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Reversible Coordination of Dioxygen by Tripodal Tetraamine Copper
Complexes Incorporated in a Porous Silica Framework
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Abstract: The present study reports the
synthesis and rational design of porous
structured materials by using a tem-
plating method. A tetraethoxysilylated
tripodal tetraamine (TREN) was cova-
lently incorporated in a silica frame-
work with a double imprint: A surfac-
tant template and a metal ion imprint.
The presence of a cationic surfactant
(CTAB) endowed the material with a
high porosity, and the tripodal or
square-pyramidal topology of the
ligand was preserved thanks to the use
of the silylated Cu" complex. After re-

tion, the incorporated tetraamine was
quantitatively complexed by CuCl, and
the material has shown after thermal
activation that a reversible binding of
O, on the metal ions occurred. This
chemisorption process was monitored
by UV/Vis and EPR spectroscopies,
and the Cu:O, adduct was postulated
to be an end-on p-n'm'-peroxodicop-
per(II) complex bridged by a chloride
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ion. The Cu'-active species, formed
during the activation step, were fully
recovered during several O, binding
cycles. The high reactivity of the
copper complexes and the room-tem-
perature stability of the dioxygen
adduct were explained by the fine
adaptability of the tripodal ligand to
different geometries, the confinement
of the active sites in the hybrid silica
that protect them from degradation by
a control of the metal-ion microenvir-
onment, as well as the short-range la-
mellar order of the copper complexes

moval of the surfactant and de-metala-

Introduction

Copper metalloenzymes involved in many biological pro-
cesses have attracted great interest within the scientific com-
munity and many studies have been carried out to better un-
derstand the mechanisms involved in these biological sys-
tems." The study of multicopper oxidases revealed cooper-
ativity between two or more copper ions in the activation of
dioxygen.’! The active site in these metalloenzymes com-
prises copper(I) complexes, which interact with dioxygen
and hence play a major role in the oxidation of various bio-
substrates. The well-characterized copper oxygenases are
catechol oxidase,” ascorbate oxidase, tyrosinase,”! or pepti-
dylglycine a-hydroxylating monooxygenase (PHM).®l In
contrast, haemocyanin is the only copper metalloenzyme
able to carry dioxygen, thanks to its active dinuclear com-
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in the framework.

plex, and has been one of the most studied copper metal-
loenzymes since the beginning of the 1970s.!” The dioxy-
gen coordination at room temperature was investigated by
many spectroscopic methods,'“'! which revealed oxidation
of copper(I) to copper(Il) and formation of a p-n’m*
peroxodicopper(Il) adduct, with a copper—copper distance
of 3.6 A. So far, many studies have been devoted to mimick-
ing the active site structure, spectroscopy, and function of
copper metalloenzymes,'>"! and extensive modeling of their
reactivity towards O, by using lower molecular weight
copper complexes has also been studied.'>'”! These models
provide a better understanding of the biological molecules
by tuning the steric and electronic environment of the metal
ion and have allowed the development of new homogeneous
catalysts for selective oxidations under mild conditions. The
mimicking models are mostly tripodal polynitrogen ligands
that are able to complex copper at different oxidation states
and can coordinate molecular oxygen to copper(I) to form
copper dioxygen adducts of several types."'>%3 The first ex-
ample of a structurally characterized peroxodicopper com-
plex was obtained by Karlin and co-workers by reaction of
[Cu(tmpa)(CH;CN)]PF; (tmpa =tris[(2-pyridyl)methyl]-
amine) with O, at low temperatures (—80°C)."*'! Thence-
forth, reactivity of various copper(I) tripodal polyamine
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complexes with dioxygen has been investigated and many of
the peroxocopper or superoxocopper complexes formed
were only stable at low temperatures.”™* Among all the li-
gands investigated to mimic the dioxygen transport in hae-
mocyanin, the derivatives of tris(2-aminoethyl)amine
(TREN) are of particular interest and considerable progress
has been made towards to stabilizing O, adducts close to
room temperature. The X-ray structure of a p-n'm'-peroxo-
dicopper(Il) species was obtained at 193 K starting from a
TREN N-functionalized by three benzyl groups.¥

Recently, a Cu' complex of a TREN derivative bearing
three tetramethylguanidine groups was found to coordinate
reversibly dioxygen at 193 K by forming an end-on n'-super-
oxocopper adduct.”>?! Schindler et al also described a p-
n'm'-peroxo Me,TREN complex that was stable at room
temperature and in the solid state, but not in solution.”! Al-
though these two latter oxygenated species are the most
stable described to date, there is a paucity of examples of
biomimetic models capable of coordinating molecular
oxygen reversibly at room temperature.”*?’! Warming oxy-
genated species generally causes their decomposition to Cu"
complexes through processes involving oxidation or ligand
dealkylation.">*3!1 Hence, most of them were only stable
for a few minutes or a few hours, and their regeneration was
not possible more than once.

Incorporation of such species into silica-based organic—in-
organic hybrids is very attractive for various applications,
such as gas binding,”>*! because the complexes immobilized
within the material are expected to be more stable than the
analogous ones in solution by avoiding degradation of the
active species. These materials can combine the properties
of the rigid and porous inorganic framework with the intrin-
sic reactivity of the functional groups or complexes incorpo-
rated into the silica framework. Among the wide diversity
of silica hybrids, polyamine-functionalized materials with
tetraazacycloalkanes are of particular interest, owing to
their remarkable ability to strongly bind transition-metal
ions and heavy-metal cations.”**”! Contrary to materials for
which tetraazamacrocycles, such as cyclam, are tethered
onto the silica surface by covalent grafting or by sol-gel syn-
thesis,?>*? copolycondensation of tetraalkoxysilylated cy-
clams gave functionalized silica incorporating cyclic poly-
amines®*! into their framework, and these hybrid solids
have shown different and sometimes unusual coordination
properties compared to their analogues in solution.*>*! In
recent work,® we have shown that the incorporation of tet-
raazamacrocycles like cyclam in silica matrices by a sol-gel
process gave materials able to complex copper(Il) salts.
After thermal activation, copper(Il) to copper(I) reduction
occurred, and coordination of dioxygen took place at room
temperature with a good affinity and a high selectivity over
dinitrogen and carbon monoxide. The chemisorption of di-
oxygen on the metal ions in the solid state was attributed to
a short-range organization of organic receptors in the mate-
rials. The major drawback of these materials was the insta-
bility of the xerogel texture and the irreversible oxidation of
some of the Cu' complexes, which reduced the number of
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active sites by one half between two successive oxygenation/
deoxygenation cycles. Although the thermodynamic stability
of tripodal copper complexes is lower than for cyclam
copper complexes (log K=18.5 for the TREN complex!*’!
and log K=28.1 for the cyclam complex®), owing to the
noncyclic nature of the tripodal ligands, the flexibility of
TREN derivatives appears to offer a good opportunity for
dioxygen coordination in the solid state, as it allows stabili-
zation of the copper ions in both the +1I and +II oxidation
states.

