated on the Cu(2) ‘obtuse’ metal center.

i 3
ot \ Va
o= o
~ e
< Cu
B ® As
@P
®N
Bio

(# ~— 2
/
ot /‘ S /
s
v -
7/
o -

Fig. 3 Views of the extended stacking network observed in the single-
crystals of A and B (the metalacyclic backbones are highlighted by colored
ellipses, counter-anions, H atoms and solvent molecules have been omitted
for clarity; carbon atoms (excepted the carbon atoms of the cyano ligands
and pnictogen atoms are shown in line style).

The cyano linker are located within the plane of the
metallacycle and have a slightly tilted coordination angle on
the metal centers (Cu(1)-C=N = 170.6(6)°; Cu(2)-N=C =
173.5(3)°). Comparatively to the metallacycle B which exhibits
short intermetallic  distance  (dcy.cu=2.866(9) A), the
intermetallic distance Cu(l)-:-Cu(l) for compound A is slightly
larger (dcy.cy = 2.957(1) A), which is close to the upper limit of
2.9 A generally considered for cuprophilic interactions. The
PFs™ anions are stabilized by hydrogen bonds with the phenyl

rings of the Lagp ligand (d(F---H) = 2.515 — 2.642 A).



Finally, in the solid-state crystal packing, metallacycles A share
n-CH and m-m interactions with neighboring assemblies
involving the phenyl rings of the Ly, p ligands. Moreover these
discrete scaffolds are separated by the PFg~ counter-anions
and included CH,Cl, molecules that occupy the cavities lying
between the tetrametallic units A. In this triclinic P-1 packing,
all metallacycles are orientated parallel (

45I6 4?3

As synthetized

Fig. 3). This is in a marked contrast with the monoclinic P2,/n
packing observed in the crystals of the congener derivative B in
which two markedly different orientations of the metallacycle
are alternating (
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Photophysical properties

The RT solid-state absorption spectrum of derivative A shows a
broad band in the UV region centered at 291 nm and a
shoulder at 350 nm, typical of n—nt* transition centered on the
aromatic moieties of the L, p ligands (Fig. S13). The excitation
spectrum at room temperature shows a large excitation
domain from 300 nm to 365 nm with an intensity maximum
centered at 356 nm (Fig. S15).



Fig. 4 Temperature dependent (80-300 K) normalized emission spectra of derivatives A, A; and A’ upon excitation at 356 nm, 372 nm and 365 nm,
respectively, and of derivatives B,3 B, and B’ upon excitation at 330 nm, 374 nm and 325 nm, respectively.

Upon excitation at 356 nm at 300 K, a polycrystalline batch of
compound A exhibits a cyan eye-perceived solid-state
luminescence (Fig. S12), characterized by a single broad
unstructured emission band (FWHM = 3713 em™, Fig. 4)
centered at 456 nm together with biexponential decay times
of 1, = 38 us (58% relative rate) and 1, = 16 us (42% relative
rate) and an emission quantum yield (EQY) of 84 %. Upon
cooling from 300K to 80K, the emission spectra of the
molecular assembly A show a gradual and almost linear
redshift  (Akemg@ooksox =0.176 eV (1420cm™), Fig. 4)
associated with an increasing signal intensity (Fig.S16). At
80 K, an intense greenish eye-perceived emission is observed
characterized by a large unstructured emission band
(FWHM = 2344 cm'l) centered at 483 nm, while the emission
lifetimes t4,(65%) and Tt,(35%) increases up to 224 ps and
111 ps, respectively. The temperature dependent shift of the
solid-state emission spectra of A is completely reversible and
the cyan luminescence observed at 300 K is recovered once
the sample is warmed up. The detailed study of the
temperature dependence of the excited state emission
lifetime of A (Fig. S22) reveals biexponential radiative decay all

