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Intramolecular rearrangements guided by adaptive coordination-

driven reactions toward highly luminescent polynuclear Cu(l)

assemblies

Mehdi El Sayed Moussa,? Ali Moustafa Khalil,2 Sloane Evariste,2 Hok-Lai Wong,® Vincent Delmas,? Boris Le Guennic,,
Guillaume Calvez,"2 Karine Costuas,” Vivian Wing-Wah Yam,™ Christophe Lescop*

Adaptive coordination-driven supramolecular chemistry based on conformationally flexible pre-organized luminescent Cu(l) precursors paves the way to

the ready formation of intricate supramolecular scaffold possessing intrinsic luminescence properties. A formal ring extension of a tetrametallic Cu(l)

metallacycle bearing Thermally Activated Delayed Fluorescence (TADF) properties can thus be carried out, affording a new hexametallic Cu(l) metallacycle 1

bearing modulated solid-state TADF properties. Attempts to adapt this ring extension process to the formation of targeted heterometallic Au,Cu, and

Pt,Cug assemblies led to the unexpected and ready formation of the Au,Cus and Pt,Cuy; derivatives 2 and 3, respectively. These outcomes strengthen the

scope and perspectives of adaptive coordination-driven supramolecular chemistry compared to those of conventional coordination-driven supramolecular

chemistry. Indeed, it guides concerted intramolecular fragmentation and redistribution of the particular building blocks used, affording selectively

supramolecular scaffolds of higher nuclearity and complexity. The study of the solid-state photophysical properties of the assemblies 2 and 3 highlights

enhanced and original behaviors, in which the heavy metal spin-orbit coupling values significantly influence the relaxation processes centered on the Cu(l)

metal centers.

Introduction

An intense research activity is currently focused on the
synthesis and study of advanced supramolecular architectures
and
coordination-driven

bearing increased  structural complexity
functionalities. To this end,
supramolecular (CDS) chemistry2 offers a largely used
synthetic tool to build such assemblies. This bottom-up
approach uses robust, reversible and directional metal-to-
ligand coordinative bonds to selectively build intricate metallo-
supramolecular architectures.

Importantly, among the manifold functionalities that have
been embedded into CDS assemblies, luminescence has been
seldom investigated3'4 and the potential of light-emitting CDS
derivatives remains mostly unexplored. In most of the studies
conducted so far in this field, the emission behaviors observed

new
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in CDS assemblies are either due to the intrinsic fluorescence
properties of the m-conjugated multitopic linkers® or to those
of the heavy metals (Pt(ll), Re(l), Ir(lll), Au(l), Pd(ll) or Ru(ll)
ions)* based phosphorescent building blocks used. Cu(l)
coordination complexes currently witness a great attention
because of the fascinating photophysical properties they can
exhibit.”> These emission behaviors are characterized by the
large diversity of the radiative relaxation processes involved
but a rising attention is paid to derivatives exhibiting Thermally
Activated Delayed Fluorescence (TADF).S‘6 In such complexes,
thermally activated population of the lowest energy excited
singlet state (S;) from the lowest energy triplet excited state
(Ty) occurs, inducing efficient radiative relaxation to the
ground state and room temperature solid-state luminescence
properties.

Yet, to date, the attractiveness of Cu(l) TADF luminescent
precursors acting as pre-organized building blocks to conduct
general CDS syntheses toward emissive coordination-driven
supramolecular assemblies remains to be evaluated. Indeed, it
is commonly accepted that the Cu(l) ion presents a labile and
fluxional coordination sphere that is a priori not sufficiently
directional to allow one to conduct such selective CDS
synthetic processes. In this context, we have recently shown
that this limitation can be overcome using pre-assembled Cu(l)
bimetallic molecular clips bearing short intermetallic distances,
allowing the general and versatile CDS preparation of a large
family of stacked supramolecular assemblies.”” We have



Scheme 1 Synthetic scheme of the adaptive CDS preparation
of the one-dimensional helicoidal coordination polymer B and
the discrete CugM; supramolecular assemblies Cy from
precursor A

recently extended this CDS approach to the use of a pre-
assembled TADF Cu(l) precursor, the tetrametallic metallacycle
A affording the first adaptive CDS preparations of
polymetallic Cu(l) supramolecular assemblies (Scheme 1)
bearing various architectures and intrinsic solid-state
luminescent properties.7b

Herein, we first report that this adaptive CDS approach can be
extended to the reaction of A with CuCN, acting as an
alternative cyano-based precursor, to allow isolation of a new
highly luminescent hexametallic Cu(l) assembly 1 via a formal
inorganic ring extension process. More importantly,
considering such outcome, we have been prompted to
conduct CDS reaction between the pre-assembled bimetallic
precursor [Cu,(zn-dppm,)(CH3CN),4](PFg), with K[AuCN,] and
K,[PtCN,4] building blocks. Unprecedented highly luminescent
multimetallic Cu,pAu, derivative 2 and Cu,,Pt, derivative 3
were obtained respectively via a one-step reaction self-
assembly processes. The selective formation of these intricate
supramolecular assemblies can be rationalized as resulting
from concerted rearrangement of the building blocks guided
by adaptive CDS processes. These results suggest that adaptive
CDS syntheses can direct unprecedented single-step syntheses
toward polymetallic species having unique structural and
luminescence properties.