Functional groups can also be incorporated in more or-
ganized frameworks by using the periodic mesoporous orga-
nosilicas (PMOs) concept thanks to surfactant-templated
supramolecular assembly.**>!! These materials are a class of
hybrid mesoporous material, in which the organic compo-
nent is homogeneously and covalently incorporated into the
wall of the silica framework,”> and they have attracted
considerable attention owing to the large range of potential
applications in the field of catalysis, gas or metal ion adsorp-
tion, sensors, and optical devices.”™ Thenceforth, a huge
number of PMOs were prepared with rigid organic groups
such as benzene,**"! biphenyl,**>*! or ethylene,® but less is
known about PMOs functionalized in their framework by
linear®""%! or cyclic polyamine,**%! or other chelating
agents.[” The few complexation studies of PMOs functional-
ized by polyamines, such as cyclam*>**%! or linear
amines® %% reveal very promising results. However, to
date the tripodal TREN amine has never been incorporated
into the framework of hybrid silicas.

The concept behind these functionalized materials was to
prepare supramolecular systems with a very precise environ-
ment at the molecular level that controls their structural
properties and their reactivity. The incorporation of active
complexes should create more or less hydrophobic open
spaces in which there are localized functionalities, and these
cavities are able to protect their catalytic sites,/®! as for met-
alloenzymatic systems. Such bioinspired materials are
mostly devoted to mimicking the coordination chemistry of
the metal center to better understand the effect of the mo-
lecular environment on their reactivity, or in contrast to
induce unexpected activities never described for such tripo-
dal complexes in solution. One outstanding challenge is thus
to develop organic-inorganic hybrids with unexpected prop-
erties. However, few studies have reported correlations be-
tween coordination chemistry, hydrophobicity, and the con-
finement effect of the active sites, but it has been shown
that it is possible to combine at the same time metal-coordi-
nation control and the effect of confinement or hydropho-
bicity, to modify the catalytic activities and the metal-ion-
binding properties."7?) Moreover, their properties can be
tuned by the nano-organization of the active species, and
unusual properties could arise by incorporation of the che-
lating units into the inorganic framework owing to the
short-range arrangement of the organic moieties."*™!
Thanks to the long-range periodicity of mesostructured tem-
plated silicas, PMOs are very useful for embedding poly-
amine into the framework while keeping the integrity of the
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functionalization during the synthetic steps in the prepara-
tion of the material.

The present study reports on the rational design of such
materials for which a bioinspired copper complex is cova-
lently immobilized in the framework of a hybrid silica in
order to stabilize the metal ion in different oxidation states,
which should be required to fully recover the active sites
through O, binding cycles. Herein we describe the reversible
coordination of dioxygen at room temperature by tripodal
copper complexes incorporated into porous organosilica,
which mimics the dioxygen transport in copper-metalloen-
zyme, such as haemocyanin. It is shown that both the con-
trol of the stereochemistry of the complexes incorporated
into the silica framework and their confinement in the
hybrid solid are required to stabilize the copper—dioxygen
adducts at room temperature.

Results and Discussion

Synthesis of the precursors and materials: The tripodal
TREN derivatives and the copper(II) complex used to syn-
thesize the functionalized materials were prepared according
to Scheme S1 in the Supporting Information. Starting from
the tetraamine, the triacetamide TREN 1 was obtained by
the action of acetic anhydride in refluxing acetic acid. The
three amide functions were reduced in a second step by lith-
ium aluminum hydride in tetrahydrofuran. The distilled
Et;TREN compound 2 was obtained in 58% yield." The
addition of 3-iodopropyltriethoxysilane to 2 provided the si-
lylated ligand L in 89 % yield after refluxing in acetonitrile
under argon. The tripodal

copper complex  precursor

[Cu(L)Br]Br was synthesized in

a last step by complexation /\Nr,,/_\?]_"“N/\
with copper(II) bromide under &EN \A
anhydrous conditions. CuBr, BJ (EO)sSi
was chosen instead of CuCl, to (BO)Si —
avoid a mixture of chloride and

[Cu(L)Br]Br

bromide ion during the prepa-
ration of the material, since
bromide was supplied by the
cetyltrimethylammonium bromide (CTAB) surfactant used.
Tetraamine-functionalized materials were synthesized in
basic medium in the presence of the cationic CTAB surfac-
tant to endow the hybrid solid with enhanced porosity and
maintain the structure of the ligand. Notably, the use of a
polysilylated ligand, which has its hydrolyzable functions
held apart from each other often leads to solids that are
functionalized inside their framework and not in the
pores.*%! Contrary to the macrocycles whose conformation
is preserved from solution to the solid state,**! the struc-
ture of TREN derivatives is obviously modified during each
synthetic step, owing to their linear structure and geometric
constraints resulting from the polycondensation reactions
occurring during the sol-gel process. Thus, the tripodal top-
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ology of the ligand is not preserved in the sol-gel material.
This problem should be solved by stabilizing the tripodal
topology of the ligand by using the tripodal copper(II) com-
plex as a precursor. The use of this metallic imprinting
method should preserve the tripodal arrangement of the li-
gands from solution to the inorganic solid. Hence, the prep-
aration of porous materials incorporating TREN with a fine
control of the stereochemical properties of their copper(II)
complexes requires the use of a double imprinting method:
the porosity and structuration is induced by the surfactant
template and the tripodal geometry of the immobilized com-
plexes is maintained by the metal ion. This concept was pre-
viously described in the literature for PMOs in the case of
copper(I1),*>7  cadmium(I1),"” and lanthanide com-
plexes.” Moreover, the instability of [Cu(TREN)X]* com-
plexes*”! at pH values lower than 4 prevented us from using
such a tripodal precursor for sol-gel reactions in structuring
conditions employing the well-known triblock copolymer
Pluronic 123 as the surfactant,**5 as the synthetic condi-
tions required more or less diluted strong acids. These latter
ones are considered to play a key role in the assembly of
the surfactant and silica precursor through a N°H*X I+
type interaction in which N° is the neutral surfactant,®>%
X~ is the counteranion, and I is the protonated silicate spe-
cies. For this reason, we have chosen to synthesize porous
hybrid solids incorporating TREN ligands using CTAB as
structure-directing agent, as it is well known to provide
structured materials in basic conditions.”*"

The synthesis of the hybrid materials is described in
Scheme 1. A solution containing the tripodal copper com-
plex [Cu(L)Br]|Br and ten equivalents of tetraethoxysilane
(TEOS) was hydrolyzed in the presence of CTAB in basic

TREN in the siica wall

Ob | pore
i) ii) =2
+10TEOS —» — 202
i) ==
@)=
0=Cu? My
<> =TREN

Scheme 1. i) CTAB, 10 equiv TEOS, NaOH, H,0; ii) HCI/EtOH (1 m); iii) EtOH, Et;N. 83 % overall yield.

aqueous media (NaOH). Optimized conditions were found
with a molar ratio of Si/CTAB/NaOH/H,O equal to
1:0.15:0.45:160 that gave a material with a high specific sur-
face area, M1. Polycondensation occurred over one hour at
room temperature and three days at 353 K. The extraction
of the surfactant in acidified refluxing ethanol with hydro-
chloric acid (1m) led also to a complete decomplexation of
the material, in line with the instability of the tripodal com-
plexes in acidic conditions. The amines were then deproton-
ated with a twofold excess of triethylamine in ethanol
during a short time (20 min) to avoid silica dissolution or de-
structuration. The deprotonation step was required to allow
a nearly quantitative complexation of the immobilized li-
gands by a copper(II) salt.
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To validate the concept of double printing, we have also
prepared a material (M2) from the free tripodal ligand in-
stead of the [Cu(L)Br|Br complex. M2 presents the same
molecular formula as M1 and was formed under similar ex-
perimental conditions.