along the temperature range from 300 K to 80 K. The thermal-
variation profiles of t; (long component) and 71, (short
component) are reproducibly irregular. Likely, such a behavior
can be assigned to the variety of the molecular conformations
that can be generated due to the relative different
localizations of the nitrogen and carbon atoms of the cyano
ligands and/or of the phosphorus and the arsenic atoms of the
Lasp ligands in the tetrametallic metalacyclic backbone
(affording six different possible coordination spheres for each
metal center). For all of these possible conformers of
compound A, different radiative relaxation emission processes
probably coming from various excited emissive states (see
quantum chemical calculation section) might be implied at
each temperature. This renders tricky and questionable a fine
assignment of the origin of the luminescence properties of
compound A. However, all in all, the gross photophysical
properties recorded for compound A probably emerge from an
admixed between pure phosphorescence and TADF processes,
this assumption being also supported by the TADF process
highlighted as dominant radiative relaxation pathway in the
case of the parent compound B.

Table 2. Photophysical data for species A (Ao, = 356 Nnm), Ag (Aey = 372 nm), A’ (Ao = 365 Nm), B’ (Aex =330 nm), Bg (Aex = 374 nm)

and B’ (A¢y = 325 nm) in the solid-state.

P Aem 300K Aem 80K Tops 300K . ta 16
d(Cu—Cu) (A) (nm) (nm) (115) Tobs 80K (ps) Gem (%) k. (s™) kar (s™)
A 2.957(1) 456 483 iz iii 84 2.2*%10* 4.2%10°
67 348
A, - 486 520 24 167 47 7.0*10° 7.9%10°
6 44
, 45 328
A 462 500 5 262 82
B> 2.866(9) 449 475 ‘1‘8 24000 72 1.8*10" 7.0%10°
66 439
B, - 490 515 26 238 74 1.1*10* 3.9%10°
7 80
B’ - 453 494 52 199 80 - -

Ky = G/ Tobs; b Knr = (1-@em)/ Tobs; Values for k, and k,, have been calculated considering the main component of RT Typs.

The photophysical properties of the analogous compound B
. . 32

were previously published™ and compare mostly to the ones

characterized in this study for the derivative A. Indeed,

metallacycle B shows a clear blue eye-perceived luminescence

under excitation at 320 nm, centered at 449 nm at room
temperature with biexponential decay times of 40 and 10 us
and an EQY of 72 % (Table 2). Upon cooling from 300 K to 80 K,
a gradual redshift of the whole spectrum (Fig. 4) is also



observed affording an emission maximum at 475 nm, together
with an increase of the biexponential decay times reaching
200 us and 40 ps at 80 K. The temperature-dependent
emission of the derivative B was assigned to a TADF
mechanism. Such similarities highlighting only minor
differences in the photophysics of derivatives A and B are
quite puzzling, regarding previous results published in the
literature, comparing phosphorus-based and arsenic-based
related compounds that mostly reported different
luminescence properties.‘lg_52 Regarding these unexpected
results, theoretical molecular calculations were conducted to
get insights into the influence of the substitution of one
phosphorus atom by one arsenic atom on the molecular
structures, the electronic properties and the photophysical
properties of the derivatives A and B.

Quantum chemical calculations

Quantum chemical calculations have been performed
employing DFT and time-dependent DFT (TD-DFT). The
computational details are provided in the ESI. Full (Agpe.sun(So),
Bopt-fuII(SO)) and partia”y constrained (Aopt-const(so)l Bopt-const(so))
geometry optimizations in vacuum of compounds A and B in
their ground state and full optimizations of their first singlet
and triplet excited states (S;, T;) were performed (Tables S4-
S6, Fig. S31). Electronic excitations (absorption properties;
Table S7 and Fig. S32-S33) and excited states properties
(emission; Table S8 and Fig. S34) were further simulated.
Considering the possible conformers resulting from the
different relative orientations of the cyano and the Ly, ligands
in the coordination spheres of the Cu(l) ions, the positioning of
the carbon atoms versus the nitrogen atoms in the cyano units,
and of the phosphorus and arsenic atoms in the La,p pnictogen
ligands have been studied. The most stable arrangement
corresponds to the configuration shown in the Fig. 2d with a
centrosymmetric architecture having the nitrogen atoms of
the cyano ligands coordinated on the Cu(l) obtuse metal
center of the metalacyclic ‘Cu,(CN),’ backbone®** and a
phosphorus and an arsenic atom coordinated to each metal
centers. This arrangement was kept for the rest of the
computational study.