Results and discussion

Adaptive CDS preparation of the Cug metallacycle 1

In a first step, in order to study whether the adaptive CDS
processes conducted from A (Scheme 1)7b could be extended
to other cyano-based building blocks, A was reacted with CuCN
in a 1:2 ratio (Fig. 1). As the colorless CH,Cl, solution of the
metallacycle A was mixed under air at room temperature (RT)
with a methanol solution of CuCN, neither color changes nor
precipitates were observed.® The 31P{lH} NMR spectra of the
mother solution recorded in CD,Cl, reveals one broad
multiplet centered at 8 = —11.0 ppm showing no significant
shift compared to the signals observed for A (two broad
singlets at 8 = —8.5 ppm and —10.5 ppm).”® These solution data

suggest that the putative reaction of CuCN with A induces
minimal molecular reorganization in the new species
eventually formed, which would still be based on [Cu,(s-
dppm),] units. As pentane vapors were diffused into the
mother solution for one week, a mixture of two kinds of
colorless single crystals was obtained. These crystals are hardly
distinguishable under visible light but it was possible to
separate them manually under UV irradiation (Ao = 365 nm)
since they display markedly different eye-perceived intense
blue or green solid-state RT luminescence. X-ray diffraction
studies® performed at low temperature on single crystals
revealed that the solid-state blue luminophore is the precursor
A while the solid-state green luminophore
hexametallic Cu(l) metallacycle 1 (Fig. 1). The derivative 1
could be collected pure after careful manual separation with a
yield of ca. 20 %.% The asymmetric unit of the new derivative 1
contains one half of a dicationic [Cu6(CN)4dppm4]Z+ discrete
assembly, one hexafluorophosphate counter-anion and two
disordered CH,Cl, solvent molecules. In this Cug metallacycle 1,
two peripheral [Cuz(yz—dppm)2]2+ fragments are connected by
two almost linear NC-Cuj,,e-CN moieties’ (C-CUjpper-C =
177.48(15)°), leading to a planar ‘CugCN, diamond-shape
metallacycle (maximum deviation from the mean plane, 0.05
A, Fig. 1a). The metric parameters of the [Cuz(yz—dppm)zlz+
units are very similar to those observed in the solid-state
structure of A with, in particular comparable intermetallic
distances (2.8806(8) A in 1; 2.8669(6) A in A) relevant for
cuprophilic interactions. Conversely, inner Cu(l) metal centers
belonging to the NC-Cuj,n.-CN connecting moieties are
separated by ca. 3.78 A which is too large for metallophilic
interactions. Importantly, in the crystal packing, neighboring
metallacycles are found to be closely interconnected with
short contact interactions observed between the Cu;,,. metal
centers, the cyano fragments and the phenyl rings of the
neighboring discrete assemblies (d < 2.8 A, Fig. 1b).
Temperature-dependent X-ray diffraction studies were
performed on the same single crystal of 1 at 25 K intervals
from 100 K to 250 K. These measurements reveal a progressive
and moderate shrinkage of the unit cell volume upon cooling,
from 6007(2) A® (250 K) to 5791.8(4) A® (100 K) (ca. 3.7% of
volume contraction). This volume contraction mostly affects
the relative molecular arrangement between the PFg counter-
anions, the included solvent molecules and the peripheral
dppm phenyl rings. Along these measurements, a very slight
alteration of the metric parameters around the metal centres
in this Cug metallacycle is observed: the [Cuz(yz—dppm)z]2+
intermetallic distances presented a 1.2% of length contraction
(from 2.9083(11) A at 250 K to 2.8806(8) A at 100 K) while the
inner intermetallic distance bears a 0.7 % of length contraction
(from 3.797(12) A at 250 K to 3.769(9) A at 100 K). Notably,
similar to what was observed in the temperature dependence
of solid-state X ray structure of the precursor A,”? the whole
dimension and shape of the metallacyle are kept unchanged
(Table S4). Therefore, the

is a new



Fig. 1. a) Syntheses of the derivative 1 and comparative views
of the X-ray crystal structures of A (top view) and 1 (top view
and lateral simplified view; counteranions, H atoms and
solvent molecules have been omitted for clarity; location of
the C and N atoms of the cyano ligands has been chosen
arbitrarily). b) View of the short contact intermolecular
interactions (shown with dotted lines in the green ellipses)
observed between neighboring imbricated metallacycles in the
crystal structure.