Structural and textural characterization: The nitrogen ad-
sorption isotherms at 77 K of M1 (see Figure S1 in the Sup-
porting Information) and M2 materials are of type I accord-
ing to the TUPAC classification®™! and are characteristic of a
microporous material. According to the BDDT classifica-
tion,™ the small hysteresis also indicates the presence of a
weak proportion of mesopores. Textural parameters and
ligand concentrations of these porous materials are listed in
Table 1, and the isotherms give a quite broad pore-size dis-

Table 1. Textural data for M1 and M2 materials.

FULL PAPER

poration and high condensation of the organosilane deriva-
tive within the inorganic silica.

The “C CPMAS NMR spectrum of M1 (see Figure S2 in
the Supporting Information) displays three broad signals
(0=51.7, 21.7, 12.7 ppm), which are assigned to the propyl,
ethyl, methyl, and ethylene spacers of the ligand. These ali-
phatic groups present quite similar resonance signals, which
explains the broad spectrum observed. The *C NMR spec-
trum is thus consistent with the integration of the ligand
into the silica framework without alteration.

Although M1 and M2 do not exhibit a long-range organi-
zation like other PMOs, #3987 X _ray diffraction analyses
provided information about the nanometer scale organiza-
tion displayed inside the walls of the silica network, as
shown in Figure 1. The X-ray diffraction diagram corre-

sponding to M1 exhibited only
broad diffraction peaks and no

sharp Bragg reflection, which

Material Sper DM A A5 C/NI c/sid L] ([Cuh . .
atena BET v 1Al P ! (LI u,]l) indicates the absence of crystal-
[m*g™] [cm’g™"] [mmolg™] . C
- - - line periodicity. The broad peak
M1 489 <30 0.29 475 (5.20)! 0.91 (0.85)k! 0.82 100 dat59° 1
M1 CuCl,? 296 <30 0.17 471 (4.78)1) 0.75 (0.75)1 074 (0.76) ~ (100) centered at 5.9° as well as
M2 210 <30 0.13 471 (5.32)[61 _ 0.83 the second-order broad and
M2 CuCL! 161 <30 0.10 4.45 (4.50)! 0.74 (0.69)! 0.67 (0.81)  weak peak (200) at 11.6° corre-

[a] Surface are calculated following the BET theory. [b] Pore size diameter obtained from the BJH method.
[c] Total pore volume measured at P/P,=0.99. [d] Determined from elemental analyses. [e] Theoretical values.
[f] Synthesized by using the metal complex imprinting method. [g] Material complexed under argon atmos-

phere. [h] Synthesized without imprinting metal method.

tribution with pore-size diameter lower than 30 A, according
to the BJH calculations.® A high specific surface area was
determined for M1 that reveals the efficiency of the surfac-
tant as a structuring and a porogen agent. Material M2 ex-
hibits lower specific area and pore volume than M1, which
demonstrates the influence of not only CTAB to create po-
rosity, but also of the copper complex precursor
[Cu(L)Br]|Br. To further confirm the porogen effect of
CTAB, a blank material prepared starting from TEOS and
[Cu(L)Br]Br without using surfactant was shown to be not
porous at all. Moreover, in contrast to M1, removal of sur-
factant in the case of mesoporous materials functionalized
by diethylenediamine led to matrix collapse, and the result-
ing extracted materials were disordered and showed low sur-
face areas and small pore volumes.'*”

The composition of the materials was inferred from the
results of C, H, N, and Si elemental analyses. The ligand
concentration was calculated to be 0.82 and 0.83 mmolg™
for M1 and M2, respectively. The experimental and theoreti-
cal C/Si and C/N molar ratios were compared (Table 1) and
showed few discrepancies that were mainly attributable to a
small amount of CTAB remaining in the solids despite
acidic washings. However, this surfactant residue was almost
totally removed after copper complexation.

The ¥Si and "C CPMAS NMR spectra for M1 are pre-
sented in Figure S2 in the Supporting Information. Materials
M1 and M2 were formed with a high degree of polyconden-
sation, as the Si NMR spectrum displayed mainly T® and
Q* substructures. The T" signals are indicative of the incor-
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spond to distances equal to 14.9
and 7.6 A, respectively, and are
characteristic of a lamellar
structure with a 14.9 A interlay-
er spacing. This distance is at-
tributed to the average length of the organic parts. The pres-
ence of these peaks indicates a short-range order in the
framework and a quite regular repartition of the

a)

Intensity / A.U.
Z

2 6 10 14 18 22 26 30 34
2 theta / degree

Intensity / A.U.

2 6 10 14 18 22 26 30 34
2 theta / degree

Figure 1. XRD powder diagrams for a)i) M1 and ii) complexed material
M1CuCl, after exposure to O,; b)i) M2 and ii) complexed material
M2 CuCl, after exposure to O,.
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ligand.">#1 Tt is clear that the organization is not well de-
fined in the long range, as for silylated aryl or long alkyl
chains, but such broad signals correspond unambiguously to
the existence of a nanometric-scale order in the
solid.P*#%22% The peak centered at 23° is related to poly-
amine chains packing within the layers through the siloxane
bonds and represents a 39A spacing. Therefore, this dis-
tance gave an estimation of the closest TREN chelate in the
framework.

The X-ray diffraction diagram is similar for M2 with an
interlayer distance of 15.2 A. However, the sharper peak
centered at 5.8° (Figure 1b) indicates a more regular distri-
bution of the organic moieties in the silica network for M2
than for M1, which means a better self-assembly. This can
be explained by an extended topology adopted by the free
TREN ligand in the case of the formation of M2, contrary
to a more constrained and folded geometry adopted by the
complexed tetraamine during the formation of M1. Despite
the bowl shape of the tripodal copper complex used to syn-
thesize M1, this precursor is able to induce a self-organiza-
tion on the nanometric scale. Other unfavorable topologies
of the silylated reactants have already been shown to pro-
vide short-range organization with a precursor possessing
tetrahedral geometry.””

Reactivity of the copper complexed materials towards O,
and CO: Materials M1 and M2 were metalated in a glove
box with copper(II) chloride in dried ethanol under an
argon atmosphere and their color changed from white to
clear brown before exposure to dioxygen. The complexed
materials M1CuCl, (see Figure S1 in the Supporting Infor-
mation) and M2 CuCl, exhibited a type I nitrogen adsorp-
tion isotherm at 77 K comparable to that of M1 and M2,
thus indicating that the microporosity of the materials was
preserved during metalation. However, textural parameters
(Table 1) have shown a significant decrease of the surface
areas and pore volumes, as a result of a partial plugging of
the pores by the counter-anions. The total amount of copper
and TREN moieties incorporated within the hybrid materi-
als was determined by elemental analyses (Table 1). The
comparison between both analyses indicated that the metal
ion was quantitatively complexed by the immobilized tetra-
amines and showed the high accessibility of the tripodal
ligand to metallic cations in the silica walls.

