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Luminescent vapochromic single crystal to single crystal transition in one-
dimensional coordination polymer featuring the first Cu(l) dimer bridged by an aqua
ligand.

Sloane Evariste, Ali Moustafa Khalil, Sebastien Kerneis, Chendong Xu, Guillaume Calvez,* Karine Costuas* and Christophe
Lescop*

The reaction of the pre-assembled bimetallic Cu(l) [Cuz(,uz-dppm)z]2+ fragment with the ligand 1,4-dicyanobenzene B, in non-distillated CH,Cl, allows the
characterisation of an unexpected one-dimensional coordination polymer D, while no reaction occurs when dry CH,Cl, is used as solvent. X-ray crystal
structure resolution performed on air-stable single crystals of D reveals that this coordination polymer contains the first-ever reported bridging aqua ligand
coordinated on Cu(l) bimetallic units connected by By ligands within zig-zag chains. Consequently, D can be obtained in a very good yield when the synthesis
is conducted in dry CH,Cl, in which water is added as reactant in excess. In the solid state at room temperature under UV lamp excitation, D present a blue-
cyan eye-perceived luminescence that contrats with the green-yellow eye-perceived luminescence emitted by the single crystals of D in the crystallisation
solution. Related to this property, a reversible luminescent vapochromic behaviour is highlighted upon exposure of dry single crystals of D to vapors of
CH,Cl,, EtOH, CH3NO, and THF solvents. X-ray crystal structure resolution analysis revealed that this vapochromic response occurs via single crystal to single
crystal transitions along which the volatile solvent molecules are uptake in the very low porous dry single crystals of D, leading to the formation of one-
dimensionnal channels of included solvent molecules that are mobile in the crystalline solids at room temperature. Detailed temperature dependent
photophysical studies suggest that this mobility impacts the relaxation processes within these molecular solids, originating these luminescence vapochromic
effects. They also highlight the complexity of the relaxation processes that can take place in such heteroleptic polymetallic Cu(l) supramolecular assemblies
that, in contrast, are based on highly easy, affordable and quick synthetic procedure

remarkably few stable Cu(l) complexes described in which the

Introduction metal center is coordinated to a terminal aqua Iigand.4 Herein,
The design and the study of luminescent material based on _onni
coordination metal complexes attract a great attention due to B o*
the manifold fields of application that these derivatives can A |2+ 2PFg s b
address.” In this field, Cu(l) coordination complexes supply a 3{ dry CH,Cly, RT
very fertile environment for impressive developments because k B, C,,
. R . . . L= CHyCN _—%e, no g
of the ffa\s.cn;aaztlng z.a\nd various p?hot.ophysmal properties they TGt  eacion .
can exhibit.”™” While these derivatives focus currently great B,

attention for the preparation and study of innovative emitters
in OLEDs,Za they deserve also interest as new sources of stimuli
responsive multifunctional luminescent materials.® Indeed,
the large flexibility and lability of Cu(l) ion coordination sphere
render the gross conformation of Cu(l) species potentially very
sensitive to external stimuli, which concomitantly induces
alteration of their photophysical properties. Therefore, Cu(l)-
based luminophors present multiple and original facets® (such
as thermochromic and vapochromic luminescence) that are of
great interest in various fields of applications such as sensoring
and detection of volatile harmful chemical substances or non-
destructive testing of materials.

Regarding specifically Cu(l)-based solid-state vapochromic
luminescent luminophores, it is assumed that the origin of
their vapochromic properties is due either to structural
transitions occurring along desorption/adsorption processes of
volatile molecules within porous Cu(l)-based material:;,e'a’b or
to reversible coordination/de-coordination of these
molecules® on coordinatively-unsaturated Cu(l) metal centers.
In all cases, these events impact reversibly the electronic
structure of the assemblies in their ground and photo-excited
states, inducing the luminescence vapochromic effect.

Among the manifold Cu(l) complexes reported so far, there are

wet CH,Cl,, RT

Scheme 1 Synthesis of derivative C1,25 and D.

we report the preparation of a new luminescent one-
dimensional coordination polymer (1D-CP) D bearing the first
semi-bridging aqua ligand coordinated to a Cu(l) ions
bimetallic unit reported so far. This polymer presents
vapochromic solid-state luminescence properties that are
related to single crystal to single crystal (SC-SC) phase
transition induced by the reversible incorporation of volatile
solvent molecules within the crystalline network. The
luminescence vapochromic effect is related to a molecular
motion that takes place within the 1D-CP’s backbone in the
solid state, activated by the volatile molecule uptake. Its



amplitude depends on both the temperature and the nature of
the solvent molecules introduced.

