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Ordered mesoporous silica containing 3-chloropropyl groups was prepared by a direct synthetic

approach involving hydrolysis and co-condensation of tetraethylorthosilicate (TEOS) and
3-chloropropyltrimethoxysilane in the presence of the triblock copolymer P123 as the structure-directing
agent and under acidic conditions. Nucleophilic displacement of chloro groups by cyclam moieties

(cyclam = 1,4,8,11-tetraazacyclotetradecane) was then achieved almost quantitatively. Subsequent treatment of
solids containing different amounts of cyclam moieties with an ethanolic solution of europium (111) chloride gave
rise to 1:1 Eu™/cyclam complexes. The EXAFS studies have shown that Eu™ adopts an octahedral geometry.

Introduction

The preparation of hybrid materials containing strongly che-
lated metal or lanthanide cations is a challenge worth pursuing
as most transition metal and lanthanide salts exhibit physical
properties (optical or magnetic, for example) that could be
of interest for materials with specific properties. For this pur-
pose, we have incorporated cyclam moieties within a silica
matrix, cyclam (1,4,8,11-tetraazacyclotetradecane) being well-
known for its remarkable binding ability towards transition
metals. That was done by hydrolysis and polycondensation
of the tetrasilylated cyclam 1.3 The incorporation of Eu™ ions
inside these solids was investigated and surprisingly, while
complexation of Eu™ by the precursor 1 is not possible in solu-
tion, it was shown that direct incorporation of Eu™ within the
hybrid material containing tetra-N-propyl cyclam moieties
occurred, in a ratio of one Eu™ per two cyclam moieties. This
result suggested that the cyclam moieties are in close proximity
within the hybrid material, allowing the complexation of one
Eu™ between two tetraaza macrocycles.* This is in agreement
with the previous study of the incorporation of Cu" into the
same material, a study that revealed the presence of Cu—Cu
interactions by ESR spectroscopy.® These results showed that
the coordination mode of europium salts within the bulk is not
the same as in solution, prompting us to study the coordi-
nation mode of Eu™ with cyclam moieties located inside
the channel pores of ordered mesoporous hybrid materials
in order to determine if it is similar to that in solution or in
the bulk.

In this paper, we describe the preparation of ordered SBA-
15 mesoporous silica containing N-propylcyclam moieties.
These materials are obtained by post-modification of ordered
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SBA-15 mesoporous silica functionalized with chloropropyl
groups prepared by the direct synthetic approach.®'? Success-
ful complexation of europium(in) salt by the N-propylcyclam
moieties located inside the channel pores of these materials
was further achieved, giving rise to 1:1 Eu™/cyclam complexes.
The results of EXAFS experiments that were performed to
obtain quantitative information on the coordination mode
of Eu™ within the channel pores of materials are discussed.

Results
1 Preparation of materials

First, we prepared ordered SBA-15 mesoporous silica contain-
ing chloropropyl groups. For this purpose, co-hydrolysis and
polycondensation of a mixture of 3-chloropropyltrimethoxy-
silane and n equiv. (n = 9, 15 and 30) of tetraethylorthosilicate
(TEOS) was carried out in the presence of the triblock copoly-
mer P123 (EO,gPO70EO,) as template (Scheme 1). The proce-
dure was the same as the one described for the preparation of
ordered SBA-15 mesoporous silica containing phosphonic acid
diethyl ester groups.'” The template was removed from the
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as-synthesized material by Soxhlet extraction with ethanol
heated under reflux for 24 h to give the samples denoted as
CI-SBA,, (n = 9, 15 and 30): Cl to specify the presence of chlor-
opropyl groups inside the pore channels and » to indicate the
number of equivalents of TEOS used. The composition of the
final materials was inferred from the results of elemental ana-
lysis of Si and CI. They were found to be close to those for the
original mixtures as indicated in Table 1.

Small-angle X-ray scattering patterns of the different sam-
ples shown in Fig. 1 exhibit a single reflection. According to
Pinnavaia et al., materials of the same kind presenting scatter-
ing patterns with only one reflection can be considered as hav-
ing the p6m 2D hexagonal symmetry.'>'* The identification of
the first Bragg peak as the reflection on the (100) scattering
planes of the 2D hexagonal structure allows the determination
of the hexagonal lattice parameter a, (see Table 1).