Regarding the Agpe.run(So) and Bopesun(So) geometries, the gross
metric data compare well with X-ray diffraction structures with
deviations of less than 1.4 % on the bond distances. However,
the metallacycle of the fully optimized structure Agpe.sun(So) is
not strictly planar with about 6° of deviation from planarity
whereas the Bgg.sun(So) metallacycle is quasi planar. Moreover,
these fully-optimized geometries show shorter Cu---Cu
distances than the X-ray structures (Table S5). These
discrepancies strongly indicate that experimental metric data
of the internal ‘Cus(CN),’ metalacyclic backbones are
influenced by the intermolecular environment. Indeed,
previous investigations conducted on related luminescent ‘Cug’
and ‘CugPd;’ assemblies have revealed that the crystal packing
greatly influences the solid-state molecular conformations
observed in single-crystals and therefore the metric data and
the solid-state  photophysical properties of these

derivatives.’®*° Taking these aspects into account, indirect
simulations of these packing were performed by constraining
the copper atomic positions in the metallacycles to those of
the X-ray structures. These partially constrained geometry
optimizations lead to Agpt-const(So) @and Bopt.const(So)- The main
structural differences between the full and constrained
geometries are observed within the metallacycle with an
interaction only occurring in the fully optimized structures
between one of the two copper atoms and the carbon atom of
the neighboring cyano groups (Fig. 2d and S31). This leads to
the shortening of the Cu---Cu distances of 0.24 A and 0.19 A
respectively observed in Agp ui(So) and Bogtun(So) compared to
the X-ray structural data.

Yet, these differences between the and
unconstrained geometries affect only moderately the
electronic structures and the Franck Condon (FC) excited
states in both systems (Table S7 and Fig. S32-S33). The lowest
excited states T;-FC and S;-FC are MLCT character for both
systems as it was already pointed out in the previous
communication for B.* Interestingly, no major difference in
the optical properties is calculated between A (mixed arsenic
and phosphorus) and B (only phosphorus) systems. Spin-orbit
coupling between S;-FC and T;-FC is moderate in all cases (6 to
10 cm’l). Therefore, the substitutions of phosphorus by arsenic
atoms do not lead to the strengthening of the calculated SOC
values as it was initially anticipated.‘m_53 The intersystem
crossing is thus susceptible to be similar in both systems.
TD-DFT geometry relaxations of these excited states were
performed. The most important structure features rely in all
systems on the significant shortening of one or two Cu:---Cu
distances (Table S6) and the increased bending of Cu—cyano
angles, leading to less symmetrical rectangular shape of the
metalacyclic backbones. Interestingly enough, the Cu-
pnictogen bonds are hardly affected upon relaxation after
excitation. The main energies and characteristics of these fully
optimized excited states are reported in Table S8. The SOC at
the geometry of T, between T; and S is slightly smaller than
between S; and T4, which leads to a long lifetime for T, if only
spontaneous emission is considered (from 1 to 4 ms, Table S8).
Considering that our calculations are done at 0 K and the level
of theory wused, the agreement between -calculated
phosphorescent and low temperature experimental emission
wavelengths is satisfactory when considering the ground
phases A; and B; luminescence properties (vide supra) as
experimental solid-state phase references.

