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Abstract: We report the exceptional re-
activity towards dioxygen of a nano-
structured organic-inorganic hybrid
material due to the confinement of
copper cyclam within a silica matrix.
The key step is the metalation reaction
of the ligand, which can occur before
or after xerogel formation through the
sol-gel process. The incorporation of a
Cu" center into the material after xero-

of these copper complexes in the silica
matrix demonstrate a high cooperative
effect for O, adsorption; this is induced
by close confinement of the two copper
ions leading to end-on p-n'm'-peroxo-
dicopper(II) complexes. The anisotrop-
ic packing of the tetraazamacrocycle in
a lamellar structure induces an excep-
tional reactivity of these copper com-
plexes. We show for the first time that

the organic-inorganic environment of
copper complexes in a silica matrix
fully model the protecting role of pro-
tein in metalloenzymes. For the first
time an oxygenated dicopper(Il) com-
plex can be isolated in a stable form at
room temperature, and the reduced
Cu,™ species can be regenerated after
several adsorption—desorption cycles.
These data also demonstrate that the

gel formation leads to a bridged CuY/
Cu" mixed-valence dinuclear species.
This complex exhibits a very high affin-
ity towards dioxygen, attributable to
auto-organization of the active species
in the solid. The remarkable properties

composites

Introduction

Much effort has been directed towards modeling the reac-
tions of copper enzymes with dioxygen!"? in order to eluci-
date the mechanism of dioxygen activation by copper mono-
oxygenases, and to develop efficient catalytic systems for
the selective oxidation of organic substrates by dioxygen.[**
A range of copper—dioxygen complexes, 'l containing -
1*:mP-peroxodicopper(Il) and bis(p-oxo)dicopper(Ill) moie-
ties, has been studied extensively, since these binuclear
metal sites have been proposed as models of the reactive in-
termediates at the active sites of copper monooxygenases.
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coordination scheme and reactivity of
the copper cyclams within the solid are
quite different from that observed in
solution.

dioxygen

The understanding of how synthetic model systems and
copper proteins utilize dioxygen to oxidize substrates is a
timely and important research topic. Appropriate tripodal li-
gands!'®*1% have frequently been designed and used in bioin-
organic studies as their coordination schemes are similar to
those at the active sites of metalloenzymes, and they allow
tuning of the steric and electronic properties of the metal
center. These systems have been considered as structural or
functional models of copper-containing enzymes such as he-
mocyanin,''? tyrosinase,™ galactose oxidase,'! superoxide
dismutase and ascorbate oxidase, among others.”) Apart
from hemocyanin, these copper metalloenzymes and their
designed functional models lead to dioxygen activation,
which has been the topic of many studies.’>!! In order to
build new types of dioxygen binding models and smart ma-
terials able to reversibly carry dioxygen, new complexes
have been synthesized with mainly tri- or tetradentate tripo-
dal architectures.'’?! However, these remarkable coordina-
tion properties have not been explored to synthesize materi-
als able to undergo similar reactivities.

Nanostructured organic-inorganic hybrid materials based
on silica have attracted considerable attention during the
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last decade.”***! The sol-gel chemistry allows the prepara-
tion of hybrid organic-inorganic materials called polysilses-
quioxanes® ! in which the organic fragments are located
within a silica framework. They are obtained by the hydroly-
sis and polycondensation of bis- or poly(trialkoxysilyl) or-
ganic precursors,”>%! leading to materials in which the or-
ganic fragments are integrated into the silica by covalent
bonds. It has also been proven that a kinetically controlled
hydrolysis®®! and organization of the organic units occurs at
both the nanometric and micrometric scale due to van der
Waals interactions, hydrogen bonds, and coulombian inter-
actions. Such interactions lead to nano-organization of the
molecular units over a short®?” or a long range.**=!

This class of organic-inorganic hybrid material is of great
interest for a broad field of investigation, since the proper-
ties can be modified by changing the nature of the bridging
organic groups. Moreover, these nanostructured materials
can be prepared by incorporating many different organic
chelates and complexes into the framework.®>*! Finally, in-
creased stability of the immobilized complexes within the
material is expected when compared to the isolated units.

Therefore, application of the chelate-functionalized silicas
can lead to promising materials in many areas such as catal-
ysis;®! metal-ion separation processes, especially for transi-
tion metals,>*! heavy metals**“*! and actinides;®" as well
as chemical® and optical sensors.”*!l Despite the growing
interest in functionalized sol-gel materials, only a few exam-
ples are known for gas separation through the formation of
chemical bonds between gas molecules and coordination
complexes immobilized in an inorganic matrix by way of
chemisorption,’”**%?%) and their use as gas sensors is still
scarce. Mainly optical O, sensors based on fluorescence
quenching have been studied,>*>*>7 but a lack of selectivi-
tyP¥ is generally observed when there is no covalent binding
of the gas molecule to the active species.

An outstanding challenge in the study of organic—inorgan-
ic hybrid systems is the development of materials with unex-
pected properties when examining the organosilylated pre-
cursor, because these properties can be induced by the
nano-organization of the active species into the inorganic
framework. Thus, unusual adsorption properties may arise
by incorporating metallo-organic units into inorganic frame-
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works due to the arrangement of the organic moieties,
giving rise to short-range organization.”*?”! Moreover,
hybrid xerogels can combine the textural and structural
properties of the inorganic matrix, allowing tuning of the
gas binding properties of the immobilized copper complexes.
Furthermore, the incorporation of these complexes into a
solid inorganic network should avoid degradation of the
active species, which is a prerequisite for the regeneration of
the materials after the first O, binding cycle.