After an activation step by heating at 393 K under
10~* Torr, M1 CuCl, and M2 CuCl, were submitted to several
oxygenation/deoxygenation cycles at 295 K under static con-
ditions. The reactivity of these solids towards O,, CO, and
N, is depicted in Figure 2 and Table S1 in the Supporting In-
formation. During exposure to O,, the solids changed from
light brown to green, indicating the formation of Cu" ions.
As previously described for cyclams incorporating xero-
gels,™! the dioxygen reactivity of the material is attributed
to copper(I), which is formed by reduction of copper(II)
during the activation step. Analysis by using UV/Vis and
EPR spectroscopies reveals evidence of this process (see
below).
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Figure 2. Adsorption isotherms of M1CuCl, for O, (), CO (a) and N,
(@) at 295 K. The thin solid lines (¢) are related to chemisorption (Lang-
muir-type) and physisorption (Henry-type) for O, adsorption, and dashed
lines (2) indicate the chemisorption contributions for the calculated CO
isotherm (see the Experimental Section).

The O, experimental adsorption isotherms were analyzed
by using a multiple-site adsorption process involving a two
Langmuir-type adsorption model (see the Supporting Infor-
mation).”® %! This model was required to describe systems
with physical and chemical adsorption processes, that is with
heterogeneous energetic adsorption sites. Experimentally,
we have used a model based on one Langmuir and one
Henry isotherm (Figure 2), as the second component of the
model has a very low K, affinity constant. Similar calculated
isotherms were previously described by us for different
kinds of materials.’>>% The first component of a multisite
Langmuir isotherm is related to chemisorption of O,, as it
reflects the highest energetic interactions, whereas the
second component represents the physisorption process with
low energetic interactions and non-selective adsorption by
the silica matrix. As N, cannot interact with the metal com-
plexes and is only adsorbed by the porous solid through
non-selective physisorption, a single Langmuir model was
applied to analyze the adsorption isotherm of N..

The equilibrium constants for O, binding, defined by K;=
1/(P,,);, and the adsorption capacity, V;, were thus calculat-
ed and reported in Table S1 in the Supporting Information.
Material M1 CuCl, exhibited a moderate adsorption capacity
of O, with a volume V; of 3.95 cm?g™!, but a high affinity il-
lustrated by a half saturation pressure (Po,);, equal to
2 Torr. The contribution of the physisorption is low since the
capacity is only 1.11 em®g™' at 760 Torr, which represents
only 22% of the total amount adsorbed. Moreover, it seems
reasonable that the physisorption contribution is similar to
the N, isotherm, the latter being a pure physisorption pro-
cess. These results clearly point out that O, adsorption im-
plied a chemisorption process, which represents the main
contribution of the adsorption and is in accordance with the
high affinity and selectivity versus N,. The reactivity of the
non-imprinting M2 CuCl, material was rather similar to that
of M1CuCl,, but with a slightly lower capacity (V;=
3.57 cm’g™") and affinity ((Po,),,=4 Torr). However, theses
differences are too small to attribute them to a beneficial
effect of the metal ion imprint by considering only these pa-
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rameters. For these two materials, the percentage of active
sites, calculated from V; and the copper concentration, was
far from being complete (around 50%) if we consider the
formation of Cu-O,-Cu dinuclear complex, since only 23.2 %
of copper ions for M1CuCl, for and 19.7% for M2 CuCl,
were involved in O, binding. This means that at least one-
half of the copper complexes did not coordinate O,.

The most convincing explanation to interpret this result
lies in the inhomogeneous copolycondensation of the silylat-
ed TREN precursor with 10 equivalents of TEOS, despite
the use of a surfactant, which should induce the structura-
tion of the material and a regular dilution of the organic
moieties into the silica.'”!!l The inhomogeneous incorpora-
tion of the organic moieties affords a material in which
some of the complexes are in close proximity and have mod-
erate to strong interactions, and some of which are isolated
from each other. This propensity for the aggregation of or-
ganic moieties during the copolycondensation of a bridged
precursor and TEOS was previously observed for xerogels
in the absence of surfactant.”*' These results are thus in
agreement with the dilution of the ligand in a locally lamel-
lar structure. For copper—xerogels incorporating cyclam,®!
the dilution of the active sites in the matrix using TEOS as
a silica precursor led to a significant decrease of the percent-
age for O, binding to copper, because of the lack of reactivi-
ty of the most isolated copper sites. Thus we can assume
that the active sites are mainly dicopper complexes in close
interaction; these allow the formation of p-peroxo species
(Scheme 2).

isolated site
S > i) S;D o ii)
- cl —
(-
T SiO, Si0,
dimeric site i
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xerogels incorporating tetraazamacrocycles.® Another im-
portant point is the lower reversibility for O, binding dis-
played by M2CuCl, and the lower stability of the texture
through O, cycles. These results show that metal imprinting
of the tripodal copper complexes is required to induce a
high reactivity towards O, and stability of the dioxygen ad-
ducts.

The reactivity of M1CuCl, and M2 CuCl, towards CO was
also studied and the results are reported in Table S1 in the
Supporting Information and Figure 2. CO can be considered
as a redox probe of copper, as it should coordinate only to
the Cu'. However, the affinity was higher for O, than for
CO, which means (P,,)o, was lower than (Py;,)co, and the
material showed adsorption selectivity close to 5 at 10 Torr
in favor to dioxygen, if we consider only the chemisorption
processes. The chemisorption capacity was slightly higher
for CO than for O, (4.80 and 3.95 cm’g™" for M1CuCl, re-
spectively, see Table S1 in the Supporting Information) and
the selectivity value approached 1 if the pressure was close
to 760 Torr. This indicates that the materials have a better
affinity for gas molecules able to bind according to a biden-
tate coordination mode like O,, instead of a monodentate
way like CO in a 1:1 Cu:CO stoichiometry. Moreover, de-
spite the high porosity of the solids, the accessibility for CO
binding was very low, as the adsorbed volume V related to
the highest energetic contribution represented only 3% of
the active sites on the total amount of 28.1% for M1 CuCl,
and 17.1% for M2CuCl,. Thus, the major contribution to
CO adsorption was poorly effective in terms of affinity.
Therefore, the materials dis-
played a high selectivity for O,
binding thanks to the close
proximity of the copper ions.

The XRD diffraction analysis
(Figure 1a) of M1CuCl, after
exposure to dioxygen shows the

T @
@ Cl

Scheme 2. i) CuCl,, dried EtOH under argon atmosphere, then thermal activation under vacuum; ii) O,; iii)

deoxygenation by heating the material under vacuum.