Results and discussion

We have previously shown that the pre-assembled bimetallic
[Cuz(ze-dppm),(CH3CN)4](PFe), complex A reacts at room
temperature  (RT) with  homoditopic  cyano-capped
oligophenylvinylene-based linkers B;, to afford in good yields
single crystals of the 1D-CPs C1,z-5 Their supramolecular
backbones lies on the connection of tetrametallic m-stacked
compact metallacycles6 by ditopic linkers B;, (Scheme 1).
These reactions can be easily conducted either using
anhydrous or non-distillated CH,Cl, as solvent without changes
in the reaction outcomes. However, when a similar procedure
is applied in anhydrous CH,Cl, using the shorter linker 1,4-
dicyanobenzene By, no reaction product can be isolated and
the mother solution stays clear upon pentane vapor diffusion
for several months. Interestingly, when non-distillated CH,Cl,
is used, crystallization experiments allow obtaining a few
colorless single crystals after one week.’ Conversely to the
crystals of C;, that collapsed immediately once removed from
the mother solution due to the loss of included CH,Cl, solvent
molecules,5 these colorless crystals keep their single crystal
integrity after being collected, dried and stored at room

a) W

b)

Fig. 1. a) Views of the molecular X-ray structures of derivative
Dgy,y: a) repetition unit b) fragment of the 1D-CP zig-zag chain,
c) location of the PFg anions and the H-F short contact
interactions (black doted lines) between the PFgs and the aqua
ligand.

temperature (RT), affording the species Dg,,. X-ray diffraction
studies’ performed at 150 K on these single crystals revealed
the formation of a new 1D-CP Dy,, (scheme 1) whose scaffold
is different from those of C;,. The compound Dg,, crystallizes
in the P2,/c space group of the monoclinic system. This new
1D-CP displays a zig-zag geometry that propagates parallel to
the c crystallography axis (Fig. 1). Its asymmetric unit contains
a [Cuy(p-dppm),] unit, a 1,4-dicyanobenzene ligand By, a
semi-bridging coordinated water molecule and two
hexafluorophosphate counter-anions. The water molecule acts
as a u-1,2x-0 semi-bridging aqua ligand (d(O-Cu) = 2.222(3)
and 2.339(4) A, the latter value being slightly shorter than the
sum of the ionic radius of Cu(l) and 0% centers (2.36 A))
supplying the first example reported so far of such bridging
coordination mode for an aqua ligand on Cu(l) metal centers.
The metric parameters of the [Cu,(i,-dppm),] units are very
similar to those observed usually for such Fragment.7 The
intermetallic distance (3.1300(9) A) is too large for cuprophilic
interactions at the ground state, but is shorter than the Cu-Cu
distances observed within the [Cu,(u,-dppm),] units of the 1D-
CPs Cy, (> 3.2 A). The backbone of this 1D-CP (Fig. 1) is based
on [Cu,(t-dppm),(1,-OH,)] fragments connected to a ligand
B, that acts as a ditopic linker between two neighboring
bimetallic Cu(l) units in trans-orientation relatively to each
other. The coordination angle between the Cu(l) metal centers
and the nitrile moieties deviate notably from the linearity (Cu-
N=C = 154.6(4)° and 158.6(4)°). In the bulk crystalline solid
state of Dy, the 1D-CPs are parallel and are slightly nested
inside each other (Fig. 2a) via weak ©-CH interactions involving
the phenyl rings of the dppm ligands. These 1D-chains are also
connected via the hexafluorophosphate anions that share H-F
interactions with the coordinated water molecules (Fig. 1c)
and mF interactions

Fig. 2. a) “side”” and “top” view of the two dimensional layers made by the imbricated 1D-CPs in Dgy,, (one independent 1D-CP is
highlighted in yellow; the backbones of the 1D-CP are shown in the stick and ball representation mode); b) stacking mode of
these layers (one layer is framed by the dotted line, location of the small voids are highlighted by black asterisk, location of the



aqua ligands in one layer highlighted with blue circles); c) view of the crystal structure of Dcyacp2 (included CH,Cl, molecules are
represented in the CPK representation mode); representation of the volume d) of the cavities in Dy, and e) occupied by the
solvent molecules in Depacrz (@ spherical probe radius of 1.2 A was chosen in order to clearly visualize these volumes and their

different morphologies).