With this aim, materials incorporating strong chelating
agents, such as tetrazacyclotetradecane (cyclam), into their
framework were prepared and their coordination chemistry
towards copper(II) binding,***Y as well as their reactivities
within the solid were explored. Cyclam™! constitutes a
useful building block for the creation of porous hybrid sys-
tems, since it results in a scaffold possessing four polycon-
densation directions with a central cavity able to coordinate
transition-metal ions. The various topologies of the ligands
lead to a wide variety of coordination modes with metal
centers; examples of these are square-planar, square-pyra-
midal "6l and octahedral coordination geometry, and
square antiprism polyhedra,®”®*! depending on the
number and the nature of the coordinating arms anchored
to the macrocycle and the stereochemical constraints. The
incorporation of tetraazamacrocycles in a material should
yield stabilization of unusual metal coordination stereoche-
mistries and reactivity of the complexes.

Results and Discussion

Bridged polysilsesquioxanes incorporating tetra-N-alkylated
cyclam were prepared following two different routes.”* One
involved the hydrolysis and polycondensation of copper-
complexed silylated cyclam complexes (Scheme 1, route A),
and the other the hydrolysis and polycondensation of silylat-
ed cyclam derivatives followed by direct incorporation of
copper salts into the xerogels (Scheme 1, route B). For
route B, a quantitative metalation of the xerogel with
copper dichloride demonstrates that all sites are accessible
in the solid matrix. The materials synthesized according to
these two routes exhibit totally different reactivity: the xero-
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Scheme 1. Synthesis of xerogels incorporating tetraazamacrocyclic copper complexes by two different routes.
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gel prepared according to route A is nonporous, while the
xerogel from route B is micro- or mesoporous (10-50 A) de-
pending upon the experimental conditions.*” The solid-state
»Si NMR spectra of nonmetalated xerogels (route B) dis-
play a pair of resonance signals®™ lying at 0=-58 and
—64 ppm; these have been assigned to the T? [C-Si(OR)-
(0Si),] and T [C-Si(OSi);] substructures, respectively, the
latter predominating, which indicates that the xerogels are
well polycondensed. The absence of resonance signals corre-
sponding to Q substructures™ between 6=-90 and
—110 ppm showed that no cleavage of Si—C bonds occurred
during the sol-gel process.

Moreover, only the materials prepared from route B are
able to react selectively with dioxygen rather than dinitro-
gen. The affinity of the copper ions in the activated solid for
dioxygen is illustrated in Figure 1 for xerogels Xg-Cu pre-
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Figure 1. Experimental adsorption isotherms of ¢ O,, A N, and e CO for
X3-Cu recorded at 293 K. Calculated isotherms are represented by solid
lines. The dotted and dashed lines represent the first and second compo-
nents respectively of the calculated isotherm for O, adsorption.

pared through route B. The addition of dioxygen at 295 K to
the light brown xerogel complexed with copper ions resulted
in a color change to dark green, indicating the formation of
Cu" ions. The oxygenation reaction was monitored by ad-
sorption experiments at 295 K under static conditions.

The O, adsorption isotherms were analyzed by using a
multiple-site adsorption process involving a two Langmuir-
type adsorption model”™ ™ as has been described for
cobalt—corrole xerogels,*” and [Co(cyclam)]** grafted onto
silica.®? The calculated isotherms are given in Figure 1 and
Table 1 along with experimental isotherms for CO and N,
adsorption. Such a model is required to describe a chemical
system with heterogeneous energetic interactions. The first
Langmuir-type isotherms reflect the chemisorption of dioxy-
gen with a high energetic interaction, while the second illus-
trates a very low energetic interaction through a nonselec-
tive adsorption process, resulting from dissolution and diffu-
sion of the gas into the solid material.”'”* Furthermore, the
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Table 1. Experimental and calculated gas adsorption data for Xy-Cu re-
corded at 293 K.

Vil v P VP (Pp) active
[em®’g™']  [em®g™'] [Torr] [em®g™']  [Torr] sites!d [%]
0O, 13.8 12.9 52 1323 10° 49.2
CO 7.7 1.7 37.8 15.9 1219 6.5
N, 0.6 - - 4.9 4965 0

[a] Experimental volume adsorbed at 760 Torr. [b] Calculated volume for
the i" contribution of the multisite Langmuir isotherm; i=1 refers to
chemisorption and i=2 refers to nonselective physisorption by the inor-
ganic matrix. [c] (P;,);=1/K,. [d] Calculated from [Cu]=1.17 mmolg'
and V.

use of only two Langmuir adsorption components to fit the
experimental isotherms shows that all the sites are accessi-
ble.**7 Conversely, since N, is adsorbed onto the solid
through a non-selective physisorption process and no coor-
dination to the metal ions occurs, a single Langmuir adsorp-
tion model was used for this gas.

The equilibrium constant relating to the O, binding affini-
ty, K;, and the adsorption capacity, V;, were thus calculated
by considering the combination of these two adsorption pro-
cesses (see Experimental Section). These experiments clear-
ly evidence that O, adsorption by Xg-Cu materials after an
activation step involves a chemisorption process, the main
adsorption contribution of the isotherm (93 % considering a
2:1 Cu:0, adduct), and explain the high affinity and selec-
tivity for O,. A weak contribution of a physisorption process
is also seen in the high-pressure range. The mesoporous
solid X-Cu adsorbs 13.8 cm®*g ™! O, at 760 Torr, and the half
saturation pressure ((P,)*?=1/K,,) equal to 5 Torr, illus-
trating the very strong affinity of the material for dioxygen.
The key feature of the material is the selectivity for O, ad-
sorption compared to N,. This selectivity, defined by the
ratio (Py), /(Py), » is about 1000 and N, is only slightly ad-
sorbed by the solid through a physisorption process and not
by coordination on the metal ions. The high specific surface
area observed after complexation should explain the high
accessibility of the coordination sites for dioxygen. Howev-
er, these results show that the large specific surface areas
and porosities are not the main criteria for a large O, ca-
pacity, since the complexation of microporous or even non-
porous xerogels obtained by hydrolysis of precursor 1 in
mild conditions™! have also shown a high affinity for O,,
but with a significantly lower percentage of active sites
(~30%). Therefore there is no straightforward correlation
between the porosity and the reactivity of the copper com-
plexes towards O,.