The reversibility of the oxygenation reaction was studied
for M1 CuCl, and M2 CuCl, through five oxygenation/deoxy-
genation cycles at 295 K (see Figure S3 in the Supporting In-
formation). After the sample was degassed for 3 h, the color
of the solid changed systematically from green to light
brown, and inversely after exposure to O,. These color
changes depict the redox process of copper, namely the re-
duction of Cu" to Cu' after removing O,. A reversibility of
97% was indeed deduced from the values of V, for the
second, third, and fourth cycles of oxygenation/deoxygena-
tion (see Table S2 in the Supporting Information). More-
over, a reversibility of 81 % was determined after the mate-
rial was exposed to moist air over two weeks. This unprece-
dented reversibility is far higher than the 50 % found for the
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210 preservation of the short-range
®Cu organization of the material,
@ cu' but with significant modifica-

tions. The first peak becomes
slightly sharper after complexa-
tion and thus leads to a slight
increase of the structuration
after oxygenation. Moreover, the shift of the peak related to
the siloxane layers from 23° (3.9 A) to 21.1° (4.2 A) corre-
sponds to an increase of the distance between two interlam-
ellar plans. As a consequence, it can be concluded that the
organosilica wall thickness slightly increased after complexa-
tion and O, coordination, and demonstrates that the motion
of the ligand during complexation also generates the global
flexibility of the silica network. The structuration improve-
ment observed after oxygenation and the adaptability of the
TREN tripodal complexes to the trigonal-bipyramidal as
well as square-pyramidal geometries required for copper
cations thanks to the Berry rotation*'™ explain the very
good reversibility of the oxygenation reaction evidenced in
Figure S3 in the Supporting Information. The reactivity of

6357

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

R. Guilard et al.

A EUROPEAN JOURNAL

M1 CuCl, towards dioxygen is thus explained by the adapta-
bility of the tripodal ligand to the different geometries re-
quired by the copper centers in relation to their redox
states.

After exposure to dioxygen, M2 CuCl, displayed a diffrac-
tion peak at 5.8°, related to the organic parts (Figure 1b),
which is broader and less intense than the material before
metalation and oxygenation. This can be attributable to a
decrease of the short-range organization in the walls of the
framework in contrast to what was observed for M1 CuCl,.
In the same time, the amount
of reversible chemisorbed di-
oxygen was lower than for
M1CuCl, (see Table S1 in the
Supporting Information).
Hence, it can be concluded that
metal imprinting is required to
control the geometry of the tri-
podal copper complexes and
better structuration in the short
range to induce a high reactivi-
ty of the metalated materials
towards dioxygen and a high re-
versibility of the oxygenation
reaction. A  straightforward
structure-reactivity correlation
is therefore demonstrated.

Compared to the reactivity of
copper(I) tripodal complexes in

a)

Spectroscopic studies and Cu—O, binding mode: UV/Vis and
EPR spectroscopies were used to determine the coordina-
tion scheme of the metallic cations and to gauge the ligand
field stabilization energy (LFSE) of the complexes in M1, as
well as to elucidate the structure of the copper—dioxygen
adduct. As the electronic properties of the complexes are
strictly dependent on the axial and equatorial donor
strength, different spectral morphologies might be expected
at different preparation steps and after exposure to dioxy-
gen. Figure 3 shows UV/Vis and EPR spectra recorded at

b)

LM

200 1400 1600 1800

U PP
LZOO 1400 1600 1800

solution, the dioxygen adduct is ) " ' '
much better stabilized in the 500 600 700 MSOO
silica matrix since the copper— nm
O, adduct of TREN is only
stable in solution at low tem-
perature and Cu' cannot be re-
generated when degass-
ing.2*224l However, such stability and reversibility of the di-
oxygen adduct at room temperature were only described re-
cently in the solid state for an end-on p-peroxodicopper
complex with Me,TREN™! and in organic solution for an
end-on superoxocopper complex with TREN functionalized
by three tetramethylguanidine groups.’** %) This confirms
the original biomimetic properties of our material that in-
corporates tripodal complexes. In addition to the high reac-
tivity of the materials thanks to the adaptability of the tripo-
dal complexes to the different geometries, the stability of
the dioxygen adduct can also be explained by the confine-
ment of the active species encapsulated in the silica frame-
work that protects them from degradation, by, for example,
hydrolysis of the peroxide or ligand oxidation. The silica
matrix acts as a shell and plays a similar role to that of pro-
teins for active sites of copper metalloenzymes like haemo-
cyanin. Therefore, the engineering of the metal-ion microen-
vironment and the ion confinement in the solid are pre-
requisites to stabilize copper—dioxygen adducts at room tem-
perature.
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Figure 3. a) UV/Vis and b) EPR spectra for (top to bottom): [Cu(L)Br]Br precursor (in CH,Cl, at 293 K for
UV/vis and DMF/toluene 3/1 at 100 K for EPR), M1 before de-metalation and surfactant extraction, and
M1CuCl, after exposure to O,. Inserts in b) represent the half-field transitions in the EPR spectra.

100 K for the copper complex precursor and the metalated
materials.

Owing to the tripodal arrangement of the four nitrogen
donor atoms, TREN ligands are ideal candidates to prepare
metal complexes possessing a trigonal-bipyramidal geome-
try, and a variety of copper(Il) coordination compounds
with this geometry have been reported!® both in the solid
state and in solution.'"1%! The electronic transition of
lowest energy was assigned to the promotion of one electron
from the degenerate d,,, d,._,. orbitals to the d,. orbital and
the less intense band to the d,,, d,,—d, transition, both
being allowed in a Cs, symmetry.'” "I For the silylated pre-
cursor [Cu(L)Br|Br in dichloromethane (Figure3 and
Table S3 in the Supporting Information) before incorpora-
tion in the material, the UV/Vis data are consistent with a
trigonal-bipyramidal geometry since a maximum at A=
993 nm (¢=165mol™! dm’cm™") and a less intense band at
A=776nm (¢=125mol™! dm’cm™) were observed.l”!!
These data are similar to those displayed by [Cu-
(Me,TREN)Br|Br, thus indicating a negligible effect of the
alkyl chain length on the LFSE.'"
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The EPR spectrum of [Cu(L)Br|Br in frozen dimethylfor-
mamide-toluene (3:1 v/v) gave g and A factors comparable
with those of other TREN-type complexes known to display
trigonal-bipyramidal geometry."" """l The spectrum exhibit-
ed a magnetic anisotropy with parallel and perpendicular
components typical for a doublet spin state. The hyperfine
coupling between the unpaired electron and the copper(II)
nucleus (/=3/2) produces four lines with A =93x
10*em™ and A =75x10"*cm ™" (see Table S3 in the Sup-
porting Information). The sequence g, =2.18>g; =1.92 was
also indicative of a trigonal-bipyramidal geometry with a
magnetic orbital in the ground state corresponding to d..
The g value lies slightly above the free electron value
(2.0023) that suggests a significant mixing between d,, d,,
orbitals and the d_. ground state, which occurs by vibronic
coupling and thanks to the large spin-orbit coupling of the
halide lying in apical position.!'"!