The N, adsorption-desorption isotherms of materials
CI-SBA,, are very similar. They are type IV isotherms, charac-
teristic of mesoporous materials with a narrow pore size distri-
bution (Fig. 2). The textural data of the materials are given in
Table 1. It is worth noting that the Sggt, pore volumes and
mean pore diameters of these materials are very large, the
mean pore diameters increasing as n increases.

Nucleophilic displacement of chloro groups by cyclam moi-
eties was subsequently achieved by treating the CI-SBA,, solids
with an acetonitrile solution containing 1.4 equiv. of cyclam
heated under reflux for 48 h in the presence of a large excess
of triethylamine. The solids were then filtered off and copiously
washed with hot methanol, acetone and ether to afford Cycl-
SBA,, (Scheme 1). The excess of cyclam remaining in the fil-
trate was determined by conductimetry measurement, which
allowed the content of cyclam incorporated in the solid to be
inferred. Some relevant physical data of these solids are given
in Table 2. These results (Table 2) were confirmed by the ele-
mental analyses of Si, Cl and N. Thus, the substitution reac-
tion was almost quantitative, except for the CI-SBAy
material, which is the most concentrated in organic groups,
for which the yield of substitution was about 80%. This is
probably due to steric constraints. That indicates that
the chloro groups in the materials of CI-SBA, are mostly
accessible due to the rather large pore size.

The SAXS patterns of the different Cycl-SBA,, samples are
very similar to those of the starting materials. They exhibit
the diffraction peak corresponding to the dyqg spacing, indicat-
ing that the hexagonal structure is maintained (Fig. 1). The N,
adsorption-desorption isotherms for Cycl-SBA,, are of type IV,
characteristic of mesoporous materials with a narrow pore size
distribution (Fig. 2). The surface area, total pore volume and
pore size decreased notably after grafting, as expected,'® which
is consistent with the presence of a significant amount of
organic groups on the surface of the pore channels. Thus, it
is possible to graft almost quantitatively a rather bulky group
without modification of the structure. As one of the main
characteristics of materials prepared by the direct synthetic
approach is the regular distribution of organic groups within
the channel pores,'® we can consider that the cyclam moieties
are also regularly distributed inside the channel pores.

a1’ si(OMe),
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Table 1 Physicochemical characteristics of chloropropyl-functiona-
lized mesoporous silica

Cl-SBAg CI-SBA;s CI-SBAjz,

Sper/m> g 1160 1000 810

Vp/em® g™ 1.13 1.05 1.11

D, /A 47 54 61

droo/ A 91.9 96.6 106.5

ao/A 106.1 111.5 123.0

Wall thickness/A 59.1 57.5 60.0

[CI group content]’ /mmol g™ 1.24 0.87 0.51
(1.49) (0.97) (0.51)

“ Calculated from the desorption branch by using the BJH method.
b Calculated from the elemental analysis. In parentheses, theoretical
values.

2 Complexation of Eu™ by cyclam moieties within the
Cycl-SBA,, materials

We then investigated complexation of EuCl;y by the cyclam
moieties located inside the channel pores of the Cycl-SBA,
materials. Lanthanide complexes exhibit coordination num-
bers ranging from six to twelve (in the solid state and in solu-
tion), with eight and nine being the most common.'” Indeed, it
is worth noting that in solution, complexation of europium(ii)
salts by cyclam derivatives is possible on condition that
the cyclam derivatives are tetra-N-substituted by chelating
arms (amido groups, for example), which allows a 4N +40
coordination.

The Cycl-SBA,, materials were treated with an excess of
anhydrous EuCl; [2 equiv. of Eu™ per cyclam moiety] in etha-
nol heated under reflux for 24 h (Scheme 1). The resulting
Cycl,LEu-SBA,, solids were copiously washed with ethanol in
order to eliminate the non-complexed salt. The filtrate contain-
ing the excess of EuCl; was titrated by complexometry mea-
surements. The ratio of Eu™ per cyclam moiety was inferred
from these results. It was found to be exactly 1:1 except for
Cycl,LEu-SBAy, for which the ratio Eu™:.cyclam moiety was
found to be 1:0.9. Results of elemental analyses of Eu™, CI
and N gave rise to exactly the same Eu™:cyclam ratio as that
found by titration. It is worth noting that the incorporation
of Eu™ does not take place in the absence of cyclam moieties
inside the pore channels. This important point was demon-
strated as follows: CI-SBAg was treated with an ethanolic solu-
tion of EuCl; heated under reflux for 14 h. After filtration of
the solid and washing with ethanol, titration of the filtrate
by complexometry revealed that the entire amount of EuCls
remained in solution. This indicates that the complexation of
Eu™ is essentially due to the N-propylcyclam moieties located
inside the channel pores of the Cycl-SBA,, materials.