The study of this family of compounds has shown that the
hybrid xerogels are very reactive towards dioxygen after an
activation procedure, that is, degassing for a few hours
under vacuum while heating at around 120°C. The data also
demonstrate that chemisorption is high for O,, but close to
zero for N,, and that several adsorption—desorption cycles
can occur. Finally, the percentage of active sites, calculated
from the chemisorbed volume, V;, and the copper concen-
tration in the material, was close to 50 % (Table 1). The for-
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mation of a Cu—O,—Cu dimer is thus assumed to occur after
oxygenation of the xerogel. Moreover, the high affinity of
the materials requires the following conditions:

o A metalation of the xerogel after gelation (route B),

e CH;OH, EtOH or CH;CN solvents for metalation of the
xerogel,

o Cu(l, as the metalating agent.

No dioxygen adsorption was observed when CuBr, was
used as a metalating agent or when default CuCl, (<50%
with respect to the ligand concentration in the xerogel) was
used. This suggests that confinement of the metal ions in the
solid is not a sufficient condition to create a material highly
reactive towards O,, but fine tuning of the metal-metal dis-
tance and control of the coordination polyhedron of the
metal ions in the solid are needed. On the other hand, for
the CuCl,-complexed xerogels, the selectivity for O, adsorp-
tion over CO, defined by the ratio (PI,Q)fO/(Pl,Z)TZ, is about 7.
This indicates that the materials have a high affinity for
gases able to bind copper in a bidentate way (see above),
and a low affinity when the gas molecule (CO) has the pro-
pensity to behave as a monodentate ligand. Moreover, the
accessibility for CO adsorption is very low, since V,; repre-
sents only 6.5% of the active sites. Therefore, the affinity
and capacity of the copper-complexed materials demon-
strate a high cooperativity effect for O, adsorption due to
confinement of the two copper ions in close proximity, thus
leading to a stable dimeric Cu—0O,—Cu complex.

The coordination polyhedra of the copper ions, their dinu-
clear structure, and the oxidation state of the active site
were examined by X-ray absorption spectroscopy™ to eluci-
date how hybrid xerogels complexed with CuCl, could re-
versibly bind molecular dioxygen. Difference extended X-
ray absorption fine structure (EXAFS) analysis at the Cu K-
edge suggest that dioxygen bridges two Cu atoms with a u-
n'm'-peroxo-like core and unequal Cu--O distances. Insights
into the dioxygen adduct formed in the oxygenated xerogel
can be obtained from the solution chemistry of copper(1)
complexes®”* or from a systematic review of X-ray crystal
structures for Cu—dioxygen complexes.**™ The oxygena-
tion of Cu' complexes can generate three types of 2:1 Cu/O,
species: an end-on p-n'm'-peroxodicopper(Il), a side-on -
1:mP-peroxodicopper(Il) or a bis(u-oxo)dicopper(Ill). The
species that forms is primarily dictated by the denticity of
the ligand.!*” In particular, oxygenation of Cu' complexes
with sterically unhindered tetradendate tripodal ligands pro-
duces exclusively end-on peroxide species, whereas Cu' com-
plexes with tridentate ligands give side-on peroxo or bis(u-
oxo) adducts. Because no dioxygen adduct from oxygenation
in solution of a tetra-N-functionalized cyclam copper(1) com-
plex has been characterized, we have to rely on comparisons
with other tetradendate systems described in the literature.
In this regard, the aliphatic tetramine ligands derived from
tris(2-aminoethyl)amine (tren)””” or tris(2-pyridylmethyl)-
amine (tmpa)>’7 can be considered as good models for
the immobilized cyclams, although these are not macrocyclic
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derivatives. The average Cu--O distance is quite similar
(1.86+0.01 A) to the Cu—O bond lengths for copper dioxy-
gen complexes characterized by X-ray crystallography.[*°l
The Cu--Cu internuclear distances for the oxygenated and
oxygen-free xerogels (dc,-c,=4.0 and 39A respectively)
are significantly longer than the Cu--Cu distances in side-on
peroxodicopper complexes, but rather shorter when com-
pared to metal-metal distances for end-on [Cu,(p-n'm'-
0,)]** peroxodicopper(Il) with tmpa™ or tren” tetraden-
tate ligands. These structures have shown an end-on trans
binding of the peroxide ion with a Cu--Cu separation of
436 A for tmpa and 4.47 A for functionalized tren. In fact,
the Cu K-edge EXAFS data rule out the last two configura-
tions. This portends a slightly distorted arrangement of the
peroxo moiety, and accordingly it is more likely that oxygen-
ation in the copper—xerogel leads to formation of an end-on
u-n'm'-peroxodicopper(Il) complex. In addition, the use of
a tetradentate macrocycle that coordinates copper ions in a
near square-planar fashion rules out formation of side-on
peroxo coordination and confirms the EXAFS results, which
are consistent with an end-on p-peroxodicopper(II) species.