thermochromic luminescence (vide infra) observed for the
derivative 1 cannot be interpreted based on a temperature-
dependence of its ground state molecular arrangement.
Crystalline samples of 1 display at 300 K an eye-perceived
intense green luminescence upon excitation at 365 nm (Fig. 2).
This corresponds to a broad and featureless emission band
with an emission maximum A, at 490 nm, a monoexponential
emissive lifetime t of 80 pus and an emission quantum yield
(EQY) that reaches 80 %. Upon cooling, the emission spectrum
of derivative 1 presents a gradual red-shift of the emission
band observed, affording an intense solid-state eye-perceived
yellowish luminescence at low temperature (Fig. 2: A = 522
nm at 80 K and t =365 ps). Upon heating up from RT to 363 K,
very moderate thermal variations of both the emission
spectrum (Fig. S17) and the lifetime are observed, reaching a
plateau region at ca. 330 K with Ae, = 487 nm (Akem sok/3e3k =
0.132 eV / 1065 cm'l) and 7=57 us. Such emission behavior is
typical of Cu(l) derivatives showing thermally activated
delayed fluorescence (TADF).>*® By fitting the thermal
evolution of T to the Boltzmann-type equation S1 in SI, the
values of AE(S;-T;) = 1023 em™ 7(S1) = 325 ns and #(T,) = 352
us could be obtained (Fig. 3a). Despite this set of values being
significantly different from those obtained for the tetrametallic
precursor A (AE(S;-T;1) = 1560 cm™, 7(S1) = 10 ns and #(T;) =
185 ps),7a both can be accounted for TADF processes.

In order to get more insights in the energetics and emission
properties of 1, a DFT / TD-DFT computational study was
performed (see S| for computational details). The high
computational cost needed for full excited states
investigations prevents us to use larger atomic basis sets. First,
a conformational computational study was performed,
indicating that the arrangement presented in Fig. 1, bearing
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Fig. 2. a) Normalized solid-state emission spectra of 1 at
temperatures between 80 K and 300 K upon excitation at 365
nm, the black arrow shows the direction of the thermochromic
shift of the solid-state emission spectra observed upon
cooling; b) plot of emission decay lifetime against temperature
(80 K to 363 K); The red line represents the fit according to the
TADF Boltzmann-type Equation S1.

Cu-N=C-Cu;pne-C=N-Cu fragments, is the most probable isomer
(see Sl and Scheme S1) that will be used for the computational
investigation.The main results obtained for the ground state 1-
Sp and its lowest singlet and triplet relaxed excited states (1-S,
and 1-T,, x = 1 - 3) are summarized in Fig. 3b and Tables S5 and
S6. The DFT optimized geometry of S, compares well with the
experimental  X-ray  structure  with [Cuz(yz—dppm)zl2+
intermetallic distances of 2.854 A (exp.: 2.8806(8) A) and
CUjnner ClUinner  CONtact of 3.84 A (exp.: 3.78 A). TD-DFT
calculations reveal that the first singlet-singlet electronic
vertical excitation consists of an electronic density transfer
mainly from the close surrounding of the Cu atoms of the
[Cuz(/,tz—dppm)z]Z+ moieties to the interstitial Cu-Cu region, and
to a lesser extent, to the CN bridges and phosphorus atoms of
the dppm ligands (see Fig. S26). This mainly induces a
strengthening of the Cu-Cu interaction. Interestingly, geometry
relaxation following this excitation leads to a symmetry
lowering in which only one of the two Cu-Cu distances in
[Cu,(t-dppm),] is shortened (2.592 A) whereas the other one
is mildly lengthened (2.903 A). These changes are associated
with a translation between the Cu-NC-Cu;,,.~CN-Cu segments
which lead to a more rectangular shape of the metallacycle
(Fig. 3). The central CuUjyner CUinner SEParation is concomitantly
enlarged (3.975 A). Similar changes are also calculated for the
close energy-lying excited states 1-S,, 1-S; and for the first
triplet states 1-T;. Interestingly for the latter, additional
expansion of the metallacycle with a Cujpner "CUinner S€Paration
of 4.181 A is observed. Contrary to the translational motion
that leads to a more rectangular metallacycle that is observed
for the first singlet excited states, this expansion is expected to
be hampered by crystal packing. Indeed, as shown in Fig. 1b,
short intermolecular contacts are observed between the Cuj,ner
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and cyano fragments with the phenyl rings of the neighboring
metallacycle (d < 2.8 A). To take into account these solid-state
environment hindrances, a constrained geometry optimization
was performed for the first triplet state restraining the
CUinner ‘CUinner €longation to not exceed the one found in 1-S;.
This constrained optimization gave rise to the system 1-Ti_¢onst
(see Fig. 3 and Tables S5 and S6). The emission energies
calculated from these relaxed excited state structures nicely
explain the experimental optical measurements. Indeed, the
calculated wavelength of fluorescence (from 1-S;) (496 nm)
agrees well with the emission maximum measured at 300 K
(490 nm, Fig. 2a). At low temperature (80 K), the experimental
wavelength is at 522 nm and the emission lifetime is indicative
of a phosphorescence process (Fig. 2). The calculated emission
wavelength of 1-Ti o IS at 514 nm. The discrepancies
between experimental and calculated emission energies is of
ca. 0.04 eV which is in line with the level of theory used. The
calculated total energy differences between 1-S; and the first
excited triplet states 1-T; and 1-T, g are of 533 em™ and
1703 cm™
extracted from the fit of the experimental lifetime dependence