with the phenyl rings of the dppm or By ligands. As a result of
these interchain interactions, imbrication of the neighboring
1D-CPs results in the formation of bi-dimensional (2D) layers
(Fig. 2a) that stack perpendicularly to the a axis (Fig. 2b).
Finally, between these sheets, no residual electronic density is
observed revealing the absence of included solvent molecules
in these single crystals. Nevertheless, it is important to note
that small and isolated voids of 113 A® (ca. 1.8 % of the unit
cell vqume)8 are observed between these layers (Fig. 2b,d).
The 1D-CP Dy, is the first derivative reported so far in which
two Cu(l) metal centres are bridged by an aqua Iigand.9 Very
likely, these aqua ligands are supplied by the residual water
molecules present in non-distillated CH,Cl, solvent. While Cu(l)
complexes bearing a coordinated terminal aqua ligand are
scarce,4 suggesting a low affinity of water molecules for Cu(l)
ions in agreement with their respective Pearson’s hard base
and soft acid characters, the presence of water in this
synthesis revealed to be crucial to obtain Dgy,,. Indeed, while
experiments conducted with anhydrous CH,Cl, did not afford
any crystals, when the reaction was performed using
anhydrous CH,Cl, as solvent in which a drop of water was
added (Scheme 1), supplying water ligand molecules as
reagent in excess, the preparation of derivative Dy, was very
significantly improved allowing to collect this 1D-CP after
crystallization in a good yield (ca. 80%).

In most of the few cases published so far,? Cu(l) complexes
bearing coordinated water molecules are not described as
being emissive in the solid state upon UV-vis light excitation.
Yet, Kato et al. described recently the two first RT solid state
luminescent Cu(l) derivatives bearing terminal aqua Iigands,43
suggesting that the coordination of a water molecule on a Cu(l)
center is not always detrimental regarding solid-state
luminescence properties. In agreement with this assumption,
we observed that the colorless polycrystalline samples of Dy,
emit, under UV-Vis light excitation (A., = 365 nm), an eye-
perceived blue-cyan luminescence. Interestingly, we also
observed that, before being removed from their crystallization

solution, the single crystals grown emit under the same UV-
light excitation a markedly different eye-perceived green-
yellow luminescence. In addition, single crystal of Dg,, exposed
under air to CH,Cl, vapors (affording Dcuac2 Single crystals)
instantaneously switched their solid-state eye-perceived blue-
cyan emission to an eye-perceived green-yellow luminescence
of a similar color than observed when crystals are maintained
the crystallization solution. The blue-cyan
luminescence is recovered once the CH,Cl, vapor source is

in initial
removed, indicating a reversible vapochromic luminescence
response of Dy, toward CH,Cl, vapors. In order to get
structural insights about the origin of such luminescence
vapochromism properties, single-crystals of Dcyaciz lying in an
atmosphere saturated with CH,Cl, vapors were coated in
paratone oil (in which they were still emitting an eye-
perceived green-yellow luminescence upon UV-excitation) and
submitted to X-ray diffraction single-crystal analysis at 150 K. It
revealed that Dcyac2 kept single crystal integrity during the
process, bearing as Dy, a P2;/c monoclinic unit cell. Yet, its
unit cell volume is larger (Dcyaci2: ca. 6340 A3, Dgyy: ca. 6082 Ae’),
mostly due to an increase of the a parameter value (Dcuacia:
13.972(2) A; Dgyy: 13.2578(6) A), the other unit cell parameters
being only very moderately altered (Table S1). X-ray single
crystal structure resolution revealed that D¢yzc composition is
very similar of the one of D, being based on a zig-zag 1D-CP
with a dicationic [Cu,(u,-dppm),(4-OH,)(Bo)](PFs), repetition
unit, but very importantly, two disordered included CH,Cl,
solvent molecules are additionally found in the unit cell of
Dcuzciz (Fig. 2c). Similarly to Dg,y, the 1D-CPs in Dcupcp are
imbricated affording 2D layers that stack perpendicular to the
a axis. The metric parameters observed for the asymmetric
unit of Dgyy, and Dcyacr, are very similar (for example, d(Cu(1)-
Cu(2): 3.130(2) A (Dgyy) and 3.132(3) A (Dcuaaiz); (Cu;-0;4-Cusy)
angle: 86.42(10)° (Dgyy) and 86.2(2)° (Dcpaciz)) and the gross
geometry of the 1D-CPs are very comparable. Nevertheless, in
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Fig. 3. a) Normalized solid-state emission spectra of Dgyy, Dcuzciz, Deton, Denanoz and Dyye at 300 K upon excitation at 370 nm; b)
Solid-state emission spectra of Dy,, at temperatures between 80 K and 300 K upon excitation at 370 nm; insert: plot of emission
decay lifetime against temperature (80 K to 300 K); c) Solid-state emission spectra of Dcy,ci2 at temperatures between 80 K and
300 K upon excitation at 370 nm; insert: plot of emission decay lifetime against temperature (80 K to 300 K).