Thus, the signatures of the Cu K-edge EXAFS spectra for
oxygenated and oxygen-free xerogels have shown that the
coordination geometry of the cyclam is slightly modified
during the oxygenation reaction.®™ In the oxygen-free xero-
gels, the Cu and Cl K-edge EXAFS spectral®! revealed the
pre-existence of Cu' sites with short CI-Cu bonds (2.11+
0.03 A). Before exposure to dioxygen, pentacoordinate Cu"
sites with a longer Cu—Cl bonds (2.45+0.03 A) are ob-
served. Another signal at long distance (2.73+0.03 A) was
also identified, suggesting that Cl~ ions could bridge mixed
valence Cu,"" sites. According to the EXAFS data, the dinu-
clear structure is best described as a class I mixed-valent im-
mobilized complex, with isolated Cu' and Cu" ions and the
unpaired electron localized on the Cu" site with no delocali-
zation on the two copper ions.***

The influence of the axial and equatorial donors on the
electronic properties of the complexes varied as a function
of their relative interactions, due in part to steric effects.
Indeed, there is an inverse correlation between the in-plane
and axial bond lengths, as expected on the basis of Jahn-
Teller distortions™ and the position of the d-d absorption
of copper(I) complexes is indicative of the strength of the
in-plane ligand field versus the axial field. The various con-
figurations of metalated cyclam derivatives®™ are strongly
dependent on alkyl substitution at the four nitrogen atoms
of the macrocycle, leading to a decrease of the ligand field
as evidenced by electronic and EPR spectroscopic data.
Tetra-N-alkylated cyclam copper(Il) complexes are expected
to be pentacoordinated, the copper ion being significantly
shifted away from the mean plane of the four nitrogen
atoms®®! with some trigonal distortion. The electronic
spectrum of copper—cyclam complex in a square-planar(®>®!
or distorted-octahedral geometry™*” generally exhibits a
quite broad absorption band between 540 and 600 nm.
These two coordination geometries can be differentiated
only by the molar extinction coefficients of this band.[®>648
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In contrast, the electronic properties of square-pyramidal
pentacoordinated copper-cyclam complexes/®®! result in a
broader absorption at lower energy (between 620 and
720 nm) along with a relatively high & value (210 to
270 mol~'Lcm™). Since this absorption is expected to be
due primarily to the promotion of one electron from the
d,.,. to d._,. orbital, the variation in the absorption maxi-
mum represents the effect of changes in the donor proper-
ties on the energy difference between these orbitals. In con-
trast to square-planar and octahedral complexes, square-pyr-
amidal complexes are not centrosymmetric, implying that
the intensity of the broad band derives from the overlap of
one allowed transition °B,(d,. ,-)—’E(d,,,.) and two forbid-
den transitions ’B;(d._,:)—’By(d,,) and *B,(d._2)—°A(d.2)
in a C,, symmetry group. The absorption values are thus in
accordance with a pentacoordinated copper(Il) ion in a
square-pyramidal coordination geometry of the metal ion in
tetra-N-alkylated cyclams®*®#! or polyamine linear com-
plexes.*) These are accompanied by a slight distortion of
the equatorial Cu—N bonds and a rather strong in-plane
ligand field strength.[®)

When the cyclam precursor 1 is immobilized in the sol-
gel matrix through route B and metalated by CuCl, (Xg-
Cu), a shift of the broad envelope of bands to a higher
energy occurs (Figure2) in the visible region (A=
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Figure 2. Absorption spectrum of 1-Cu in CH,Cl, (top) and solid-state
diffuse-reflectance spectra of X,-Cu (thin line) and X-Cu (thick line) in

the visible region (bottom). Data for spectra in the bottom half are pre-
sented in Kubelka Munk units.
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740 nm), compared to the silylated precursor complex 1-Cu
in solution (A,,,=806 nm, e=199 mol'Lem™! in CH,CL,).
These electronic data are fully consistent with a square-pyr-
amidal CuN,X chromophore, and the bathochromic shift of
the d-d transition is diagnostic for a significantly stronger
equatorial ligand field in the material than for the corre-
sponding 1-Cu complex in solution.””*"! However, for the
gelated complexes, X,-Cu, the type I configuration!®*! of
the square-pyramidal coordination polyhedra 1-Cu is not
preserved during gelation of the complex; the single band at
550 nm reflects the hexacoordination of the copper(II) ions.
Once again, the sol-gel matrix imposes steric constraints
that increase the equatorial ligand field of the immobilized
cyclam compared to that of the analogous precursor in solu-
tion. The sol-gel matrix is thus able to stabilize a coordina-
tion geometry unlike that observed in solution.

For X-Cu, a strong equatorial ligand field is revealed by
the rather short in-plane copper(IT)-amine EXAFS distan-
ces,™ relative to other tetra-N-alkylated Cu''-cyclam com-
plexes analyzed by single-crystal X-ray diffraction. Indeed,
the average Cu—N distance (2.02 A) in the oxygenated and
oxygen-free xerogels is significantly shorter than that for
tetra-N-alkylated and tetra-N-benzylated Cu" complexes:
these have a square-pyramidal coordination geometry in
which this distance ranges from 2.08 to 2.17 A due to
pseudo-tetrahedral distortions,® 4 but the distance is
quite similar to other five-coordinated copper complexes
with a weak axial-bond donor atom.[** This result agrees
well with the reactivity of the dioxygen adduct, since the rel-
ative lability of the axial dioxygen molecule is revealed by
its desorption under vacuum.

