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Abstract: For the first time, POSS-based coordination polymers
(CPs) have been structurally characterized. These CPs were
obtained in high yield via self-assembly reactions of thioether-
functionalized polysilsesquioxanes with Cu(l) salts under mild
conditions. Single crystal analyses revealed the formation of 3D
networks incorporating different secondary building units (SBUs) as
connection nodes. The nature of the -SAr function allows a fine-
tuning of the cluster nuclearity, i.e. butterfly-shaped Cu,X, or closed
cubane-type Cusls cores. As such, the resulting hybrid materials
exhibit a combination of high thermal stability arising from the
inorganic POSS core along with interesting luminescent properties
conferred by the cubane cluster core. Furthermore, the occurrence
of channels has been crystallographically evidenced in the case of
the Cuyl4 cluster containing CP.

Polyhedral oligomeric silsesquioxanes (POSS) refer to a class of
cage-like organic—inorganic species of general formula
(RSiO15)n. POSS SigO1, cages with a cubic core and eight
organic substituents on the vertices, or a T8 structure, are the
most studied systems, mainly due to their symmetrical
arrangement and easy synthesis. Further, the POSS core
possesses interesting properties such as high thermal stability,
rigidity and hydrophobicity.! The possibility to easily
functionalize their organic arms makes these systems interesting
for the design of functional hybrid materials.”) Thus, these
systems have found a lot of applications such as in the formation
of liquid crystals,” porous materials,™ ionic liquids,™ catalysts,®
biomaterials,”)  dielectric materials,”®! light-emitting  diode
materials,”® and nanocomposites.”? More recently, POSS
have been used as building blocks for the formation of high-
ordered structures driven by intermolecular interactions such as
hydrophobic interactions,™® hydrogen bonding™ or metal
coordination® to assemble coordination polymers (CPs).!
These CPs have been obtained by reacting hard lanthanide
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(Eu®, Tb%) or transition metal ions (Cu?*, Co®*, Fe?", Zn?*) with
hard ligands. Examples are the coordination of CuX, by a 3-
amino-1,2,4-triazole-modified  silsesquioxane  yielding a
paramagnetic material characterized by electron spin resonance
(ESR) and the use of a terpyridine-functionalized POSS to form
coordination networks with Co(ll) and Cu(ll).1

However, we are not aware of any POSS-based CPs with the
combination soft donor-soft Lewis acid. Furthermore, to the best
of our knowledge, the structural characterization of any
coordination networks with functionalized-POSS ligands has
never been reported. Only recently, the presence of long-range
ordering in POSS-based CPs has been ascertained by
microscopy and powder X-ray diffraction analysis.*¥

CPs containing Cu(l) have attracted much interest due to their
ease of synthesis, the propensity of CuX salts to aggregate to
higher-nuclear cluster cores, their rich structural diversity and
their potential applications in photo(thermo)chromism,™
photoluminescence,™ catalysis” and gas sorption.™® Several
research groups, including ours, have investigated the formation
of various CPs and MOFs by reacting copper(l) halides with
different thioethers.*® Though the results of self-assembly
process are difficult to predict, it was found that the network
architecture of these CPs largely depends on the metal-to-ligand
ratio, flexibility of the ligand, the character of the SR substituents
(alkyl vs aryl) and finally on the nature of halide ligands (CI vs Br
vs I). Thus, a wide range of networks (one, two and three-
dimensional) containing, among others, CuxX, rhomboids,
cubane-type (CusX4), hexanuclear (Cugls) and even octanuclear
(Cuglg) clusters as connecting nodes have been explored.™%*!
With the objective to design a novel class of functional materials
combining the intrinsic advantageous properties of POSS
building blocks with those of Iluminescent CuX-thioether
CPs/MOFs, we prepared thioether-functionalized POSS bricks
as polydentate assembling ligands for the rational build-up of
stable coordination networks incorporating polynuclear (CuX)n
cores as secondary building units (SBUs).