the case of Dcyaciz the 2D layers are separated by larger
intermolecular distances corresponding to the increase of the
value of the a parameter found for each unit cell. The CH,Cl,
molecules found in D¢yaciz are located between these 2D layers
(Fig. 2c), occupying formally at the same position than the
voids found in the solid-state structure of Dg,, (Fig. 2b and 2c).
Yet, the volume occupied by these solvent molecules (Fig. 2e)
describes in D¢yacrz infinite zig-zag 1D-channels (corresponding
to ca. 2.7 % of the unit cell volume)8 that propagate parallel to
the c crystallography axis. It is important to stress that along
these cavities, one phenyl ring of one of the two dppm ligands
is found disordered over two positions (see Fig. S3) while no
disorder is identified on any fragment of the 1D-CP backbone
of the non-solvated structure Dy,,. This disordered phenyl ring
is closely located to the included CH,Cl, solvent molecules.
Finally, in order to allow conducting a comparative
structure/photophysical behavior analysis of the thermal
variation of the properties of Dg,y, and Dcyac, (vide infra),
temperature dependent X-ray structural study of these two
phases was performed. It revealed that both crystals Dy, and
DchHaci2 present only a very moderate and progressive shrinkage
of the unit cell volume from 250 K to 150 K (ca. 1.5 % and 1.8
% volume contraction, respectively). This indicates that the
solid state structural metric data of these 1D-CPs, established
at 150 K, are kept mostly unchanged as temperature changes
without occurrence of significant phase transition (vide infra).
A green-yellow luminescent single crystal freshly collected in
the CH,Cl,/pentane crystallization solution was also submitted
to X-ray diffraction analyses. It revealed that this compound is
isostructural of those preliminary dried (Dg,,) and subsequently
submitted to CH,CI, vapors (Dcuaciz). Therefore, CH,Cl, solvent
molecules are initially included in the single-crystals along the
crystallization process. Once the single-crystals are removed
from the mother solution, they release very rapidly their
solvent molecules without loss of crystallinity, affording the
blue-cyan luminophore Dgy.

In the solid state at RT, Dy, exhibits a strong and broad
absorption band (Fig. S15) in the near UV region typical of n-t*
transition centered on the aromatic rings of dppm and By
ligands. The TD-DFT calculations’ revealed that they are
corresponding to [Cu,(i-dppm),] fragment to m*-dicyano-
benzene charge transfer excitations. In its emission spectrum,
Dgry displays under excitation at 370 nm at 300 K a broad
featureless band centered at A, = 486 nm (Fig. 3a). 710 The
average emissive lifetime t is 38 wus and an emission RT
quantum vyield (EQY) is 20 %. Such band is in agreement with
the solid-state eye-perceived blue-cyan luminescence
observed arising from the single-crystals of Dg,, upon UV-light
irradiation. The RT solid-state absorption spectrum of Dcyaciz is
very similar to the one of Dy, (Fig. S16) but its RT solid-state
emission spectrum measured under excitation at 370 nm
presents a broad featureless band centered at 502 nm (Fig.
3a), being significantly red-shifted regarding the band
observed for Dgyy (Amax = 486 nm). This bathochromic shift is
accompanied by a decrease of both the RT emissive lifetime
and the EQY, being respectively of 13 us and 7 %. The origin of
red-shift observed in the emission spectra of D¢y, cOmpared