This set of calculated data reveals, in these Cu(l) polymetallic
assemblies bearing pnictogen ligands, that the substitution of
a phosphorus atom by an arsenic atom does not imply
systematically an alteration of the SOC values. Indeed, if the
electronic density lying on the pnictogen atoms is not implied
in the electronic excitation processes, the impact of the
substitution is inoperant. Importantly, in such situation, the
intermolecular constraints applied on the gross metalacyclic
backbone can induce subtle but noticeable structural
alteration impacting optical changes, that may differentiate
the photophysics of the assemblies regarding the pnictogen

constrained



atom present, in particular in the case of congener species
bearing different crystal packing organizations.

Therefore, the emission properties of such assemblies are
highly related with their molecular environment alteration,
and can probe the application in the solid-state of diverse
external stress offering potential access to attractive stimuli-
sensitive luminescent molecular materials.

Stimuli-sensitive behavior

In a very general point of view, Cu(l) coordination complexes
are endowed with labile and non-directional coordination
spheres. This feature renders the gross conformation of Cu(l)
species very sensitive to external stimuli and, concomitantly,
photophysical properties can be impacted, affording potential
new stimuli responsive multifunctional luminescent materials.
Among the different classes of photochromic materials that
exhibit promising potentials in versatile light emission related
applications, a growing number of stimuli-responsive
luminescent sensors is reported comprising rich thermo-,
mechano-, vapo- or solvato-chromic luminescence properties.
More specifically, mechanochromic luminescent derivatives
constitute a class of chromogenic materials that can reversibly
generate variation of their emission spectra in response to
mechanical external stress, providing a direct visual detection
of the environmental alteration. These optical variations
primarily originate from force-induced transformations of
molecular structure, disruption of structural arrangements
and/or packing modes (molecular conformations and/or
intermolecular interactions) in the solid-state. In the field of
such mechanochromic molecular materials, most of the
systems that have been reported are based on organic dyesso_
68’ go|d69—79 80-86

variety of

or platinum metal-complexes bearing rich
behaviors. the
fascinating structural flexibility and luminescence properties
that can be associated to Cu(l)-based molecular assemblies,
these derivatives carry appealing potential for designing such
stimuli-sensitive material,1 and indeed attractive
mechanochromic luminescent mononuclear or mainly
polynuclear Cu(l) complexes have been reported in the recent
years, 12838434458
The geometrical parameter differences between the crystal
structures of the experimental derivative A and the optimized
phase for the isolated species Agp.s (in vacuum) (Fig. 2d)
suggest that the crystal packing and the
interactions dictate the geometrical configuration adopted by
this tetrametallic assembly in the solid-state crystalline
structure, and concomitantly, the electronic structure, the
relaxed geometries in the excited state and the photophysical
properties. The influence of these intermolecular parameters
in the photophysics of related Cu(l)-based stimuli-sensitive
luminescent polymetallic assemblies were highlighted in
related ‘CugPdy’ assemblies®™ as a consequence of
conformational changes involving non-covalent interaction
alterations upon either grinding or melting of the bulk
crystalline samples leading to emission properties
modifications. Triggered by the TD-DFT calculations’

mechanochromic Regarding

intermolecular

conclusions that have highlighted such structural differences
between the experimental and calculated ground state
discrete structures (Fig. 2d), it can be anticipated that the
photophysical processes lying in the A and B scaffolds should
be impacted upon external constraints that could alter the
crystal packing, affording new luminescent phases. This has
motivated us to study the mechanochromic and thermolysis
responses of solid-state polycrystalline samples of derivative
A. Importantly, derivatives A and B crystallize in different
space groups (respectively monoclinic and triclinic) in spite of
their molecular structure similarities which will allow exploring
the impact of the extended crystal structure organization
differences on the stimuli-sensitive luminescence responses of
such molecular solids.

