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The formation of supramolecular self-assemblies of low-
molecular-weight gelators (LMWGs) is an attractive and el-
egant way to organize, through spontaneous aggregation,
small molecules at the micro- and nanoscale level into stim-
uli-responsive soft materials.!! The discovery of new organo-
gels that are sensitive to external stimuli is very appealing
for tailored applications in biosciences, molecular electron-
ics, sensing, or as confined reaction media and templates for
well-defined inorganic materials.”) Metal-based gelators
(metallogelators) have also emerged recently, affording
smart gels in which the metal plays a central role and leads
to new functional materials.”! Introduction of metal centers
provides new properties such as magnetism,¥! catalytic activ-
ity®!, and luminescence,”” properties that can be triggered
by external stimuli such as the temperature. Despite the in-
creasing number of gelation motifs being discovered, it re-
mains a challenge to reliably predict the gelation capability
of a compound, especially with nonconventional linear or
disc-shaped gelators. New gelation motifs are, however,
highly desirable from both fundamental and practical stand-
points. Few polymetallic coordination complexes, such as
the linear Pt,LL,,[") cylindrical Pd,L,¥ and Ag;L,,”) triangu-
lar ML (M=Au, Cu, Ag), or Zn,L, grid™ compounds
(L=organic ligand), have been incorporated as cores in
LMWGs. Recently, polyoxometallate-containing supra-
molecular gels have also been reported but hybrid gelators
based on coordination clusters remain rare.”
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Tetracopper(l) clusters formulated [Cu,X,L,] (X=Cl, Br,
I; L=organic ligand) are well known for their rich photo-
physical properties."® The molecular structure of these
cubane-type clusters is formed by four copper and four
halide atoms alternatively occupying the corners of a cube
(Figure 1). Their remarkable photoluminescence properties,
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Figure 1. Structure of the [CuJ,L,] cubane clusters functionalized with
cholesteryl phosphine ligands, CUBCn (n=2, 5), and with (4-(diphenyl-
phosphino)phenyl)methanol phosphine, CUBCO.

especially their emission, are sensitive to environmental con-
ditions such as temperature,' rigidity of the medium™!, or
pressure,'® and make these clusters particularly appealing
for the synthesis of stimuli-responsive materials exhibiting
original optical properties. First-row transition-metal com-
pounds are also attractive from an economical point of view
as they are less toxic and more readily available than noble
metal complexes. In this context, functionalization of tetra-
hedrally coordinated [Cu,I,L,] clusters with ligands able to
induce gelation should give rise to a new class of hybrid gel-
ators leading to materials with intriguing structural and pho-
tophysical properties.

Here, we report on the first series of hybrid LMWGs
based on the [Cu,l,] cubane core functionalized by rational-
ly designed cholesteryl-based phosphine ligands. Cholesterol
derivatives are well-known gelation motifs and hydrogen-
bonding motifs have also been introduced to further stabi-
lize the molecular aggregation in solution.'”! The gels of
clusters obtained after cooling hot clear solutions present an
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original nanosized globular structure, which is highly emis-
sive and exhibits luminescence thermochromism with a tem-
perature-dependent emission. Moreover, by taking advant-
age of the luminescence rigidochromism properties of the
cubane clusters, the gelation process was also monitored in
situ.

Cholesteryl phosphine ligands were synthesized from (4-
(diphenylphosphino)phenyl)methanol™ and  cholesteryl
chloroformate by using classical organic reactions for pep-
tides syntheses. Two phosphine ligands were studied with
different spacer lengths between the triphenylphosphine
moiety and the cholesteryl group. The spacer varies with the
length of the alkyl chain (n=2, 5) between the ester and the
carbamate linkers (Figure 1). Reaction of Cul with the
ligand in dichloromethane afforded the corresponding
[Cu,LL,] clusters, namely CUBCn (n=2, 5), as a white
powder in relatively good yields (> 60 %, see the Supporting
Information). For comparison, the CUBCO cluster with the
benzyl alcohol precursor phosphine (Figure 1) was also syn-
thesized. Its molecular structure, determined by single-crys-
tal X-ray diffraction analysis, is represented in Figure 2 and