to Dgyy is unclear and difficult to be rationalized considering
the close similarities of the solid-state parameters established
for both derivatives. Therefore, to get more insights about the
properties of Dy, and Dcuycp, temperature
dependent photophysical characterizations were conducted
for both phases upon temperature cooling from 300 K to 80 K.
In the emission spectra of Dy,, under excitation at 370 nm,11 a
gradual and very moderate blue-shift (Fig. 3b) of the large
band observed at 300 K (An.x = 486 nm) first occurs up to 260
K (Amax = 482 nm), together with a slight increase of the signal
intensity. From 260 K to 200 K, this intensity enhancement
continues but is accompanied by a progressive structuration of
the emission band. It yields at 200 K a large emission band
bearing clearly two maxima centered at 443 and 474 nm and a
shoulder at 490 nm, revealing the rise of a vibronic progression
very likely assignable to ligand-centered transitions involving
the 1,4-dicyanobenzene By connecting ligand. Indeed, such a
vibronic structuration has never been observed in the thermal
variation of related luminescent polymetallic supramolecular
assemblies based on the [Cu,(u,-dppm),] moiety and cyano-
based inorganic Iigands.12 Upon cooling down to 140 K, this
vibronic progression becomes more defined but, quite
unexpectively, a

emission

Table 1. Photophysical data ((Aex = 370 nm) for derivatives Dgry, Dewzciz, Densnoz, Drur and
Deion at 298 K in the solid state.

Aem (nM)? Dem Toos (15)° | ke (s7)° Kor (s7™)°

Dary 486 20 38 5.3*10° 2.1*10
(443,474) (255)

Dehacz 502 7 13 5.4%¥10° 7.2*10"
(442,473) (625)

Dcrisnoz 522 7 8 8.7*10° 1.2*10°
(438, 469) (430)

Drur 528 7 12 5.8%10° 7.7%10"
(437, 468) (692)

Deon 512 7 3 2.3*10° 3.1*10°
(442,471, (62)

488

“ Data recorded at 80 K are given in parentheses; ® k. - @em/robs ; < K, = (1—Pem)/Tobs.

decrease of the intensity of the whole spectrum is observed.
Finally, between 140 K and 80 K, the intensity of the signal
increases continuously while the band shape is not significantly
altered. The thermal variation of the average emission decay
lifetime t of Dgyy (Aex = 370 nm, Fig. 3b) displays a very unusual
profile.13 Indeed, a constant increase is first observed from 300
K (t = 38 us) to 200 K (t = 128 us) but then occurs a surprising
decay until 150 K (t = 72 us). Finally, the value of t increases
again as the temperature decreases and reaches 255 us at 80
K. By comparing these two thermal dependencies, it is possible
to highlight a correlation between the unusual behaviors
observed in the luminescence properties of Dg,. Hence, the
intensity decrease of the emission spectra upon cooling
between 200 K and 140 K (coming together with the
concomitant increase of the vibronic progression) occurs in the
same temperature window than the drop of the average
emission decay lifetime t. Very likely, these features witness



that competitive temperature-dependent relaxation pathways
operate in the photophysical processes lying in Dgy.
Concerning the temperature dependence of the photophysical
properties of Dcyacrz, its emission spectra present upon cooling
from 300 K (Amax = 502 nm) to 260 K a significant hypsochromic
shift (Fig. 3c) accompanied by a moderate increase in the
intensity signal leading at 260 K to a large band centrered at
Amax = 485 nm. Below 260 K, while no spectral shift is
observed, a continuous and progressive enhancement of the
spectra intensity occurs together with a net structuration of
the emission band. It results at 80 K in an emission spectrum
bearing a signal with a clear vibronic progression associated
with two maxima centered at 442 nm and 473 nm and a
shoulder at 490 nm. Upon cooling the average emission decay
lifetime T of Dcyaciz (Aex = 370 nm, Fig. 3c) is kept constant from
300 K to 180 K (7, ca. 20 us) then it gradually increases until 80
K to reach the value of T = 625 us.