Mechanical stress. Mechanical grinding of the polycrystalline
powder of the derivatives A and B affords the colorless powder
ground phases A; and B, (Fig. $S12) that do not exhibit under
visible light any eye-perceived change in the solid-state
morphologies regarding the pristine phases. However, if this
grinding is applied at RT under a UV-vis light irradiation of
365 nm, an instantaneous change of the eye-perceived cyan
(A) or blue (B) light emitted is observed, affording eye-
perceived greenish light emission at the places where the
mechanical stress was applied. The infrared spectra of the
phases A; and B; show a broadening and a shift to higher
energy of the v(C=N) band reaching 2126 cm™ and 2121 cm™",
respectively (Fig. 1 and S4-S5). This reveals that structural
alterations are generated in the metalacyclic backbones upon
application of a mechanical stress, and might be attributed to
metallacycle reorganizations leading to alternative conformers
such as those observed in the theoretical study (interactions
between the copper and the carbon atoms of the cyano
bridging units in the geometry optimized ground state
structures (Fig. 2d). The X-ray powder diffraction patterns
conducted on the A, and B, phases, to get insights about the
structural modifications potentially induced by the application
of the mechanical stress on A and B derivatives, show two
broad peaks around 7° and 20° revealing a major
amorphization regarding the original crystalline A and B
phases (Fig. 5 and S8). However, 3pi*H} and *H NMR spectra of
the Ag and Bg phases dissolved in CD,Cl, exhibit the same
chemical shifts as derivatives A and B, respectively (Fig. S1 and
S2). Moreover, the original crystalline phases of A and B are
obtained after recrystallisation of A; and B, from pentane
vapors diffusions in CH,Cl, solutions (as confirmed by the
crystals lattice parameters determination). Finally, the infrared
spectra of these two recrystallized phases are identical with
the initial spectra of phases A and B (Fig. S4 and S5). This set of
measurements highlights that no chemical transformations are
induced as a mechanical grinding is applied.

Solid-state absorption spectra at room temperature of
derivatives A, and B, show a broad band in the UV region
centered at 297 nm and 309 nm, respectively (Fig. S13 and
S14) and their excitation spectrum shows two maxima at
318/372 nm (A,) and at 329/374 nm (B,) (Fig. S15). The room
temperature solid-state emission spectrum of the phase A,
presents a large featureless band centered at 486 nm (Fig. 4



and S17, FWHM =4833 cm'l) upon excitation at 372 nm,
which is significantly red-shifted (Alemaga)= 0.168 eV
(1345 cm'l)) compared to the emission spectrum of derivative
A. Similarly, the room temperature solid-state emission
spectrum of the phase B, is characterized by a large
featureless band with a maximum at 490 nm (A =374 nm,
FWHM = 4257 cm™), which has been red-shifted of Al em(pe-
g =0.123 eV (991 cm™) compared to the emission of B (Fig. 4
and S20). For both phases A; and B, the emission lifetimes at
300 K were treated by a tri-exponential decay affording
71(24%) = 67 us, 15(59%) = 24 us, 13(17%) = 6 ps and 1,(20%) =
66 s, T,(65%) = 26 us, t3(15%) = 7 ps, respectively while RT
EQY reach 47 % (A,) and 74 % (B,). Upon cooling from 300 K to
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80 K, emission profiles of derivatives A; and B; exhibit a
gradual red-shift reaching a green-yellow intense
luminescence centered at 520nm and 515nm at 80K
respectively (compared to 483 nm for A and 475 nm for B),
with emission lifetimes of 348 us (t,(30%)), 167 ps (1,(63%)
and 44 ps (t3(7%)) for A, and 439 ps (14(33%)), 238 s
(12(60%)), 80 ps (t3(7%)) for Bg. The temperature dependent
shift of the solid-state emission spectra of these two phases is
reversible and the greenish luminescence observed at 300 K is

recovered once the samples are warmed up.
Fig. 5 PXRD patterns of derivatives A, A, and A’.