Figure 2. Molecular structure of [Cu,l,(PPh,(CsH,)CH,OH),] cubane
cluster (CUBCO).

consists of a distorted [Cu,l,] cube with each copper atom
coordinated by one phosphine ligand. All the clusters were
characterized by elemental analysis, FTIR, UV/Vis, *'P and
"H NMR spectroscopy (see the Supporting Information).
Coordination complexes based on copper(I) halides are
known to form a variety of structural motifs with the same
ligand."™ In our case, the formation of the functionalized
[Cu,l,] core in CUBC2 and CUBCS5 was ascertained by
solid-state *'P magic angle spinning (MAS) NMR spectros-
copy, which showed signals similar to the reference tetranu-
clear cluster CUBCO (Figure S1 in the Supporting Informa-
tion). The formation of the cubane core is also confirmed by
the luminescence thermochromism properties of the clusters
(see below).

The gelation ability of CUBCn (n=2, 5) was evaluated in
various polar, nonpolar, protic, and nonprotic solvents by
the “stable to inversion of a test tube” method (Table S2 in
the Supporting Information). Whereas CUBC5 was unable
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to form a gel, CUBC2 was revealed to be a good gelator of
cyclohexane (minimum gelation concentration, MGC=
12.5gL™"). Stable and robust gels (Figure 3a), displaying
a thermally reversible sol-to-gel phase transition, were ob-

Figure 3. Gelation test in cyclohexane (20 gL™"). The gel does not flow
when the vial is turned upside-down. Photos of CUBC2 gel at a) room
temperature in ambient light, b) room temperature under UV irradiation
at 312 nm (green emission), and c) after cooling in liquid nitrogen and
under UV irradiation at 312 nm (blue emission).

tained from hot cyclohexane solutions. The entire volume of
solvent was immobilized and could support its own weight
without collapsing. Surprisingly, with only three additional
methylene groups, CUBCS5 gave only an insoluble suspen-
sion and failed to form a gel. This result highlights the sub-
tlety of the gelation process and the difficulty of prediction.
The colorless gel of CUBC2 appeared slightly scattering
under white light and isotropic between cross-polarizers
(Figure S2 in the Supporting Information). Upon UV irradi-
ation at 312 nm, the gel was highly luminescent, exhibiting
a green emission (Figure 3b). Epifluorescence microscopy
revealed the presence of a green luminescent cottony fiber-
like structure inside the solvent (Figure 4b). The thermo-
chromic luminescence properties of the gel were revealed
upon cooling down. Under the same UV excitation, the
room-temperature green emission becomes blue when the
sample is immersed in liquid nitrogen (Figure 3c).

To get more insight into the nature of the objects at the
origin of the gelation phenomenon, SEM and TEM analyses
were performed on CUBC2 xerogel obtained by freeze-
drying the corresponding gel. SEM images reveal the pres-
ence of a dense 3D network of short interlocked beaded-
like filaments with an average diameter of 40-60 nm (Fig-
ures 4a and S3 in the Supporting Information). TEM analy-
ses confirm this three-dimensional globular network (Figur-
es4c and S4 in the Supporting Information), which is re-
sponsible for the gelation of the solvent. The formation of
this extended globular superstructure must arise from hier-
archical self-assembly processes in which nanospherical par-
ticles created at an early state of gel formation fused to
form such an unusual network.” The [Cu,I,] cubane struc-
ture and the tetrahedral arrangement of the cholesterol moi-
eties must prevent a facile packing of the clusters into ex-
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Figure 4. a) SEM image of CUBC2 xerogel deposited on silicon wafer. b) Drop of CUBC2 gel in cyclohexane (20 gL ') observed by optical microscopy
under UV irradiation at 340-380 nm (green emission). ¢c) TEM photograph of a diluted xerogel of CUBC2 deposited on carbon-coated copper grid.

tended columnar aggregates as is commonly observed for
the formation of fibers or ribbons.