Elucidation of the oxygenation mechanism in the xerogels
and monitoring of any changes in the copper oxidation state
during the oxygenation process should provide a better un-
derstanding of their exceptional reactivity towards dioxygen.
A proposed mechanism for the reaction scheme is shown in
Scheme 2. Since dioxygen is not able to coordinate to cop-
per(II) ions, formation of the active complex requires reduc-
tion to a CuY/Cu" species in the first step of the reaction
mechanism. These redox properties can be compared to the
behavior of overexchanged copper—zeolite species.***
Indeed, the redox chemistry of copper species within such
inorganic frameworks has been well established for Cu-
ZSM-5: a self-reduction pathway of copper(II) ions intro-
duced by ion exchange into Na-ZSM-5 involving extra lat-
tice oxygen atoms was proposed to explain this reactivity.
The reduction of copper(Il) to copper(I) in zeolite upon
thermal treatment under vacuum has been probed by EPR
studies and CO adsorption.’**”! Moreover, the mechanism
proposed by Larsen et al. implies a complex pathway involv-
ing the formation of hydroxyl radicals.” Therefore, in the
case of the copper xerogel X;-Cu, the reduction of cop-
per(IT) should proceed by the formation of ethoxy radicals
through electronic transfer between the metal ions and the
coordinated solvent molecules.

For cyclam xerogels, the EXAFS data have shown that
the active species after pre-treatment by heating (393 K
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Scheme 2. Proposed mechanism for Cu"/Cu' and dioxygen adduct formation in xerogel Xg-Cu.

under vacuum under argon) are mixed valence Cu,™" spe-

cies; this mixed valence system was confirmed by recording
the in situ EPR spectra under argon and after exposure of
the sample to dioxygen. Examination of the EPR spectra
(Figure 3) confirms that the unpaired electron of the mixed

270 290 310 330 350 370
Magnetic Field / mT ———>
Figure 3. EPR spectra for the copper—cyclam xerogel Xg-Cu recorded at

9.79 GHz and 293 K a) before oxygenation, b) after O, exposure for 3 h,
and c) after O, exposure for 22 h.

valence units is localized to only one copper(Il) ion with no
delocalization occurring on both copper ions. Before expo-
sure to dioxygen, the EPR spectrum exhibits a four line pat-
tern at room temperature and at 100 K. A nearly axially
symmetric signal is observed with a near axial g tensor at g,
=220 (A;=180x10"*cm™") and g, =2.05, characteristic of
doublet-spin-state copper(II) ions in a tetragonal geometry.
This spectrum is typical of an isolated Cu" ion, which
strongly suggests a localized class I mixed-valence Cu"/Cu"
structure for the immobilized complexes, as earlier shown
by EXAFS spectroscopy. This result is in agreement with a
partial self-reduction of Cu" during the pre-treatment proce-
dure. After exposure to O,, the intensities of the EPR spec-
tra increase, but show weak modifications of the tensor pa-
rameters (g, =2.18, g, =2.06, A;~180x10"*cm™'); these
results indicates that there is no significant alteration of the
Cu" ion geometry, that is, only a slight modification of the
tetraazamacrocycle ligand field during the oxygenation pro-
cess occurs. However, because of higher spin interaction
coupling between the copper centers, the spectra become
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featureless and no hyperfine coupling of the unpaired elec-
tron with the nuclear spin of the copper ion is observed.
This poorly resolved hyperfine structure is due to the high
concentration (1.17 mmolg ') of copper ions present in the
material that interact with each other through the dioxygen
adduct. It was observed that g, >g, >2.0023, indicating that
the ground-state magnetic orbital containing the unpaired
electron corresponds to d,. ,»; as expected for an axially
symmetrical complex in a square-pyramidal or octahedral
geometry with a Jahn-Teller axial elongation or a slight
equatorial distortion. The main contribution to the EPR
linewidth results from dipolar interactions, which broaden
the signal; this contribution dominates the magnetic-ex-
change interactions known to induce narrowing of the sig-
nals. The spectrum also contains a weak half-field feature
that is assumed to be diagnostic for an exchange-coupled
system, leading to a triplet spin state with a weak zero-field
splitting. Moreover, there is no disparity between the EPR
spectra at 293 and 100 K, which indicates that the copper
ions are not mobile, but are strongly coordinated in the tet-
raazamacrocyclic cavity.

There are several remarkable characteristics of the Cu' re-
ported in this paper. These are: 1) the simplicity of the syn-
thetic protocol, 2) the fact that the partially reversible
uptake of dioxygen occurs at room temperature and 3) the
reactivity of the class I mixed-valence species towards dioxy-
gen which provides new insights into metal complex—dioxy-
gen interactions.

Compared to the chemistry of copper(I) complexes in so-
lution, the dioxygen adduct is much better stabilized in the
solid state when incorporated into a sol-gel matrix; this is
due to the protection of the metal ion by the nanostructured
solid. Under these conditions the organic-inorganic environ-
ment of the copper complexes behaves like a protein in me-
talloenzymes, protecting the active sites from various sub-
strates and avoiding the formation of byproducts. The engi-
neering of the metal-ion microenvironment and the ion con-
finement in the solid is a key step to stabilize the dioxygen
adduct at room temperature. The dioxygen adduct in copper
metalloproteins,”? such as hemocyanin and tyrosinase,
leads to strongly antiferromagnetic coupled homovalent p-
peroxodicopper(II) species. This contrasts with the proposed
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dioxygen adducts in the xerogels, which are associated with
a formally mixed-valence p-superoxo dicopper intermediate
and, upon standing at room temperature for few hours,
leads to a more stable end-on p-peroxo dicopper(Il) species
through a disproportionation process (Scheme 2). Due to
the strong antiferromagnetic coupling between the two Cu"
ions mediated by the peroxide bridge, the p-peroxodicop-
per(Il) species in oxohemocyanin and in the O, adduct of
their biomimetic complexes are EPR silent. For this reason
the p-peroxo species in the xerogel should also be EPR
silent so the observed EPR signal after oxygenation is most
probably due to a homovalent Cu" dinuclear complex
(Scheme 2) resulting from the degradation of the dioxygen
adduct at 293 K. The copper hydroxo complex leads to a
weaker antiferromagnetic coupling between the adjacent
Cu" jons than for p-peroxodicopper(Il) dioxygen adducts
and it is quite evident than the EPR signal increases during
exposure to O,. The side reaction leading to the hydroxo
complex is induced by traces of water in the solid, or water
generated by the polycondensation reaction of the xerogel,
which occurs continuously due to the thermodynamic insta-
bility of the solids obtained through the sol-gel process.”’