Here, we describe for the first time an easy to implement
procedure for the high yield preparation of fully
crystallographically characterized three-dimensional (3D) CPs
obtained by simple reaction between a soft Cu(l) salt (according
the HSAB principle) with POSS cages bearing soft and flexible
(CH>)3SAr arms. The preparation of these 3D materials occurs in
a two steps procedure as shown in Scheme 1. In the first step,
octakis(3-chloropropyl)octasilsesquioxane® is converted by
nucleophilic substitution of the chlorine atoms using an excess
of the respective arylthiolate in DMF into octakis(3-(p-
tolylthio)propyl)octasilsesquioxane L1 and octakis(3-(5-(tert-
butyl)-2-methylphenyl)thio)propyl)octasilsesquioxane L2.24
These new functionalized POSS ligands have been
characterized by multinuclear NMR techniques (Figures S1-S6).
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e 2°Si{*H} NMR spectra of L1 and L2 present a singlet at -
67.2 ppm, indicating a complete conservation of the T8 core.
Furthermore, in the case of L1, single-crystals suitable for X-ray
diffraction analysis were obtained confirming the spectroscopic
data (See Fig. S7 ESI). CP1 and CP2 were then obtained as
colorless materials of composition [Cux(u-X)2(u~L1)os]n by
reacting L1 with Cul or CuBr, respectively, in a mixture of
dichloromethane and MeCN or EtCN in a 1:4 ratio at room
temperature. Note that same compositions were obtained using
a 1:8 ratio.
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Scheme 1. Synthesis routes to POSS L1 and L2 and their corresponding CP1,
CP2 and CP3.

Single X-ray structure determination of CP1 and CP2 revealed
generation of 3D networks built upon dinuclear Cuz(u-X)2
secondary building units (SBUs) and L1 in the 4:1 stoichiometry
(Figures 1a, S8 and S9 in the Supporting Information). CP1 and
CP2 are isomorph and isostructural (monoclinic, P2:/n). Two
adjacent sulfur atoms of L1 span as bridging ligand of two
copper atoms of the same Cu(ue-X).Cu SBU, thus forming 13-
membered macrocycles (Figure 1b). This coordination mode is
also found for two sulfur atoms located opposite in the POSS
core. The four remaining sulfur atoms are coordinated each to
one copper atom of a Cu(uz-X).Cu core. Noteworthy, these
SBUs do not adopt the common rhomboid geometry featuring a
coplanar arrangement of the 4 atoms as encountered for 3D
material [Cu(-1)2Cu(p-L)]n (L = 1,5,9,13-
tetrathiacyclohexadecane),’? but belong rather to the butterfly
type, the two Cu atoms forming the hinge and the X atoms the
wing tips. To the best of our knowledge, CP1 represents the first
Figure 1. Different views on the networks and SBUs of CP1 (a-
c) and CP3 (d-f).

example where this geometry is encountered for a
S2Cu(ual)2CuS; motif.®!The Cu---Cu separation in CP1 is
2.7394(5) A at 100 K, a value close to the sum of the van der
Waals radii of two Cu atoms (2.8 A) and reaches 2.7855(6) A for
CP2. When the POSS ligand L2 bearing bulkier aryl substituents
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was reacted with Cul in an 1:8 ratio, single crystal X-ray analysis
(tetragonal, 14/m) of the colorless material of composition [Cua(u-
1)a(2-L2)0 5] revealed that the 3D CP3 contains Cuals clusters of
the closed-cubane type as SBUs (Figures S10 and S11).%d
Each of the four crystallographically identical Cu atoms of the
centrosymmetric tetranuclear (Cus-gs-1)a core within CP3 is
ligated by one S-POSS group. Thus, each POSS is surrounded
by eight Cus(us-1)s cores (Fig. 1d and 1e). A mean Cu---Cu
distance of 2.731 A was found at 290 K. This value is lower than
those found for CP1 and CP2 (despite being registered at room
temperature) and compares well with that of other examples
described in the literature such as the 3D diamond-like network
[Cua(ze-1)a(e-L)osln (L = 1,10-dithia-18-crown-6), displaying a



mean Cu---Cu distance of 2.734 A Comparison of the
experimental PXRD data with those calculated from single X-ray
diffraction confirmed the homogeneity of the samples (Figure 2
and Figures S12-S13 in the Supporting Information). In contrast
to CP1 and CP2, where no voids are present (Figure 1c), CP3
exhibits a more porous character with an estimated void of 20%
as shown in Figure 1f. The approximate dimensions of a channel
present in CP3 are illustrated in Fig S11.
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Figure 2. Experimental (top) and calculated (bottom) PXRD patterns of CP1.