The solid-state emission behaviors of Cu(l)-based luminescent
derivatives are characterized by the large diversity of the
radiative relaxation processes involved, including for instance
competitive temperature-dependant relaxation processes
between different triplet states and Thermally Activated
Delayed Fluorescence (TADF).Z’14 In the latter case, the thermal
population of the lowest energy excited singlet state from the
lowest energy triplet excited state occurs, inducing fast and
efficient radiative relaxation to the ground state and
remarkable RT  solid-state luminescence  properties.
Considering the overall temperature-dependent data collected
for the photophysical properties of the two 1D-CPs phases Dy,
and Dcuzcz, it is very likely that several temperature-
dependant relaxation pathways involving different low energy
singlet and triplet states are operant, implying competitive
effects. This account in particular for the unusual behaviour of
the photophysical parameters of Dy, between RT and 100 K
(Fig. 3b). Indeed, this supports the hypothesis of a switch
between at least two possible operating radiative relaxation
processes. Tentatively, the photophysical behaviour of Dg,, can
be associated with a high temperature regime typical of a
*MLCT phosphorescence on the basis of its k, radiative rate
constant value (Table 1) and a low temperature metal-
perturbed 3nom phosphorescence relaxation process mainly
centered on the 1,4-dicyanobenzene By connecting Iigands.15
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The high temperature large unresolved bands observed in the
emission spectra for Dy, and the high temperature thermal
variation (between 300 K and 200 K) of its emission decay
lifetime resemble significantly those previously reported for
several luminescent Cu(l) polymetallic assemblies based on the
[Cuy(1’-dppm),] unit and metallacyano ligands."™* In these
derivatives, the large emission bands observed at RT are
typical of metal-to-ligand charge transfer (MLCT) involving
electronic densities at the cyano-based building blocks and the
dppm ligands. In the case of the RT photophysical beahevior of
Dy, the k; radiative rate constant value is in favour of a purely
*MLCT phosphorescence in which the high temperature large
emission bands can be assigned radiative processes involving
electronic densities located mostly on the 1,4-dicyanobenzene
B, ligands (also supported by the S; — S;/ and electronic
density changes and their triplet counterpart Sy — Ts5/Tg shown
in Fig. S18). Conversely, the low temperature emission spectra
recorded for Dy, (Fig. 3b) can be assigned to phosphorescence
from metal-perturbed 3n-m* transitions centered on the 1,4-
dicyanobenzene B, connecting ligands in agreement with the
nature of the calculated lowest vertical triplet states (Fig. S18).
The longer values of the decay lifetimes and the vibronic
structuration of the band observed at low temperature
support such assumption of By ligand-centered 3nom
phosphorescence (Fig. 3b). Between ca. 250 K and ca. 100 K,
both processes might be operant and compete, leading to the
unusual thermal alteration of the photophysical parameters
observed. It is worth noting that only a minor contribution of
the semi-bridging aqua ligand is observed in the electronic
excitation process on the basis of computational calculations
(Fig. 518).7 Therefore, this bridging aqua ligand, while playing a
fundamental structurating role by promoting the formation of
this unique 1D-CP network, is almost not involved in the
relaxation processes governing the original photophysical
properties observed, avoiding consequently the communly
observed luminescence quenching effect of coordinated water

molecules.
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The low temperature photophysical data recorded for Dg,, and
Dchacz (Fig. 3b and 3c) are comparable, despite slight
differences in relative intensities at the different maxima in the
emission spectra and longer average emission decay lifetime
for Dchaciz- This suggests that the radiative relaxations rely on
the similar *n-* ligand-centered phosphorescence mechanism
for both phases at these temperatures. The RT temperature k,
radiative rate constant value (Table 1) supports at high
temperature also a 3MLCT phosphore:;cence.15 The differences
accounting for the vapochromic behaviour can be related with
the significantly different RT k,, non-radiative rate constant
values of Dy, and Dcypciz (Table 1). Yet, the thermal variation
of the emission decay lifetime for Dcyaci» (Fig. 3c) does not
present the unusual profile recorded for Dy, (Fig. 3b), which
likely is due to the largest difference in energy of *MLCT and
*t-n* level in the less constrained Dchaciz system. This is in
spite of the fact that Dy, and Dcyyciz present similar 1D-CPs
supramolecular architectures. Importantly, we mentioned that
the inclusion of CH,Cl, molecules in the single crystals of
Dchaciz is associated with the observation of a disorder at one
phenyl ring of one dppm ligand in its low temperature X-ray
single crystals structure. One can figure out that, in the high
temperature regime, these included solvent molecules are
mobile within the single crystals. This induces a molecular
motion of the phenyl ring located in close vicinity of these
mobile included solvent molecules and causes the disorder
observed for this phenyl ring in the low temperature (150 K) X-
ray structure of D¢yaciz, @ temperature at which this mobility is
“frozen” at different positions. In turn, this molecular motion
impacts the high temperature photophysical properties of
Dchaciz in the solid state. Likely, some atomic motions in the
excited states and some vibrational modes that are hindered
in Dy, at RT due to its intrinsic rigidity can in this case be active
and modify at high temperature the radiative and non-
radiative des-excitation processes in D¢yyci; compared to Dy,
resulting in significantly larger for RT k, non-radiative rate
constant values for Dcyyc, compared to Dy, (Table 1). Notably,
at high temperature, the red-shift of the Dcyacz large emission
band compared to Dy, one supports this assumption of an
impact of the solid-state mobility of the included solvent
molecules in the photophysics of Dcyacz. Indeed, such
molecular motion in the solid state activates vibrational sub-
levels in the different energy states that operate in the
processes. the
decreases, the solvent’s mobility within Dcyac2 progressively
vanishes. It results in a lower accessibility of the higher energy
vibrational states inducing the blue shift observed.”
Consequently, Deyaciz presents at low temperature an emission
spectrum comparable to the low temperature emission
spectrum of Dy, in which these vibrational modes do not exist.