respectively. The intermediate value of 1023 em™

toward temperature suggests that indeed 1-T,_.,, adopts very
likely a conformation in the solid-state in which the
metallacycle expands moderately as a result of intermolecular
steric hindrance constraints. All in all, these computational
results support a TADF process for 1 (see Fig. 3a). The
moderate values of calculated spin-orbit coupling energies
given in Table S7 are slightly larger than those determined for
A’ and are in agreement with a competition between Inter-
System Crossing (ISC)/Reverse Inter-System Crossing (RISC)
and thermal population of S; from T;. Moreover, the strong

similarities between the geometries of S; and T, give further
support to the TADF process.

As previously suggested for the formation of derivatives B and
Cwv (Scheme 1),7b the synthesis of the hexametallic species 1
can be explained by considering the reversible dissociation of
the tetrametallic A derivative in two coordinatively
unsaturated reactive Cu(l) dimers A’ in the adaptive CDS
process. In the present case, CuCN moieties can be
coordinated to A’ and the resulting fragments subsequently re-
associate resulting in-fine in a formal inorganic ring extension.
Importantly, despite several attempts to optimize the reaction
conditions, the selective preparation of the derivative 1 was
not successful, converse to what was observed in the
preparation of B and Cy,.

Instead, similar mixtures of crystals of A and 1 were always
collected. Considering the similarities observed in the crystal
structures of A and 1 (Fig. 1), it is very likely that the
thermodynamic stabilization of 1 toward A is not sufficient to
promote a displacement of the equilibria toward a
quantitative formation of 1.%° Interestingly, a similar situation
was reported by Koshevoy et al. in the preparation of zig-zag
one-dimensional polymers bearing either LCu(l)-CN-Cu(l)L or
LCu(l)-CN-Cu(l)-CN-Cu(l)L  linear fragments (L = 1,2-
bis(diphenyl phosphino)benzene).11 Importantly, the formation
of 1 confirms the reversible dissociative mechanism of A
suggested,7b which can explain the adaptive CDS syntheses
conducted from this luminescent building block.



Syntheses of the Cu,,Au, derivative 2 and of the Cu,,Pt,
derivative 3

Considering that the inner intermetallic distance observed in
assembly 1 (ca. 3.78 A) lies in the upper limit of those usually
accepted for stabilizing Au(l)-Au(l) interactions,” we
anticipated that a replacement of the inner linear Cu(l) metal
centers by Au(l) ions could promote a displacement of solution
equilibria toward the selective synthesis of a new compact
hexametallic assembly. A ‘CusAu,’” complex 2’ would result
(Scheme 2) associating within one compound the original
photophysical properties of TADF Cu(l) centers and those of
Au(l) metal ions involved in aurophillic interactions. Inspired by
previous CDS syntheses of related compact ‘Cu,Au,’ species
resulting from the reaction of a rigid ‘U-shape’ Cu(l) bimetallic
clips with K[Au(CN)z],Zf’13 we choose to react the pre-
assembled bimetallic Cu(l) complex [Cu,(dppm),-
(CH3CN),](PFg), (D) with K[AU(CN),] (Scheme 2). In addition,
precursor D was also reacted with K,[Pt(CN),] to explore
whether stabilizing lateral Pt(I1)-Pt(Il) metal-metal
interactions™ could also drive the preparation of new ‘CugPt,’
compact three-dimensional luminescent assemblies 3’
(Scheme 2) bearing both TADF Cu(l) metal centers and Pt(ll)-
Pt(Il) metal-metal interactions.™