After formation of M1, but before extraction of the sur-
factant (Figure 3 a, middle curves), the UV/Vis spectrum ex-
hibited two absorption bands with the same intensities and a
blue shift compared to [Cu(L)Br|Br. This indicates that the
immobilized complexes possess an intermediate geometry
between a trigonal-bipyramidal and a square-based pyrami-
dal geometry. Analysis of the EPR spectrum (Figure 3b,
middle curves) clearly indicates this intermediate geometry;
it can be considered as the overlap of spectra corresponding
to these two coordination schemes. A dinuclear complex
was also formed, as revealed by the presence of a weak for-
bidden transition at half field characteristic of a dipolar cou-
pling between two adjacent copper ions in the silica frame-
work, leading to a triplet spin state with a weak zero-field
splitting.

After re-metalation and oxygenation (Figure 3a, bottom
curve), the UV/Vis spectrum exhibited a large absorption
band centered at A=720nm and a shoulder around A=
900 nm, indicative of a square-based pyramidal complex, as
already described for copper tetraazamacrocycle complexes
immobilized in a sol-gel matrix,™ in which the axial nitro-
gen atom of the bipyramidal structure became equatorial in
the tetragonal pyramid. This stereochemistry is thus consis-
tent with a C,, symmetry and a d,._, ground state."” The
weak energy transition compared to other CuN;X com-
plexes!'®) indicates also a slight distortion in the equatorial
plane. Hence, there is a significant evolution of the copper
coordination polyhedra during the formation of M1 after re-
metalation and oxygenation. These phenomena can be ex-
plained by steric constraints applied to the ligands by the
silica framework. It is well known that distortions in the
equatorial plane can occur if the steric hindrance on the ter-
minal nitrogen donors or axial ligand field increases. As
shown by X-ray crystallography,® and UV/Vis and EPR
spectroscopies,'!! the introduction of bulky substituents on
the nitrogen atoms of the TREN skeleton weakens the
ligand-field strength and, in extreme cases, '™ the expected
trigonal-bipyramidal stereochemistry switch to a square-pyr-
amidal geometry of copper ions thanks to the Berry rota-
tion."">1%197] Therefore, intermediate geometries have been
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often obtained.'™” The dynamic effect in the material was
attributed to the flexibility of the N-alkyl chains and to the
topological adaptability of the TREN complexes to both co-
ordination schemes.!'"!"7] This stereochemical evolution
illustrates the flexibility of the material as previously shown
by using XRD measurements.

Examination of the EPR spectrum of M1CuCl, after oxy-
genation (Figure 3b, bottom curve) showed a spectrum with
an axial g tensor at gy~ 2.26 (A;~180x10"*cm™') and g,
~2.09 characteristic of a Cu" ion in a tetragonal environ-
ment with a small distorted C,, symmetry and a nearly axial
g tensor."™ "% The fact that g, >g, >2.0023 is also indica-
tive of a d,._,» magnetic orbital as expected for this coordi-
nation geometry. The low resolution of the hyperfine struc-
ture observed in the EPR spectra before de-metalation and
after re-metalation indicated spin—spin interactions between
copper(Il) ions, which were assigned to the high concentra-
tion of copper(IT) in the material. The broad linewidth in
the range 2500 to 3600 G (AM,=1) is thus typical of dipolar
interactions between metal ions. A half-field forbidden tran-
sition (AM,=2) was also observed at half field
(1550 G)."718] This signal is attributed to a triplet spin state
with a weak zero-field splitting, which means two copper(II)
ions are weakly coupled. No strong magnetic exchange in-
teraction between two [Cu(TREN)]** moieties exists other-
wise a narrowing of the lines would be observed.

These results are in contradiction with the assumed active
sites, which are supposed to be dicopper complexes in close
interaction that form p-peroxo dioxygen species. Indeed, as
reported for copper metalloproteins and model com-
plexes,®” the antiferromagnetically coupling between the
two unpaired electrons in a bridged peroxodicopper com-
plex leads to an EPR-silent singlet ground state. Moreover,
the intermediate superoxide is also diamagnetic, owing to
the strong coupling between the unpaired electron of the su-
peroxide and that of Cu.'"! Hence, whatever dioxygen
adduct formed, no EPR signal should be observed, which
contrasts with the O, species in the materials described
herein.

Elucidation of the copper—dioxygen adduct and the active
complexes before oxygenation will provide a better under-
standing of the exceptional reactivity of the materials to-
wards dioxygen and the stability of the O, adduct. Addition-
al information was obtained by completing quantitative
EPR measurements and UV/Vis monitoring during expo-
sure to dioxygen.

The concentration of EPR-active copper(Il) in M1 CuCl,
after activation at 393 K (see Figure S4 in the Supporting In-
formation) was analyzed by quantitative EPR measurements
by using silica diluted copper standards of known concentra-
tion. The intensity of the EPR spectrum increased regularly
during exposure to O, at 293 K, which revealed that the di-
oxygen species formed are paramagnetic and that the anti-
ferromagnetic coupling between two adjacent copper atoms
was weak. After 25 h, the percentage of EPR-active copper
had reached 40% of the total metal amount. Since the ad-
sorption measurements showed that only 23 % of the copper
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ion was active towards O, binding, the discrepancy between
these two values led us to assume a 2:1 Cu:O, stoichiometry,
which means that the main O, species formed is a dinuclear
peroxo complex. Notably, the observed EPR signal cannot
result from the degradation of the dioxygen adduct since we
have pointed out the full reversibility of the O, binding for
M1 CuCl,. These measurements also show that before oxy-
genation the copper oxidation state was mainly +1 in the
material and 89% of the copper was EPR-inactive at this
stage. Since a copper(II) salt (CuCl,) was used as the com-
plexing agent, a reduction of Cu" to Cu' has occurred
during the activation step. Ethanol, the solvent used for the
metalation reaction, was suspected to be the reducing agent,
as previously observed with xerogels incorporating tetraaza-
macrocycles.ps] Hence, this redox process seems to occur
whatever the polyamine immobilized in the silica matrix
and whatever the synthetic method used. These redox prop-
erties can be compared to those known for copper-exchange
zeolites."™ %! Actually, a radical self-reduction mechanism
has been established for Cu-ZSM-5 or Cu-MFI upon ther-
mal treatment under vacuum.

Moreover, lower reactivity towards dioxygen was noted
when M1 is metalated with copper(IT) chloride (less than
0.5 equivalent). This result demonstrates that two copper
atoms in close proximity are required for O, coordination
and that the formation of the O, dinuclear complex is the
driving force of the oxygenation process and not the forma-
tion of the mononuclear superoxide. The nature of the
metal-bound chelate, as well as the oxygenated species, is
critically dependent on the nature of the multidentate li-
gands, which dictates the coordination geometry of the com-
plexes, their structure, and their reactivity.'* Much research
in biomimetic chemistry has shown that the structure and
reactivity of Cu-O, adducts are dictated by ligand denticity
and electronic properties.'>!3121261 Generally, copper(])
complexes with tetradentate nitrogen-based ligands, such as
TREN or TMPA (tris(methylpyridine)amine), prefer to
form p-1,2-peroxodicopper(Il) complexes in an end-on coor-
dination mode."™* Considering this point, the copper—di-
oxygen adduct formed is most probably a dinuclear p-n'm'-
peroxo complex.