FTIR analyses revealed the role of hydrogen bonding in
the gel formation (see the Supporting Information). In
CHCl,, the two stretching ve_o bands at 1731 and 1712 cm™!
are attributed to unbound ester and carbamate functions, re-
spectively, whereas the free NH functions are found at
3454 cm™!. For the gel, xerogel, and solid, the presence of
a more marked shoulder at 1699 cm™ (vc—o) and a new
band at 3351 cm™!(vyy), show that part of the carbonyl and
NH functions are engaged in hydrogen bonding (Figures S5
and S6 in the Supporting Information). Thus, the formation
of the globular aggregates responsible for gel formation is
likely directed by hydrogen bonds between the spacers and
van der Waals interactions between the cholesteryl groups
of the ligands. No m—m stacking of the phenyl groups is pres-
ent in the crystal structure of CUBCO, so this interaction
must be limited in the gel. Likewise, direct involvement of
the [Cu,l,] core in intermolecular interactions seems to be
unfavorable owing to the steric hindrance of the surround-
ing ligands. X-ray diffraction experiments performed on the
gels and xerogels confirm that the superstructure leading to
the gel formation is preserved upon freeze-drying (Figure S7
in the Supporting Information), in agreement with FTIR
analyses.

The photoluminescence spectra of the CUBC2 gel were
recorded from 290 K to 8 K (see the Supporting Informa-
tion, Figures S8-10 and corresponding data in Table S3). At
290 K, the emission spectrum displays a broad band cen-
tered at A,,,=535nm (Figure 5, 1.,=300 nm), correspond-
ing to the bright green emission observed in Figure 3b
((pabsolule imernal:7%; 71:0'13 us (97%)’ 72:1'3 us (3%) at
300 nm). By lowering the temperature, this band (LE for
low energy) progressively decreases in intensity with the
concomitant appearance of a new emission band at higher
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Figure 5. Luminescence spectra of CUBC2 gel at 290, 125, and 8 K. Nor-
malized emission spectra (solid lines) have been recorded at A.,=300 nm
and corresponding excitation spectra at A.,=540 nm (dotted black and
middle grey lines) and at 4., =425 nm (dashed middle grey and dotted
light grey lines).

energy An..=435 nm (HE for high energy). At 125 K, the in-
tensities of the two bands are almost equal and the excita-
tion spectra recorded for both emissions are quite similar
with maxima at A,,, =330 nm (Figure 5). Below 100 K, the
LE band is completely absent and only the HE band at
Amax =425 nm is visible, leading to the blue emission ob-
served for the sample cooled in liquid nitrogen (Figure 3c¢).
When the sample is progressively warmed up to room tem-
perature (290 K), the green emission of the LE band is re-
covered, indicating a completely reversible phenomenon.
Note, the luminescence properties of CUBC2 in the xerogel
and in the powder are similar to the ones observed in the
gel state (Table S3 and Figures S8-10 in the Supporting In-
formation). The thermochromism observed is characteristic
of the [Cu,L,] copper iodide cubane clusters with two
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emission bands (LE and HE), the relative intensities of
which vary with temperature. Based on previous theoretical
and experimental studies, these bands are attributed to dif-
ferent excited states.”!! The LE band is assigned to a *CC
cluster-centered state (combination of an iodide-to-copper
charge transfer transition (XMCT) and a copper-centered
Cu d—s, p transition), whereas the HE band is attributed to
an iodide,copper-to-phosphine ligand charge-transfer transi-
tion (*X,MLCT). By exhibiting the typical thermochromic
luminescence of copper iodide clusters, this study also con-
firms that the [Cu,I,L,] cubane structure is preserved in the
gel, a fact that is also true in the cases of the xerogel and
powder.