Colorless CH,Cl, solutions of in-situ prepared derivative D were
thus mixed under air at RT in 1:1 ratio with, respectively, 10:1
water/acetonitrile solution of K[Au(CN),] and methanol
solution of K,[Pt(CN),]. 31P{lH} NMR spectra of the resulting
clear colorless solutions showed, respectively, four broad
singlets centered at ca. —14.5, +30.4, +34.4 and +37.0 ppm and
a broad multiplet between —21.0 and —12.0 ppm accompanied
by a doublet centered at +3.0 ppm with satellites
corresponding to 1Jp,pt = 2590 Hz. These spectroscopic data
suggest that reactions occurred in both cases since the typical
signal of unreacted precursor D (—8.9 ppm)15 was not
observed. Yet, the downfield shifted signals observed in each
spectrum are very intriguing considering the targeted
supramolecular assemblies. Indeed, it is not expected to
observe such sets of signals if all the [Cuz(yz—dppm)z]2+
fragments are preserved in these reactions. Pentane vapor
diffusions in the organic mother solutions allowed the isolation
of derivatives 2 and 3 as colorless needles single crystals, in 83
% and 87 % yields respectively.8 Solid-state infrared spectrum
shows for both compounds the presence of different cyano
groups coordinated on the metal centers (v(C=N), 2: 2124,
2149 cm™; 3: 2121, 2137 cm™). In agreement with the *'P{*H}
NMR spectra, these data suggest that derivatives 2 and 3 have
gross molecular structures that are significantly different and
less symmetrical than those of the targeted Cu,Au, (2’) and
CugPt, (3’) compounds (Scheme 2). The molecular structures of
the derivatives 2 and 3 were established by X-ray diffraction
studies revealing the unprecedented and unexpected
formation of ‘CujpAu,” (2) and ‘Cuq.Pt) (3) discrete
supramolecular assemblies. The asymmetric unit of 2 contains
one ‘CujpAu,’ dicationic discrete assembly, two PFg anions
and twelve CH,Cl, solvent molecules.

2 g 4 4 PFg
—22PFg
D — 2+ 2PFg
. i LR
L
s AUCN, QL +PtCN,> *
L
L=CH,CN
—2%2PFs . SR

O =cut) O =Au()

@ =Pt(ll) w—=CN-

Scheme 2 Molecular schematic backbones of the initially
targeted assemblies 2’ and 3’ and syntheses of the derivatives
2 and 3.

In the polymetallic derivative 2 (Fig. 4), four peripheral [Cu,(z,-
dppm)Z]2+ moieties lie on the corners of a ‘CugAu,’ rectangular-
shaped metallacyclic unit. These [Cuz(yz—dppm)z]z+ moieties
are connected two by two by one CN’ linker® acting in a linear
Hr-coordination mode. The resulting two ‘[Cu,(u,-dppm),-CN-
Cu,(u,-dppm),]’ fragments are bridged by two almost linear
NC-Au-CN ditopic fragments (C-Au-C, ca 175°), forming
therefore the ‘CugAu,’ metallacyclic unit. In addition, each of
the four [Cuz(yz—dppm)2]2+ moieties is also coordinated to a y-
cyano ligand that connects the bimetallic units of these four
peripheral [Cuz(/,tz—dppm)z]2+ moieties to a central [Cu,(dppm)]
fragment. A ‘CuypAu,(CN)yy’ inorganic core (Fig. 4) is thus
formed, having an almost planar discoidal shape (maximum
deviation from the mean plane, 0.8 A). The intermetallic
peripheral Cu(l) distances range from ca. 2.9 A to 3.0 A which
is the upper limit of Cu(l)-Cu(l) distances relevant for
cuprophilic interactions. Conversely, the intermetallic central
Cu-Cu and the Au-Au distances, respectively above, 4.5 A and
11.1 A, are too large for metallophilic interactions. The
asymmetric unit of 3 contains one half of a ‘Cuy4,Pt,’ tricationic
assembly, 1.5 PF¢~ anions and twelve CH,Cl, solvent molecules.
Similarly to what is observed in the derivative 2, a ‘CugPt,’
rectangular-shaped metallacyclic sub-unit (Fig. 5a) can be
firstly defined in which four [Cuz(yz—dppm)2]2+ moieties are
connected either by CN~ linkers, or linear NC-Pt-CN
fragments.9 These Pt(ll) metal ions’ coordination sphere is
square planar, being completed by a connection to an almost
linear central NC-Cu-CN fragment (C-Cu-C, 177.1(3)°) that
bridges these two Pt(ll) metal centers, and by a phosphorus
atom of a dppm ligand acting as a 1kP:2kP chelate on an
unexpected Pt(l1)-Cu(l) heterometallic dimer. Finally, the Cu(l)