In solution, few dinuclear mixed-valence Cu,"" complexes
are able to react reversibly with dioxygen and the formation
of a formally p-superoxo-dicopper(II) was proposed on the
basis of UV/Vis and EPR data.”®! However, with few excep-
tions, p-superoxo- and p-peroxo-dicopper(I) complexes are
stable in solution for reasonable periods (hours) only at low
temperature (< —50°C); warming causes decomposition,
typically to Cu" complexes through processes involving in-
tramolecular ligand oxidation or dealkylation.!**"

The exceptional reactivity of the currently described ma-
terial shows that the structural organization of the active
sites in the silica is regular with a uniform distribution of or-
ganic groups within the framework and the cyclam moieties
are in close proximity to each other allowing strong interac-
tions between the metal ions. The structural arrangement
and periodicity was investigated by XRD measurements:
these gave three broad diffraction peaks (Figure 4) and no
sharp Bragg reflexion. However, even if the broad signals
are too large to be interpreted as a crystalline-like periodici-
ty, they are indicative of a significant organization at the
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Figure 4. XRD diagram for the copper-free cyclam xerogel Xg (route B).
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nanometric scale. The low-angle peak (260=6.92°) corre-
sponds to a d,, interlayer spacing of 12.7 A, thus indicating
a short-range order.”*! This signal can be attributed to the
periodic distance of the organic moiety in the largest length,
that is, the distance between two N-functionalized propylsi-
loxanes on the cyclam in a trans orientation. In addition,
two broad peaks at higher angles corresponding to d spacing
centered of 43 and 8.1 A are observed. The first peak is
always observed for hybrid nanostructured solids?”* and is
attributable to the alkylated cyclam packing within the
layers through the Si—O—Si covalent bonds. Hence, this dis-
tance for the molecular scale layered structure represents
almost exactly the distance between two adjacent cyclams in
the solid. Moreover, it was shown through EXAFS studies
(see above) that after complexation of the macrocycles, the
intermetallic distances were close to 4 A. These results show
that the molecular scale order remains intact after incorpo-
ration of a copper salt into the solid with only a slight modi-
fication of the layered nanostructure.

As already observed for different organosilica materi-
als, 72301011194 the introduction of an organic group into the
nanostructure favors anisotropic organization of the molecu-
lar units in the amorphous matrix since X-ray scattering ex-
hibits diffraction signals. Indeed, the short-range nano-or-
ganization of the tetra-N-alkylated cyclam is due to hydro-
philic interactions (hydrogen bonds) between silanol func-
tions formed during hydrolysis of the alkoxysilyl functions
and van der Waals interactions between hydrophobic chains
bearing siloxane groups. This results in a short- to medium-
range order.??319-1%1 This molecular order shows that
macrocyclic,"™ rigid!"'”! and flexible organosilylated pre-
cursorsP 19181 are able to induce self-organization of the
solid.

The organic distribution observed is in agreement with an
anisotropic packing of the tetraazamacrocycle into a regular
lamellar structure (Figure 5) with a uniform distribution of
the organic units within the framework; thus the cyclam
moieties are in close proximity allowing strong interactions
between the metal ions. Furthermore, the presence of
cyclam N-functionalized by propyl groups provides some
flexibility, which should facilitate the oxygenation process
by fine tuning of the metal-metal distance during complexa-
tion and activation, leading to the reduction of Cu" to Cu'.
The combination of a quite rigid macrocyclic unit with four
flexible hydrophobic alkyl moieties allows increasing inter-
actions between the N-functionalized units during the gela-
tion process due to aggregation forces driven by van der

Figure 5. Schematic view of the O, adduct Xg-Cu self-organized in a la-
mellar polysilsesquioxane structure.
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Waals interactions. The nanostructuration of the solid ex-
plains the activity of the copper ions towards dioxygen coor-
dination at room temperature: almost 100 % of the copper
ions in the xerogel are active towards dioxygen to form p-
peroxo complexes and partial desorption occurs during heat-
ing under vacuum. This result implies, at least, an organiza-
tion in short range and the rather important flexibility of
the ligand in the solid, since the metal-metal distance is
able to be fine-tuned during the oxygenation process. The
immobilization of the flexible tetraazamacrocycle allows un-
usual metal coordination stereochemistries, coordination
numbers, and oxidation states, leading to the unexpected re-
activity of the cyclam copper complexes. This reactivity is
thus directly induced by the sol-gel process, which con-
strains a specific geometry of the macrocycles and ensures
their close proximity in a face-to-face configuration before
complexation.