radiative relaxation Once temperature

The occurrence of a luminescent vapochromic behavior in Dy,
is a priori quite unexpected considering its solid-state crystal
structure (Fig. 1 and 2) which presents only a very low porosity
associated with voids (Fig. 2d) that are not interconnected.
Nevertheless, single crystals of Dg, can reversibly uptake
CH,Cl, vapors in a SC-SC transformation leading to the
formation of 1D channels (Fig. 2e) in Dcyaciz Single crystals,

concomitantly with a luminescence vapochromic response.
Very likely, the voids observed in Dy, are sufficient to allow
the initiation of volatile molecules uptake process, activating a
molecular motion within the single crystals. Concomitantly to
this CH,Cl, inclusion, the photophysical properties of the solid
are altered by this motion, originating the
vapochromic behavior via a unique temperature dependent
dynamic process. In line with this assumption, the RT k,, value
of Dgry (2.1*10* s, table 1) is the lowest among all the
compounds measured in this study (vide infra), confirming that
the non-radiative de-excitation processes present much larger
amplitudes at RT in the solvated 1D-CP networks than in Dg,.
This observation supports the suggested mechanism of
vapochromic luminescence. Interestingly, Perruchas et al.
recently suggested that solid-state molecular motion induced
by solvent adsorption can impact the photophysics of a Cu(l)
discrete assembly within porous molecular solids.®® This sets
this 1D-CP derivative apart of the other Cu(l) based
luminescent vapochromic derivatives for which intrinsic
significant porosity was demonstrated to be a key preliminary
factor allowing volatile molecule detection.’® In a more general
point of view, it reveals that solid-state luminescent molecular
materials bearing very low porosity have to be considered as
good candidates for such detection application.

Importantly, this reversible luminescence vapochromic uptake
process is not limited to CH,Cl, vapors but is also observed
upon exposure of Dg, to EtOH, CH3NO, and THF vapors,
affording single crystals of Dgon, Dchsnoz and  Diwp,
respectively.7 In each case, X-ray single crystal structure
analyses revealed (Fig. 4), similarly to Dcyac2, an uptake

molecular

process associated with an increase of the unit cell volume.
Within these new derivatives, included disordered solvent
molecules (one and a half, one, and one molecule(s) per Cu(l)
bimetallic unit in Dgon, Dchanoz, and Dyye respectively) are
found formally located at the place of the void observed in
Dd,v.7 Concomitantly, the solid-state emission properties of
these new phases are also altered compared to those of Dgyy.
Indeed, as in the case of Dc¢yycpp, their RT emission spectrum
recorded with excitation at 370 nm are all red-shifted
compared to Dgy,. They are characterized by a broad and
featureless band having emission maximum A, at 512, 522,
and 528 nm forDgon, Denano2, and Dyye , respectively (Fig. 3),
typical of green-yellow to yellow eye-perceived luminescences.
The RT EQY is 7 % for all these three new solvated phases.
Once the source of vapor of solvent molecules is removed,
these single crystals returned rapidly to the initial pale blue-
cyan luminescent single crystals of Dy, revealing a general
reversible luminescence vapochromic behaviour whose
luminochromic signature is formally characteristic of the
nature of the volatile solvent molecule used. The
photophysical study7 of these three new solvated phases
reveals that Dcysno2 and Dyye present thermal variations of
their emission spectra and average emission decay lifetime
(Taok = 430 s; T300x = 8 15 for Densnoz @and (Tsox = 692 ws; Tagok =
13 us for Dyye) that are similar to those observed with Dcuzcu~7
Therefore, for these volatile molecules, the uptake process
and its impact on the photophysical properties should proceed