Fig. 4. General views and simplified 'top' and side views of
molecular X-ray structure of derivative 2 (counter-anions, H
atoms, solvent molecules and phenyl rings of the dppm ligands
in the simplified views have been omitted for clarity; location
of the C and N atoms of the cyano ligands has been chosen
arbitrarily except for the Au(CN), fragments).

centers of the peripheral [Cuz(,uz—dppm)z]2+ moieties have their
coordination sphere completed by z;-cyano ligands belonging
to two distorted square planar Pt(CN), units. The two other
cyano moities of these Pt(CN), fragments act as s linkers to
connect these Pt(ll) centers to the distorted trigonal planar
Cu(l) metal atom of the Pt(ll)-Cu(l) heterobimetallic units. As a
result, a ‘Cuy4Pt,dppm;o(CN),6" inorganic core (Fig. 5) having a
unique “basket with handle” shape is formed. The peripheral
Cu(l)-Cu(l) and the intermetallic Pt(ll)-Cu(l) distances are,
respectively, from ca. 3.0 A to 3.2 A and ca. 2.95 A. No
intermetallic Pt(Il)-Pt(ll) short distances are observed (d(Pt-Pt)
> 5.6 A). Considering the solid-state crystal packing, while no
specific intermolecular interactions are observed in the case of
compound 2, a remarkable extended non-covalent network is
built upon the crystallisation of 3. Indeed, these large
polymetallic species (ca 28 A X 28 A X 17.2 A) first self-
aggregates through strong and cumulative m-m and 7w-CH
interactions in cyclic trimers (Fig. 5b). Then these trimeric units
would arrange in the bulk crystalline solid due to additional 7t-
n, m-CH and anion-m interactions leading to a three-
dimensional network in which large hexagonal channels (Fig.
5b, cross-section ca. 28 A X 28 A) filled by solvent molecules
and anions are observed. Solid-state samples of 2 and 3 display
intense luminescence properties at room temperature.
Crystalline samples of the ‘Cu;gAu,’ derivative 2 and the
‘Cuy,Pt,” derivative 3 display at 300 K, respectively (Fig. 6), an
eye-perceived yellowish luminescence (2: Ay = 520 nm with
Aex = 330 nm) and cyan luminescence (3: Amax = 492 nm
with A, = 350 nm). These emission spectra are characterized
by a broad and featureless band (Fig.s 6 and 7). For derivative
2, a bi-exponential decay time of ca. 1, =6 us and 1, =17 us is
measured together with an EQY of 70%. For compound 3, the
emission decay is mono-exponential with T = 11 us and an EQY
of 63 %. Upon cooling from 300 K to 80 K under excitation at
330 nm, an hypsochromic shift of the emission spectra of 2 is
observed (Fig. 6a), leading to a broad band with an emission
maximum of 503 nm at 80 K (AXem gok/300¢ = 0.08 eV / 651 cm’l)
associated with an intense solid-state visually-perceived
turquoise luminescence. Concomitantly, the emission decay

remains bi-exponential and increases continually, reaching 12
us for 1, and 58 us for 1, at 80 K (Fig. 6b). Concerning
compound 3, the emission spectra exhibit a different behavior.
With excitation at 385 nm, a progressive red-shift associated
with the intense solid-state green-yellow luminescence at low
temperature is observed (Fig. 6b, A, = 505 nm at 80 K (Ahem
sok/300k = 0.065 eV / 524 cm™)). The emission decay remains
mono-exponential and increases almost linearly reaching the
value of T = 25 pus at 80 K.