However, for the gelated complexes X,-Cu obtained
through route A, the rigid type I configuration®®! of the
complex induces steric constraints between complexes
during the gelation, as well as electrostatic repulsions be-
tween copper ions, which move away from each other.
These constraints avoid the self-reduction of Cu" in a dimer-
ic species, and lead to the expected stable Cu" (showing no
reactivity towards O,). The results for X,-Cu and Xz-Cu
suggest that the coordination chemistry in the solid state
and the reactivity of the immobilized species are not directly
applicable to the solution studies of the complexes, because
the solid organization at short range leads to the confine-
ment of the metallic species.

Conclusion

The copper cyclams incorporated in the xerogel matrix ex-
hibit an unprecedented affinity for dioxygen binding and the
stability of the dioxygen adduct at room temperature is di-
rectly related to the nanostructuration of the hybrid material
and to the confinement of the copper cyclam complexes.
The incorporation of a Cu" center into the material after xe-
rogel formation leads, after an activation step, to a bridged
Cu'/Cu" mixed valence dinuclear species. Therefore, the re-
markable properties of these copper complexes for O, ad-
sorption in the silica matrix is induced by the close proximi-
ty of the copper ions. This results in end-on p-n'm'-peroxo-
dicopper(Il) complexes, and the tetraazamacrocyclic com-
plexes are anisotropically packed in a lamellar structure. We
have shown for the first time that the organic-inorganic en-
vironment of copper complexes in a silica matrix can fully
model the protecting role of proteins for metalloenzymes
since an oxygenated dicopper(II) complex can be isolated in
a stable form at room temperature and Cu' species can be
regenerated after several adsorption—desorption cycles. The
coordination scheme and reactivity of the copper cyclams
within the solid are totally different to that generally ob-
served in solution. However, the copper xerogels show a
lower activity during the adsorption—desorption cycles due
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to partial decomposition of the active species. This observa-
tion prompted us to study a novel class of organic-inorganic
nanocomposites named “periodic mesoporous organosilicas”
(PMOs)."™111 Tn PMOs, the organic groups are located
within the channel walls of bridged polysilsesquioxanes.
These materials were prepared by a sol-gel process in the
presence of a surfactant, which acts as a structuring agent.
They exhibit remarkable regularity of the structure with ho-
mogeneous repartition of the organic moieties in the frame-
work, high texture stability, and finely tuned pore diameters.
The increased stability of the PMOs and the uniformity of
the organic dispersion in the inorganic framework compared
to xerogels were of great interest in order to obtain stable
sorbents of dioxygen. Subsequently, tetra-N-[3-tris(alkoxysi-
lyl)propyl]cyclam was incorporated in the PMOs by using a
non-ionic triblock copolymer surfactant (Pluronic 123), and
their copper complexes were examined for gas separation.
After metalation with CuCl, under argon and thermal acti-
vation at 120°C, the material is able to coordinate dioxygen
leading to a more stable dioxygen adduct than that observed
for the oxygenated complexes in xerogels prepared under
nonstructuring conditions. The highest adsorption of dioxy-
gen is obtained when the nonmetalated materials are pre-
pared at 90°C in acidic conditions. The flexible structure of
the peripheral N-alkyl chains are required to tune the
metal-metal distance to a value suitable for the formation
of dinuclear O, adducts. The quantitative metalation reac-
tion of the incorporated ligands inside the framework and
the high reactivity of the complex towards dioxygen give
further evidence for the high accessibility of the immobi-
lized macrocycles to metallic cations and gases. Moreover,
the PMOs incorporating the copper cyclams show a remark-
able stability of the O, adducts, since dioxygen adsorption
remains the same after several adsorption—-desorption cycles.
Study of these materials is still in progress.

Experimental Section

General remarks: The complexation of the xerogels was carried out in a
dry argon atmosphere by using a glove box containing less than 3 ppm
O,. All solvents were dried carefully and distilled before use. Ethanol
was dried on 4 A molecular sieves and thoroughly degassed under
vacuum before transferring to the glove box. Other reagents were of ana-
lytical grade, obtained from commercial suppliers and used without fur-
ther purification. The characterization of the copper(Il) precursor com-
plexes was performed in dichloromethane on a UV/Vis Varian Cary 50
spectrophotometer and by mass spectrometry on a BRUKER ProFLEX
III spectrometer (MALDI/TOF) using dithranol as the matrix. The
copper-complexed materials were characterized using solid state UV/Vis
spectra recording in the diffuse reflectance mode on a VARIAN Cary
500 equipped with a Spectralon integration sphere, DRA-CA-50 (LAB-
SPHERE). Powder samples (100 mg) were ground and dispersed in a
silica matrix (200 mg, Kieselgel MERCK). The baseline spectrum was ob-
tained from pure silica gel. IR spectral measurements were performed on
a BRUKER FT-IR IFS 66v, equipped with a P/N 19900 accessory (GRA-
SEBY SPECAC), in the diffuse reflectance mode. Solid samples were
dispersed in KBr. EPR measurements were recorded on a Bruker ESP
300 at X-band (9.7 GHz), equipped with a double cavity and a liquid ni-
trogen cooling accessory. The spectrum of 1-Cu was recorded at 100 K in
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a CH,Cl,/toluene 3/1 (v/v) mixture (~5 mmolL™"), and at 293 K for the
xerogels analyses in the solid state. Xerogels sensitive to dioxygen were
transferred in the EPR tube using a glove box under argon. The EPR
spectra were referenced to 2,2-diphenyl-1-picrylhydrazyl (DPPH) (g~
2.0036). All spectra were recorded by using 100 kHz modulation frequen-
cy and microwave power of 20 mW. The characterization was also carried
out by using C, H, N microanalyses performed on a FISONS EA 1108
CHNS, while Cu and Si microanalyses were obtained from the “Service
Central d’Analyse du CNRS, Lyon”. Copper concentration in the xerogel
was also analyzed by X-ray fluorescence measurements performed on an
Oxford Lab-X 3000. Powder X-ray diffraction experiments were carried
out on an INEL CPS-120 diffractometer with a curved counter by using
Cuy, radiation. Specific surface areas were measured by N, adsorption
measurements performed at 77 K by using the Brunauer—-Emmet-Teller
method"? (BET) on a MICROMERITICS ASAP 2010 analyzer (rela-
tive pressure, P/P,, range: 0.05 to 0.25). The cross-sectional area of a ni-
trogen molecule was assumed to be 0.162 nm?. Average pore diameters
were calculated by using Barrett-Joyner-Halenda analysis!"'® (BJH).
Each sample was previously degassed by heating at 120°C under vacuum
(1073 Torr). N,, O,, and CO adsorption experiments at 293 K were per-
formed by using the same instrument with 60 s equilibration delay. The
equilibrium constants for the gas binding affinity, K;, and the adsorption
capacity, V;, were calculated by considering two different adsorption pro-
cesses: selective chemisorption on the copper ion and nonselective physi-
sorption resulting from low-energy adsorption and diffusion of the gas
into the solid.">™ The experimental data corresponding to the O, and
CO adsorption isotherms were thus analyzed using a model based on two
Langmuir-type isotherms [Eq. (1)] and those for N, with a single Lang-
muir-type isotherm model [Eq. (2)] with i=0, or CO.