After exposure to O,, the significant increase of the EPR
signal intensity strongly supports the formation of an unusu-
al dioxygen adduct, which could be explained by the forma-
tion of a distorted p-peroxide species leading to a low over-
lap of the magnetic orbitals. For the oxyhemocyanin
copper—metalloenzyme, as well as for biomimetic complexes,
such as tripodal [Cu(TREN)]**, it is well known that the un-
paired electron is localized in the d,. orbital of
copper(II),''" which explains the strong antiferromagnet-
ic coupling between the metallic ions through the bridging
peroxo in an axial position. Therefore, a strong antiferro-
magnetic coupling occurs and the p-peroxodicopper(I)
complexes are EPR-silent. In addition, for the TREN-im-
mobilizing materials, we have shown that the unpaired elec-
tron is localized in the copper d,._,. orbital, which does not
favor a strong coupling between metal ions through the
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axial peroxo bridge. Hence, it can be concluded that the sin-
gular paramagnetic properties of the u-n'm'-peroxo dimer in
the material result from the unusual d,. . ground state of
the copper(II)-TREN immobilized complexes.

The p-n':n'-peroxodicopper(Il) species is formed after the
M1 copper complexes are arranged in a face-to-face
manner, to allow further coordination of dioxygen between
two copper ions. Moreover, the presence of metal-metal in-
teractions in the material before extraction of the surfactant,
and for M1 CuCl, after oxygenation, indicates the formation
of a p-halide or a p-hydroxo bridge linking two vicinal
copper ions.['*"!

To study the halide effect on the oxygenation process, M1
was metalated with copper(II) bromide to yield M1CuBr,.
After activation by heating under vacuum, significantly less
reactivity (= half) towards dioxygen was observed compared
to the M1 CuCl, analogue. This means that chloride counter-
anions play a key role for O, coordination on the copper
ions and this result is consistent with a p-chloro dinuclear
complex in the case of M1 CuCl, (Scheme 2).

Oxygenation studies of M1 CuCl, were followed by diffuse
reflectance kinetics in the visible region, and Figure 4 shows
the evolution of the spectra during oxygenation of the mate-

Intensity / A.U.
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——
T T T — 1
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Figure 4. Solid-state diffuse reflectance spectra evolution in the visible
region for M1CuCl, during exposure to dioxygen for a) 2 min, b) 4 min,
¢) 20 min, and d) 24 h.

rial. The more intense band at A =320 nm, corresponding to
LMCT, was assigned to ox—dg, and O,* (n',)—dc, transi-
tions, and the band at 1=450 nm to Cl—Cu charge transfer.
The copper d-d transitions displayed a broad absorption
centered at A=700 nm. During the oxygenation, the two
bands at A=320 and 700 nm rose continuously, whereas the
band at =450 nm reached a maximum and decreased in a
second step. Finally, the absence of a d—d transition before
exposure to dioxygen clearly indicates that copper was
mainly in the +1 oxidation state in the material, as shown
previously by EPR spectroscopy. The increase of the d-d
transition at A=700 nm reflects the oxidation to copper(II)
and the evolution of the band at A=450 nm indicates that
chloride ions play a major role in the oxygenation process.
Therefore, these data confirm the formation of a species in
which a bridging chloride occurs in the dinuclear p-n':n'-per-
oxide copper complex (Scheme 2). Notably, the electronic
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data for the dioxygen adduct is quite different to that for
the known p-n'm'-peroxodicopper(Il) or end-on superoxide,
which demonstrates  the  unusual O,  species
formed.[12‘24‘105’128]

The exceptional reactivity of the described materials is a
consequence of the short-range order of the copper com-
plexes in the silica framework occurring during the hydrolyt-
ic polycondensation of the alkoxysilylated TREN precursor.
Hence, the reactivity is in agreement with an anisotropic dis-
tribution of the ligand in a lamellar structure, and the active
complexes display a packing of the tripodal complexes in
close proximity allowing formation of dimeric O, adducts.
As already observed for silylated aryl or alkyl
chains,®* 78] hydrolytic polycondensation of organosily-
lated spacers often leads to nanostructured solids, at least at
the molecular scale, thanks to van der Waals interactions or
hydrogen bonds occurring between the hydrophobic or the
hydrophilic (silanols) parts of the hydrolyzed organic precur-
sors. It was thus shown that even molecular precursors with
flexible alkyl chains can lead to nano-organization of the
materials over short or long ranges.[®*9294%.121 A5 shown
previously, analysis of XRD data has indicated that the flex-
ible structure of the peripheral N-alkyl chains of the ligand
leads to a global flexibility and to a breathing hybrid materi-
al. Such behavior provides a fine-tuning of the metal-metal
distance suitable for the formation of dinuclear O, adducts.

The immobilization of TREN derivatives in the frame-
work of a silica matrix allows unusual metal coordination
properties, stereochemistry, and oxidation states of copper
that cannot be observed in solution. Moreover, the copper—
dioxygen adducts are stable at room temperature thanks to
the confinement of the encapsulated active species in the
hybrid framework that fully protects the dioxygen species
from degradation. This illustrates the original biomimetic
properties of these materials. Therefore, the control of the
metal-ion environment and their confinement in the solid
are required to stabilize the copper—dioxygen adducts at
room temperature.

Conclusion

We have prepared by a double-printing method in basic
medium porous organosilica incorporating a TREN deriva-
tive, which were able, after complexation by copper(1I) chlo-
ride and thermal activation, to coordinate reversibly molec-
ular oxygen at room temperature. The copper—dioxygen spe-
cies formed was postulated to be an end-on u-n'm'-peroxo
dinuclear complex bridged by a chloride counterion. The
copper—0, adducts did not decompose at room temperature
since several oxygenation/deoxygenation cycles were possi-
ble with 97 % reversibility after four cycles. The high reac-
tivity and reversibility of the materials for dioxygen binding
were explained by the topological adaptability of the tripo-
dal ligand to different geometries required by the copper
ion in different oxidation states. Moreover, the metal ion
imprinting effect was clearly shown to control the topology
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and the coordination properties of the immobilized TREN.
This result, which cannot be reproduced in solution, was
caused by a short-range organization of the active sites in
the silica framework, the flexibility of the immobilized poly-
amines, and the ability of the silica matrix to shield the
copper complexes. As for metalloenzymes, the hydrolytic
polycondensation of the active complexes creates hydropho-
bic cavities, which avoids any further side reactions and pro-
tects the copper—dioxygen adduct from moisture, allowing
reversible binding on the metal. Such bioinspired materials
behave like dioxygen carrier models of copper metalloen-
zymes such as haemocyanin. This conceptual approach led
us to develop organic-inorganic hybrid systems with unex-
pected properties. Additionally, correlations between the co-
ordination chemistry, the confinement effect of the active
sites, and the reactivity towards dioxygen were clearly evi-
dent.