Taking into account the large size of the molecules and the
large influence of the solid-state packing on the geometry of
such self-assembled structures (as witnessed by the analysis of
the photophysical properties of 1 (vide infra), it is not possible
to conduct full DFT geometry optimization of the excited states
to get deep insights into the electronic origins of these
different photophysical properties. Nevertheless, it is possible
to state that the temperature dependences of the
photophysical properties in 2 are suggestive of the lack of a
TADF mechanism. The shift to the blue of emission maxima
upon temperature variation is indeed not consistent with such
a photophysical process. In general, a narrowing of the
emission band width with decreasing temperature is observed,
in line with the lower accessibility of higher vibrational states
at low temperature. The blue shift at low temperature is also
in agreement with the rigidochromic effect resulting from the
increased rigidity at low temperature, leading to a smaller
excited state distortion. Notably, such emission behavior
resembles the luminescence properties observed for the
helical compound B (Scheme 1),6b for which the RT emission
band was assigned to Cu(l) metal- perturbed dppm ligand-
centered phosphorescence and the higher-energy emission
band at low temperature to a metal-to-ligand charge transfer
(MLCT) [do*(Cu)— mt*(CN)/ n*(dppm)] state with mixing of a
copper-centered d-s/d-p excited states. Thermal variation of
the bi-exponential decay times 71 and 72 also support the
assumption of multiple emission processes but the values
determined, in particular at RT are too short for purely
phosphorescence processes. Very likely, despite no aurophilic
interactions are observed in the solid-state structure of 2, the
Au(l) atoms would have an influence on the photophysical
processes in derivative 2. As previously observed in the case of
the emission behavior of Cp, (Scheme 1), a minor but
significant electron density located on the Au(l) metal centers
in the excited states would be sufficient to promote
enhancement of the spin-orbit coupling components in the
whole radiative processes, due to the contribution of the high
spin-orbit coupling constant of the Au(l) ions. This would
account for the relatively short emission decay times
associated to radiative processes mostly centered on the Cu(l)
ions. Regarding the photophysical properties of derivative 3,
while the bathochromic shift of its emission spectra upon
temperature cooling resembles those typically described for
Cu(l) TADF derivatives, the linear profile and the relatively
short values associated with the temperature variation of the
emission decay time do not support a pure TADF mechanism.



Fig. 5. a) General views and simplified 'top' and side views of molecular X-ray structures of derivative 3 (counteranions, H atomes,
solvent molecules and phenyl rings of the dppm ligands in the simplified views have been omitted for clarity; location of the C
and N atoms of the cyano ligands has been chosen arbitrarily except for the Pt(CN), fragments, x = 3 or 4); b) Solid-state

organization observed in the single crystals of the derivative 3.
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Fig. 6. a) Normalized solid-state emission spectra of 2 at
temperatures between 80 K and 300 K upon excitation at 330
nm (the black arrow shows the direction of the thermochromic
shift of the solid-state emission spectra observed upon
cooling); b) plots of emission decay lifetimes against
temperature (80 K to 300 K, red dots for the long component
and black dots for the short component).

The profile and absence of plateaus in the thermal variation of
the emission decay time forbid application of a meaningful
TADF fit. Similarly to 2, the complexity of the polymetallic
supramolecular architecture observed in 3 suggests the
possibility of a temperature dependent competition of several
deactivation processes arising from multiple Cu(l) sites. A
contribution of the Pt(ll) ions via their high spin-orbit coupling
constants is also likely to occur. As observed for the related
‘CugPt;” compound Cpt7b and for 2, it would induce an
enhancement of the non-radiative and radiative processes
in 3 resulting
competition between ISC to give phosphorescence and RISC to
give TADF. Importantly, the RT EQY of 3 (63 %) presents a
remarkable enhancement compared to Cpt7b (18 %). The origin

arising from singlet excited states in a

of such an increase is not straightforward to assign but is likely
to be related with a higher extent of the interactions between

the Cu(l) and Pt(ll) metal centers (including the ‘PtCu(zs,-
dppm)’ heterodimer in 3). All in all, these photophysical data
highlight that the high structural complexity observed in 2 and
3 is accompanied with the observation of unusual and
enhanced solid-state luminescence properties. The large
discrepancy observed between the targeted supramolecular
structures 2’ and 3’ (Scheme 2) and those of 2 and 3,
selectively and reproducibly obtained, raises the question of
the self-assembly processes that are implemented in their
formation. Along these syntheses, the [Cuz(,uz-dppm)z]2+ unit
keeps its unique flexibility (modulation of the intermetallic
distances and the coordination bite angle of the chelating
dppm ligands) allowing one to conduct adaptive
supramolecular syntheses as observed for the preparation of B
and Cy, (Scheme 1).
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Fig. 7. a) Normalized solid-state emission spectra of 3 at
temperatures between 77 K and 300 K upon excitation at 385
nm (the black arrow shows the direction of the thermochromic
shift of the solid-state emission spectra observed upon
cooling); b) plot of emission decay against
temperature (80 K to 300 K).
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Nevertheless, the scope of the self-assembly processes goes
further, highlighting new aspects of adaptive CDS processes.
While in conventional CDS,3 initial building blocks’ cores are
preserved within the self-assembled structures, concerted
dissociation of some cyano-based precursors and [Cu,(z,-
dppm)2]2+ fragments must occur at RT in both syntheses to
yield the unprecedented supramolecular backbones of 2 and 3.
It is important to stress that the targeted assembly 2’ (Scheme
2) has a gross supramolecular architecture that is a priori
accessible using CDS as proved by the previously reported
preparation of ‘CusAu,” compact metallacycles from the
reaction of the rigid U-shape Cu(l) bimetallic molecular clip and
K[Au(CN)z].13 The conformational flexibility of the [Cuy(g,-
dppm)2]2+ unit offers thus a straightforward access to a higher
nuclearity supramolecular scaffold. Moreover, the outcomes
of the reaction of K,[Pt(CN),] with the pre-assembled
precursor A (Scheme 1) or D (Scheme 2) are different
affording, respectively, the ‘CugPt;’ Cpt7b (Scheme 1) and the
‘Cuyq4Pt,’ 3 derivatives. This allows excluding a full dissociation
of the building blocks in the reaction conditions. Indeed, in
such a situation, free cyano and dppm Iigands16 would be
present in solution, leading to mixtures of self-assembled
species (including A, Cpyand 3) in equilibrium. It is not expected
that such equilibrium would afford selective preparation of the
different derivatives Cp; or 3, depending on the reaction of the
Cu(l) precursor (A or D) with KZ[Pt(CN)‘,].17 Therefore it is very
likely  that concerted post-assembly  intramolecular
rearrangements would occur, and guided the adaptive CDS
processes that can be conducted from the [Cuz(yz—dppm)z]2+
unit to allow the selective preparation of the unprecedented
scaffolds of 2 and 3.