TGA measurements were carried out under air at a rate of
10 °C.min™. TGA curve (Figure 3) of L1 revealed a total weight
loss of 73.2 % corresponding to 26.8 % remaining SiO», a value
close to the theoretical one (27.6 %). As shown in Figure 3, the
3D CPs exhibit high thermal stabilities up to 350 °C, much
higher than previously reported CPs connected by thioethers
ligands.”® Decomposition of L1 occurs in two main steps. The
first step can be attributed to the partial decomposition of the
organic ligands while the second step occurring at 430 °C is due
to the decomposition of the Si-O-Si cage. The thermal behavior
of CP1 and CP3 are rather similar to L1 with a more important
mass loss occurring in the second step due to the
decomposition of iodide fragments. The final residue yields are
very close for CP1 (31.9 %) and CP3 (30.5 %) indicating similar
decomposition mechanism and the formation of CuO and SiO,
(theoretical values: 32.3% for CP1 and 30.1 % for CP3).*
However, CP2 containing bromide ligand undergoes different
decomposition mechanism as seen from the absence of a well-
defined plateau at 800 °C. This thermal difference between CuBr
and Cul cluster cores has already been observed with other
thioether-based CPs but has not been yet rationnalized.??>
Note that all CPs are also stable under ambient conditions and
can be stored several weeks without degradation.
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Figure 3. TGA traces of L1, CP1, CP2 and CP3 under air flow (rate:
10 °C.min™).

High-nuclear (Cul), (n = 4, 6, 8) aggregates exhibit often intense
luminescence and feature intriguing photophysical properties.™
It is also known that Cu---Cu distances are temperature-
dependent affecting the photophysical properties of these
materials."*"*?"?°l e therefore recorded the solid-state
emission and excitation spectra of CP3 at 298 and 77 K (Figure
4 and S14). The luminescence spectrum recorded at 298 K
exhibits two emission bands with maxima at Amax = 384 and 535
nm attributed to high- and low-energy bands characteristic of a
closed-cubane Cusls motif. The low-energy emission has been
attributed to a combination of halide to copper charge transfer
(XMCT) transition and cluster-centered transition (CC*) and
depends essentially on the Cu-Cu distances. The high-energy
band was assigned to a *>XLCT/*MLCT mixed transition.?>2:2! A
red shift of the maxima of the emission band from 535 to 550 nm
was observed upon cooling with a narrowing of the bandwidth.
This is in accordance with the shortening of the Cu---Cu
distance that reinforces the bonding character and thus, lowers
the energy levels.?? We also noticed no decay in the
luminescence intensity of CP3 after exposure to air, ruling out
any significant aging processes.
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Figure 4. Emission (red) and excitation (blue) spectra of CP3 at 298K (left)
and 77K (right).

In conclusion, we have reported a simple procedure to construct,
under mild reaction conditions, 3D CPs based on CuX salts and
thioether-functionalized POSS ligands, representing the first
examples of structurally characterized CPs bearing POSS.
These materials incorporate SBUs of different nuclearity
depending on the substitution pattern of the -SAr thioether
functions. They all present high thermal stability and CP3



featuring closed-cubane Cusls SBUs is moreover strongly
luminescent even at room temperature. More advanced
photophysical studies are intended. We anticipate that this
approach can be easily extended to other soft metal ions and
even harder ones permitting to fine-tune the physico-chemical
(electrochemical, optical...) properties of these high-ordered
POSS-based 3D networks. Also, variation of the (CHz), spacer
length may allow to modulate the flexibility in order to vary the
dimensionality/ (CuX), cluster nuclearity and may provide an
access to more porous frameworks.™"*? An increase of the
porosity could open future prospects of these materials to
solvochromism and their use as MOF for gas sorption, solvent
“guest” inclusion and other applications requiring the presence
of voids.
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We have also recorded the X-ray structure of CP3 at 100 K.
Unfortunately, the data are of poor quality, but a mean Cu---Cu
distance of 2.711 A has been determined indicating a slight shrinkage
of the Cuyly cluster.
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