ViK\P  V,K,P

Vis i kP TR KP @
VK, P
Vi =71 +K,P @

The 1,4,8,11-tetrakis-[3-(triethoxysilyl)-propyl]-1,4,8,11-tetraazacyclotet-
radecane precursor (1) and the mesoporous xerogel (Xg) were prepared
as previously reported.?>14

[Cu(1)CI]Cl (1-Cu):®¥ Anhydrous CuCl, (255 mg, 1.9 mmol) was added
to a solution of 1 (2 g, 1.96 mmol) in dried ethanol (20 mL) under argon.
The reaction mixture was heated (70°C for 2 h), then the solution was
evaporated to dryness. The oily residue was washed twice with pentane
(10 mL). The product was obtained as a green oil and dried under
vacuum to yield 1.58 g (70%) of 1-Cu. MS (MALDI/TOF): m/z: 1081.59
[M=2Cl]*, 1018.02 [M+H—CuClL]*; UV/Vis (CH,CL): Ap, (€) =806 nm
(d-d transition, 199.5 mol 'dm*cm™'); EPR data (CH,Cly/toluene 3:1,
100 K): g, =2.24, g, =2.06, A =152x 10~ cm™'; elemental analysis cal-
culated (%) for CyH,,,N,0,,81,CuCl, (1152.15): C 47.95, H 9.09, N 4.86;
found: C 46.89, H 9.29, N 5.24.

Xerogel X,-Cu: 1-Cu (1.37 g, 1.19 mmol) was dissolved in dry ethanol
(1.5 mL). After stirring for 5 min at RT, a stoichiometric amount of water
(0.13 mL) and a catalytic amount of a molar solution of TBAF (tetrabu-
tylammonium fluoride) in THF (1 %/Si, 12 uL) were added simultaneous-
ly to ensure the hydrolytic polycondensation reaction. The solution was
stirred for 1 min, then the dark green solution was left at 25°C and a gel
formed after 45 min. The gel was allowed to age at 25°C for five days
before it was ground, filtered, and washed with ethanol and then pentane.
The purple solid was then dried under vacuum to yield 900 mg (100 %)
X,-Cu. Sper<2m’g'; UV/Vis (diffuse reflectance): A, =550 nm (d—d
transition); IR (KBr): 3255 (v OH-bonded), 2954 (v,, C—H), 2854 (v, C—
H), 1635 (6 H,0), 1466 (6 CH,), 1078 (v Si-O-Si), 791 cm™" (6 Si—OH);
[Cu] determined by X-ray fluorescence =0.94 mmol g~'; elemental analy-
sis calculated (%) for C,,HuN,O¢Si,CuCl,9H,0 (869.54): C 30.38, H
7.18, N 6.44, Si 12.91, Cu 7.31; found: C 30.04, H 6.51, N 6.24, Si 14.25,
Cu 8.10.

Xerogel Xg-Cu: In a glove box, X (300 mg, ~0.52 mmol) was suspended
in thoroughly dried and degassed ethanol (6 mL), then an ethanolic solu-
tion (5 mL) of CuCl, (70.5 mg, 0.52 mmol) was added while stirring. The
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mixture was heated (70°C, 12 h), after which the material was filtered,
washed three times with ethanol (3x5 mL) and dried under vacuum. The
drying and activation of the material was done by heating (120°C, 3 h,
10~ Torr) to yield Xg-Cu as a clear brown solid (365 mg, 98%). Sger=
356 m*g™"; D,=10-60 A; UV/Vis (diffuse reflectance): Ay, =740 nm (d-
d transition); IR (KBr): 3251 (v OH-bonded), 2955 (v, C—H), 2752 (v,
C-H), 1633 (6 H,0), 1469 (6 CH,), 1078 (v Si-O-Si), 806 cm™" (0 Si—
OH); [Cu] determined by X-ray fluorescence =1.17 mmolg~'; elemental
analysis calculated (%) for C,,H,N,0O4Si,CuCl,-5H,0 (797.48): C 33.13,
H 6.82, N 7.03, Si 14.09, Cu 7.97; found: C 33.19, H 5.45, N 6.73, Si 14.00,
Cu 8.00.
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