This manual grinding applied on the crystalline solid-state
batches of derivatives A and B induces therefore a major
amorphization of the pristine phases and likely a local release
of the non-covalent interaction networks formed between the
metallacycles, generating multiple species bearing distinct
emission properties.87‘88 However, the observed photophysical
properties of the A;and B, phases (including the red-shift upon
cooling of the single large band in the emission spectra and the
general profile of the temperature dependance of the
observed decay times of the excited states) support a
preservation of the TADF relaxation processes evidenced in the
pristine crystalline phases A and B.

Thermolysis. Thermal gravimetric analysis and differential
thermal analysis (TGA-DTA) under nitrogen flux from RT to
950 °C reveal that compounds A and B decompose at 305 °C

and 350 °C, respectively (Fig. S25 and S28). Beforehand, from
30°Cto 110 °C (A) and from 80 °C to 140 °C (B), a loss of mass
of 3 and 4 %, respectively, takes place, together with
endothermic peaks at 61 °C and 105°C (A) and at 126°C (B)
that are tentatively assigned to the desorption of included
guest solvent molecules and/or adsorbed molecular water
(these derivatives are air-stable and were manipulated under
ambient atmosphere). In addition, at 237 °C for A and 233 °C
for B, an exothermic peak is observed, associated with no mass
variation (Fig. S26 and 29), indicating that these thermal
phenomena do not correspond to a decomposition process.
Then, when heating the samples up to 270 °C and directly
cooling down to RT, no thermal event is observed probing that
an irreversible process occurred (Fig. S26 and 29). The solid-
state infrared spectra of the new phases A’ and B’ present a
single v(C=N) vibration observed at 2129 cm™ and 2126 cm™,
respectively (Fig. 1) shifted to higher frequencies compared to
the values for the initial phases A and B (2118 cm'l). Significant
differences are also highlighted in the powder X-ray diffraction
patterns of the phases A’ and B’ that show markedly different
profiles compared to the native phases A and B, respectively
(Fig. 5 and S8). These observations suggest that the exothermic
peaks observed at 237 °C (A’) and 233 °C (B’) witness a
crystalline phase transition associated with a conformational
change of the molecular architecture of the tetrametallic
metalacyclic backbone of the phases A and B, preserving the
chemical structure of these derivatives, but impacting their
spectroscopic signature, crystalline phases and also likely
photophysical properties. This assumption is confirmed by the
quantitative obtention of single crystals of native phases A and
B, (evidenced by the determination of their unit cell
parameters and infrared spectrum, Fig. S4-S5) from pentane
vapor diffusions within CH,Cl, solutions in which, respectively,
the phases A’ and B’ were dissolved.

The two new phases, denoted A’ and B’, are collected as
polycrystalline white solids with an eye-perceived solid-state
aspect very similar to the initial samples A and B. Under
excitation at 365 nm and 325 nm, the transited solid phases A’
and B’ exhibit a clear-blue eye-perceived emission,
characterized by a large band centered at 462 nm
(FWHM =2345 cm™) and 453 nm (FWHM=3608 cm™),
respectively, very reminiscent of the solid-state luminescence
of A and B at room temperature (Fig. 4 and S18-S21). Yet, their
excitation spectrum at RT is markedly different from the one of
pristine phases A and B, showing two broad bands centered at
327 nm and 365 nm for A’ and at 325 nm and 372 nm for B’
(Fig. S15). In addition, the temperature dependent
photophysical properties of A’ and B’ evidence slight but
significant changes compared to A and B, such as a larger
bathochromic shift in the emission spectra (Fig. 4) upon
cooling from RT to 80 K, with A\¢m(zo0-80) = 0.227 eV (1832 cm’
1) for A’ and AXem(zoo-s0x) = 0.204 eV (1645 cm'l) for B’, while
AXem(zoo-s0) = 0.176 eV (1420 cm'l) for A and Alem(zoo-sok) =
0.151 eV (1219 cm'l) for B. However, examination of the
thermal variation of the decay time of the excited state reveals
similar biexponential lifetime profiles for A’ compared to A, for
which 14(63%) and 1,(37%) are equal to 45 us and 12 us at RT