accordingly to the same mechanism. The slight but human-eye
detectable differences observed in the emission spectra at
room temperature must be related to subtle differences in the
mobility of the included molecules and their interaction with
the 1D-CPs backbones. Conversely, Dgon presents temperature
dependences of its photophysical data that are different of
those of Dcuacizy Dcuanoz and Dqye (Fig. 4d). Indeed, in the
thermal variation of Dgoy €mission spectra, upon cooling from
300 K to 150 K, a slight bathochromic shift of the large
emission band is first displayed from A, = 512 nm (300 K) to
Amax = 531 nm (150 K). Concomitantly, a slight increase of the
intensity of the signal is observed. Then, from 150 K to 80 K,
the intensity of the spectrum significantly
accompanied by the rise of the vibronic progression assignable
to ligand-centered transitions. It leads at 80 K to a large band
bearing three maxima at 442 nm, 471 nm and 488 nm
presenting therefore a very similar energy pattern than the
other low temperature emission spectra recorded in the
series, yet having a clearly different maxima intensity
distribution. In addition to the bathochromic shift of the large
emission band observed from 300 K to 150 K, the discrepancy
of photophysics of this phase compared to the other solvated
phases is also confirmed by the temperature dependence of
the average emission decay lifetime for Dgon and its RT ki,
value (Table 1). Indeed, the thermal variation observed for the
average emission decay lifetime presents a much more
moderated amplitude (tgox = 62 LS; Tagox = 3 s for Dgon) While
the RT k,, value of Dgoy is one order magnitude larger than
those of the other solvates recorded in this study. The high
temperature data are typical of a TADF from the 'MLCT excited
state while the low temperature regime would originate from
low lying 3MLCT excited state operating once the solvent
mobility within the crystals has significantly vanished. Such a
specific behaviour in the case of the luminescent vapochromic
response of Dy, in the presence of vapors of EtOH may be
related to the possibility offered by this solvent to supply
strong hydrogen bonds once uptake within single crystals in
which semi-bridging aqua ligands are connected to Cu(l) metal
centers. Yet, since the semi-bridging aqua ligands are not
located in the crystal structures in the close vicinity of the
voids (Fig. 2b), this effect can be mediated through indirect H-F
interactions via the hexafluorophosphate anions that are
closely connected to the semi-bridging aqua ligands (Fig. 1a)
and might involve manifold mechanisms such as modification
of the vibrational structure and reorganisation of the
electronic structure in the excited states. Anyhow, the specific
impact of the EtOH molecules inclusion on these 1D-CP single
crystals photophysical properties reveals that the vapochromic
behavior of the derivative Dg,, can be associated with different
temperature dependent luminescence signatures considering
the family of volatile molecules investigated.

increases

Conclusions

With these results, the interest of the [Cu,(t,-dppm),] units
for the preparation of new multifunctional luminescent Cu(l)
assemblies is confirmed and the perspectives of applications of

the resulting materials are enlarged. The conformational
flexibility of such Cu(l) bimetallic precursors allows the
preparation of the new solid-state luminescent 1D-CPs Dy, in
which a water molecule is trapped between the two Cu(l)
metal centers, affording the first example of a bimetallic Cu(l)
derivative bearing a semi-bridging aqua ligand. This reveals
also that the conformational flexibility allowed in such
lead to original reactivity and new
molecular materials. Importantly, in spite of their intrinsic very
low porosity, single crystals of Dy, can undergo CH,Cl,, EtOH,
CH3NO, and THF vapor uptake along SC-SC transitions that
display reversible luminescence vapochromic responses.
Detailed temperature dependant photophysical studies
conducted on the full series of solvated and non-solvated
molecular solids reveal that such vapochromic behaviour are
related to molecular motion of the solvent molecules
occurring along 1D channels formed within the solvated
crystalline solids. While a specific temperature dependant
behaviour is observed with the samples submitted to EtOH
vapors suggesting a special sensitivity toward hydrogen bond
donors molecules, this survey also importantly highlights the
complexity of the relaxation processes that may occur in such
heteroleptic intricate Cu(l) supramolecular assemblies. This
complexity contrasts with the simplicity of the syntheses
conducted in one step under ambient conditions from cheap
and easily available molecular precursors. By varying the
nature of the diphosphane assembling ligands and of the
polytopic cyano-capped linkers, a general and rational access
to original Cu(l) supramolecular assemblies displaying original
RT solid state photophysical properties can be therefore
anticipated.

bimetallic units can
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