Experimental Section

Materials: All reagents and solvents were purchased from Acros and
used without further purification. The 3-iodopropyltriethoxysilane was
prepared, as previously described.?! Ethanol, used for copper complexa-
tion of the material, and acetonitrile were distilled under argon and
stored on 4 A molecular sieves. Pentane was distilled under argon over
CaH,. Before complexation, M1 and M2 were dried in vacuo (10~° Torr)
at 393 K. Complexation of M1 and M2 was carried out in a glove box
under an argon atmosphere. Tripodal precursors 1 and 2 were synthesized
following a modification of a published procedure (see the Supporting In-
formation).”!  Alkoxysilylated precursor L and its copper complex
[Cu(L)Br]Br were prepared by using standard Schlenk techniques and
dried solvent (see the Supporting Information). They can be stored for
months at 5°C under argon atmosphere.

Material preparation

Framework M1: CTAB (0.839 g) and NaOH (0.276 g) were dissolved in
deionized water (45 mL) and stirred for 10 min. A solution containing
[Cu(L)Br]Br (1.26 g) and TEOS (2.46 g) was then added and stirred at
room temperature for 1 h followed by 80°C for 3 days to ensure polycon-
densation. The solid obtained was filtered and rinsed with water and
EtOH. The surfactant was extracted by refluxing for five hours in acidi-
fied ethanol (1M) with concentrated hydrochloric acid. After filtration
and rinsing with EtOH, the incorporated amine was deprotonated by stir-
ring the material in EtOH (100 mL) containing a twofold excess of trie-
thylamine (1.32 mL) for 20 min. Filtration of the solid and rinsing with
EtOH yielded M1 as a white powder (1.08 g, 83%). The synthesis was
done according to a Si/CTAB/NaOH/H,0 molar ratio of 1:0.15:0.45:160.
Sper=489 m>g™; D, <30 A; V,=029 cm’g!; ¥Si NMR (99 MHz, CP/
MAS): 6=-57.6 (T?), —64.1 (T%), —90.9 (Q?%), —99.3 (Q%), —107.9 ppm
(QY; CNMR (125 MHz, CP/MAS): 6=55.4, 517, 21.7, 12.7 ppm; IR
(ATR): 7=2968 (v,(C—H)), 2877 (v{(C—H)), 1469 (6(C—H)), 1200-1000
(v,s(Si-O-Si)), 958 (v,(Si—OH)), 816 cm™' (5(Si-OH)); elemental analysis
caled (%) for CyHysN,O,,5815:1.5H,0:0.25 CTAC (1218.61): C 2543, H
4.85, N 4.89, Si 29.96; found: C 25.37, H 5.07, N 5.34, Si 27.82, which
gives a ligand concentration of 0.82 mmolg™.

Framework M2: The procedure described for M1 was used to prepare
M2 starting from L instead of [Cu(L)Br]Br, to yield M2 as a white
powder (83%). Sper=210m?g™"; D, <30 A; V,=0.13 cm’g™"; elemental
analysis caled (%) for C,HysN,O,,551,3:0.3 CTAC (1206.71): C 26.58, H
4.81, N 4.99; found: C 26.48, H 5.12, N 5.62, which gives a ligand concen-
tration of 0.83 mmolg .

Material complexation

Framework M1 CuCl,: In a glove box, M1 (0.40 g) was suspended in thor-
oughly dried and degassed EtOH (7 mL), and an ethanolic solution of
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anhydrous CuCl, (0.056 g, 20% excess) was added under stirring. After
the mixture had been refluxed for 3 h, the solid was filtered and washed
with EtOH (2x10 mL). The drying and activation of the material was
done by heating in vacuo (10~ Torr) for 5 h at 393 K to give M1CuCl, as
a clear brown solid (0.43g, 97%). Sger=296m’g™"; D, <30 A, V,=
0.17 cm®g™!; elemental analysis caled (%) for
C,HsN,O,, 5581,5CuCl,-4 H,0-0.1 CTAC (1349.22): C 20.39, H 427, N
4.26, Si 27.06, Cu 4.71; found: C 20.25, H 4.00, N 4.30, Si 26.97, Cu 4.85,
which gives a ligand concentration of 0.74 mmolg~' and a metal concen-
tration of 0.76 mmolg".

Framework M2 CuCl,: This compound was prepared following the proce-
dure described for M1 CuCl, starting from M2 (0.40 g) instead of M1, to
yield M2 CuCl, as a clear brown solid (0.44 g, 99%). Sger=161 m’g™"; D,
<30A; V,=010cm’¢™; elemental analysis caled (%) for
C,HsN,O,,5Si;;CuCl,14H,0 (1497.37): C 16.84, H 491, N 3.74, Si
24.38, Cu 4.24; found: C 16.70, H 4.74, N 3.75, Si 22.46, Cu 5.15, which
gives a ligand concentration of 0.67 mmolg™' and a metal concentration
of 0.81 mmolg™".

Framework M1 CuBr,: This compound was prepared following the proce-
dure described for M1CuCl, starting from M1 (0.40 g) and anhydrous
CuBr, (0.088 g, 20% excess), to yield M1CuBr, as a clear brown solid
(043 g, 93%). Sper=79 m>g™; D, <30 A; V,=0.10 cm’g~'; UV/Vis (dit-
fuse reflectance): A=710, 890 nm; elemental analysis caled (%) for
CyH,5N,0,,581,;CuBr,:12H,0:0.15CTAC (1598.25): C 17.92, H 4.75, N
3.64, Si 22.84, Cu 3.98; found: C 17.78, H 4.74, N 4.15, Si 21.49, Cu 3.75,
which gives a ligand concentration of 0.63 mmolg™' and a metal concen-
tration of 0.59 mmolg .

Characterization: Materials were characterized at the “Plateforme d'An-
alyse Chimique et de Synthése Moléculaire de I'Université de Bourgogne
(PACSMUB)” by using a FTIR spectrometer equipped with a BRUKER
Golden Gate Vector 22 in ATR mode and a solid-state UV/Vis spectrom-
eter recording in the diffuse reflectance mode by using a VARIAN Cary
500. Continuous wave (CW) EPR spectra were recorded by using a
BRUKER ELEXSYS 500 spectrometer available at the “PACSMUB”
equipped with a 4122 SHQE/0405 X-band resonant cavity operating at
9.43 GHz and a quartz cryostat cooled with a stream of nitrogen. Powder
X-ray diffraction experiments were carried out by using a INEL diffrac-
tometer with a curved counter CPS 120 using the Cug, radiation between
2° and 100° (2 theta). The organic content of all samples was determined
from CHN elemental analyses performed by using a FTA/Thermofinni-
gan Flash 1112 analyser while Cu and Si microanalyses were obtained
from the “Service Central d’Analyse du CNRS, Lyon”. Specific surface
areas were measured by N, adsorption measurements performed at 77 K
using the Brunauer—-Emmet-Teller method'*! (BET) on a MICROMER-
ITICS ASAP 2010 analyser in the relative P/P, pressure range from 0.05
to 0.25. The cross-sectional area of the nitrogen molecule was assumed to
be equal to 0.162 nm> Average pore diameters were calculated using the
Barrett-Joyner—Halenda analysis (BJH).*! Each sample was previously
degassed by heating at 393 K in vacuo (107 Torr) for at least 3 h. The
equilibrium constants for the gas binding affinity, K;, and the adsorption
capacity, V;, were calculated by considering a dual site adsorption model
(see the Supporting Information).?23
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