Copper iodide clusters can also display luminescence rig-
idochromic properties with a change in the emission wave-
length and intensity depending on the rigidity of the local
environment.['*® This phenomenon is attributed to the varia-
ble extent of the molecular distortions of the *CC state rela-
tive to the ground state, an effect that is influenced by con-
straints imposed by the medium.”? Upon excitation, strong
geometrical relaxation of the *CC state occurs owing to elec-
tron redistribution associated with large distortions of the
[Cu,l,] core that is revealed by a large Stokes shift. This
effect is commonly observed as a blue shift of the emission
along with a large increase in intensity when solutions of
clusters are solidified."”! Here, this property has been ex-
ploited in order to probe the gelation process of CUBC2
during the sol-gel transition. A suspension of CUBC2 in cy-
clohexane (20 gL™") was heated at 65°C until a clear solu-
tion was obtained and the emission spectra were recorded
upon cooling down (Figure 6). At the beginning of the cool-
ing process, a gradual increase of the emission intensity is
observed and is likely attributed to a growing process in
which the clusters form semirigid spherical nanoparticles.
Note that the luminescence of a CHCI; solution of the clus-
ter at the same concentration (20 gL ') at room tempera-
ture is too weak to be measured. This means that aggregates
of clusters are already present in cyclohexane solution even
at 65°C. After 11 min (30°C), the observed sudden and
rapid increase of the luminescence intensity can be associat-
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Figure 6. Time-dependent emission wavelength and intensity measured

upon cooling a hot solution of CUBC2 at 20 gL in cyclohexane, to
room temperature (4., =300 nm).
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ed with confinement of the cluster in a dense and rigid 3D
globular network at the origin of gel formation. After
25 min (25°C), the emission characteristics of the highly lu-
minescent gel remain stable with time, meaning that the gel-
ation process is finished at this point under these experimen-
tal conditions. A shift in the emission wavelength is also ob-
served during gelation, changing from 580 to 535 nm. Ac-
cording to the rigidochromism phenomenon, this blue shift
is due to the confinement of the clusters in a more rigid en-
vironment leading to conformational states at higher energy
compared with a liquid state with fewer environmental con-
straints. The strong intensity increase (by a factor of 60) ob-
served during gelation can be attributed to limited nonradia-
tive phenomena through decreased fluxionality in the more
rigid gel state associated with enhanced scattering."™! The
effect of temperature on the luminescence changes observed
can be ruled out as cooling a solution of clusters lead to
a red shift of the emission. Passing from an almost nonlu-
minescent liquid state to a brightly emissive gel state, the
cluster, thus, appears as a probe for the gelation phenomen-
on. This study confirms the hierarchical process of gel for-
mation occurring through the assembly of the clusters into
a globular rigid matrix, the driving forces of which are van
der Waals interactions and hydrogen bonds between the li-
gands.

To conclude, original hybrid gelators based on the [Cu,l,]
cubane cluster core have been obtained by the design of
specific phosphine ligands. The highly emissive gels exhibit
luminescence thermochromism properties. The formation of
a 3D dense globular network resulting from the aggregation
of nanoparticles is responsible for the observed gelation.
The hierarchical self-assembly process at the origin of the
nanoparticles formation is currently under investigation
(SAXS, rheology, etc.) to elucidate the cluster packing in
this superstructure. The specific structural and photophysical
properties of the gels are retained in the xerogels, giving
access to a new family of optically active materials of high
specific surface with potential sensing and catalytic applica-
tions. The rigidochromic luminescence properties of the
copper iodide clusters lead to an on/off system for which the
emission is exalted in the gel state. These clusters exhibiting
luminescent properties sensitive to the rigidity of the envi-
ronment appear as original probes to precisely study gela-
tion mechanisms and studies for this purpose are ongoing.
More generally, the present example paves the way for the
design of original functional materials based on nonconven-
tional copper halide metallogelators.

Experimental Section

Experimental procedures for the synthesis of the ligands and clusters,
characterization data, additional microscopy images of the xerogels, and
temperature-dependent spectroscopic studies of the xerogels and pow-
ders are available in the Supporting Information. A color version of
Figure 4 is also available in the Supporting Information. CCDC-953833
contains the supplementary crystallographic data for this paper
(CUBCO). These data can be obtained free of charge from The Cam-
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bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
;request/cif.
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