and reaching 328 ps (33%) and 262 ps (67%) at 80 K (Table 2).
The thermal variation of the decay time of the excited state
recorded for B’ is mono-exponential with values of 52 us at
300 K and 199 ps at 80 K (Table 2). Finally, the values of the
solid-state RT EQY for both phases A’ and B’ are ca. 80 %
(Table 2). The temperature dependent shift of the solid-state
emission spectra of these two phases is reversible and the eye-
perceived blue-colored luminescence observed at 300K is
recovered once the samples are warmed up. Very likely, these
data suggest that the radiative relaxation process assigned to
TADF admixed with phosphorescence lying in the initial phases
A and B are preserved but modulated in the thermally
processed phases A’ and B’.

Remarkably, these thermally transited phases A’ and B’ can
also be formed by heating the amorphous ground phases A,
and B, up to 230°C (see TGA-DTA curves, Fig. $27-530). White
solids whose PXRD diffractograms are similar to those of the
phases A’ and B’ are obtained (Fig. S8-S9), demonstrating that
upon solid-state thermolysis treatment of the amorphous A,
and B, phases, the same crystalline states than obtained from
the pristine A and B phases can be regenerated. This is
confirmed by the IR spectrum of these phases that show the
typical thinner and redshifted L(C=N) bands at 2129 cm™ (A”)
and 2126 cm™ (B’) compared to A, and By, respectively (Fig. S6-
S7).

Conclusions

With the preparation of the new metalacyclic assembly A
based on the mixed arsenic-phosphorus Lyp ligands, we
demonstrated that the synthetic procedure applied to obtain
the derivative B from the phosphorous dppm ligand can be
extended to other ditopic pnictogen-based assembling ligands.
While moderate intramolecular metric data alterations are
determined in the discrete solid-state structure of the
tetrametallic backbone of A compared to those of B, different
extended crystalline packing are observed. Importantly, the
luminescence properties of these two derivatives recorded on
homogeneous polycrystalline powders are comparable, which
is quite unexpected considering the generally admitted
assumption that changing phosphorus atoms coordinated on
the Cu(l) ions by arsenic atoms in similar molecular scaffolds
should induce more efficient radiative relaxation processes as
the SOC values would increase. TD-DFT calculations reveal that
both A and B assemblies present very comparable electronic

structures in which no electronic density lying on the
pnictogen atoms is implied in the electronic excitation
processes, explaining the neglectable impact of the

substitution of the phosphorus centers by arsenic atoms on
the recorded photophysical properties of A compared to B.
Therefore, differences in the solid-state crystal structures may
have in such systems an influence in the luminescence
properties that can be competitive to those of the single atom
SOC values. This questions in general the interpretation of the
photophysical properties of such families of Cu(l) luminescent
assemblies based on different organo-pnictogen ligands. A
thorough analysis of both intramolecular metric data and

intermetallic interaction networks must be conducted since
antagonistic or complement effects may take place, in order to
supplying an in-depth the
luminescence properties generated.

allow rationalization of
The stimuli-sensitivity of such photophysical properties toward
resulting of the
application of external mechanical or thermal stress is also

intermolecular interaction alterations
highlighted. This reveals that upon the preparation of a

specific Cu(l) polymetallic assembly, various luminescent
readily generated, whose photophysical
parameters can greatly vary from a phase to another one (Fig.

S24). Moreover, interconversion of all these species occurs

phases can be

reversibly, giving an access to a family of luminescent sensors
from one pristine derivative. This set of results suggest that
beside the molecular design of specific Cu(l)-based molecular
assemblies bearing targeted luminescence properties, the
consideration of the intermolecular interactions and extended
packing can also lead to the preparation of manifold new
luminescent species, including performant solid-state
luminophores and stimuli-sensitive sensors.
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