Conclusions

Adaptive CDS syntheses conducted from Cu(l) bimetallic
precursors give a straightforward access to unprecedented
polymetallic derivatives bearing attractive solid-state
luminescence properties. Regarding the originality and the
complexity of the supramolecular architectures obtained in
these one-step syntheses from simple and commercially
available building blocks, this new and alternative approach
opens appealing and general perspectives in the preparation
of innovative supramolecular scaffolds embedded with
luminescence properties. Indeed, an overwhelming effort is
currently devoted to the preparation of new multitopic organic
ligands of various sizes, connectivities and functionalities to
allow the preparation of advanced CDS architectures. A
limiting counterpart that such trend in modern CDS implies is a
pronounced tendency of ever-increasing complexity of the
assembling ligand scaffolds. Eventually, this transposes to the
overall molecular design of the targeted supramolecular
architectures constraints and limitations of standard multistep
synthetic chemistry that supramolecular self-assembling
synthetic concepts somehow initially offered to overcome. The
use of conformationally flexible Cu(l) polymetallic pre-
assembled building blocks offers therefore an easy and
alternative access for the preparation of unprecedented

supramolecular architectures, that sets markedly apart from
other innovative synthetic approaches related to CDS
chemistry the subcomponent self-assembly
approach.18

Our results reveal that the typical features of the coordination
chemistry of Cu(l) ion (labile, flexible and low-directional
coordination spheres) that were initially regarded as being
strongly restrictive for the use of this ion in CDS chemistry turn
out to be very valuable to conduct successfully the
reported syntheses. Due to a suitable
molecular design of pre-assembled Cu(l) polymetallic building
blocks, these limitations not only can be circumvented but also
can be exploited to pave the way for innovative adaptative
CDS processes. Obviously, another key factor in these
reactions is the use of cyano-based precursors whose general
labile coordination behavior™ also promotes such concerted
processes. Therefore, appropriate choice of the building blocks
involved in adaptive CDS syntheses carries a great importance
in order to probe, understand and extend the scope of this
alternative synthetic approach.

Lastly but not the least, due to the versatile intrinsic
photophysical properties of Cu(l) metal centers (including
TADF behaviors), these new supramolecular syntheses
prospects also allow one to draw great perspectives in the
ready design of innovative inexpensive luminescent
supramolecular compounds. Indeed, our results show that the
photophysical performances of the luminescent Cu(l) building
blocks embedded within intricate CDS assemblies can benefit
from different valuable features: Cu(l) metal centers present in
polycyclic supramolecular scaffolds having constrained
geometries are associated with significantly reduced possibility
of structural re-organization of their coordination sphere in
the excited states. Therefore the non-radiative deactivation
pathways that can be highly detrimental for the photophysical
performances of Cu(l) coordination complexes are here greatly
minimized. Moreover, the possibility of easily associating Cu(l)
ions with heavy metal centers bearing high spin-orbit coupling
constants more efficient deactivation
pathways, revealing an original ‘heavy atom effect’ to promote
Cu(l)-based
luminophores. A general entry to new photoluminescent
compounds having a large diversity of unconventional
photophysical behaviors is therefore offered by this new
adaptive CDS synthetic approach.
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