3 EXAFS study

Fig. 3 shows the Eu™ L;-edge EXAFS of Eu in the Cycl,Eu-
SBA,, materials and their corresponding Fourier transforms.

N
: Ci
nSi(OEYy, =~ 128 WA EuXs
n=9,15and 30
CI-SBA, Cycl-SBA, Cycl,Eu-SBA,
Scheme 1

This journal is © The Royal Society of Chemistry and the
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Fig. 1 Small-angle X-ray scattering patterns
Cycl-SBA 5 and Cycl,LEu-SBA;5

of CI-SBA;s,

Experimental data were fitted within the r range corresponding

to the first nearest neighbour peak between 1.8 and 2.5 A
(Fig. 4). This yields a total number of independent data points
equal to 2AkAr/m+2~5.6,'8 that is, greater than the number
of variables (4). Best values of the structural parameters
corresponding to these fits are listed in Table 3.

To examine whether Cl or O enter the first shell of the Eu
atom, we tested models in which a nitrogen atom in the first
nearest neighbour site to Eu was substituted by Cl or O. We
varied coordination numbers, distances and disorder of the
Eu-Cl (or Eu-O) pairs separately from the Eu-N pairs.
Because the number of parameters would exceed the number
of relevant independent data points if just one data set was
used in the fit, we performed the analysis for all three data sets
concurrently, by imposing several physically reasonable con-
straints between the variables describing different samples.
For example, all AE, variables were constrained to be the same
during the fits, as well as the ¢® of same bonds. These experi-
ments allowed to rule out the possibility of Cl entering the
first shell of Eu because the best-fit value of the coordination
numbers of the Eu-Cl pairs is consistent with zero within the
uncertainties.

We could not discriminate between the oxygen and nitrogen
atoms as possible nearest neighbours for Eu because their
backscattering amplitudes and phases are very similar. In both
models, the total number of nearest neighbours to Eu was
found to be equal to 6 and the interatomic distances are the
same for all samples studied. Furthermore, the visual examina-
tion of the raw data (Fig. 3) allows us to conclude that there is
no evidence of Eu-Eu correlation in the EXAFS data. This
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Fig. 2 Nitrogen adsorption-desorption isotherms of CI-SBAy,
Cycl-SBAg and BJH pore size distribution plot (insert) of CI-SBAg
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Table 2 Physicochemical
mesoporous silica

characteristics of cyclam-functionalized

Cycl-SBA;  Cycl-SBA;s  Cyl-SBAj
SBET/mZ g71 627 688 464
Vp/em® g7t 0.52 0.76 0.82

D, /A 36 47 61

dioo/ A 92 100 106

ao/A 106 115 122

Wall thickness/A 70 68 61
[Cyclam]” mmol g~! 0.93 0.70 0.48

% Substitution (panal.) 80 92 98

% Substitution (titration) 80 92 95

¢ Calculated from the desorption branch by using the BJH method.
b Calculated from the elemental analysis.

means that if such a correlation exists, it is very disordered
and its contribution to EXAFS, therefore, is below the level
of statistical noise (which can be estimated from the amplitude
of the Fourier transform of the EXAFS data at high r).

Discussion

The EXAFS data revealed that the coordination of Eu™ is the
same within all the materials studied (Cycl,Eu-SBA,, forn = 9,
15, 30), the coordination number being six. As we know that
there is one Eu™ per cyclam moiety in all the materials studied,
we propose a coordination of Eu™ by the four N atoms origi-
nating from one cyclam moiety and two oxygen atoms in the
axial direction, forming an octahedron. The oxygen donors
can originate from water molecules contained in the materials
and/or SiOH groups remaining at the surface of the pores
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Fig. 3 Eu L;-edge EXAFS in (a) k space and (b) r space for Cycl,
Eu-SBA,,.
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Table 3 Structural characteristics of the Eu environment as obtained
by EXAFS

Cycl,Eu-SBAo Cycl,LEu-SBA 5 Cycl,Eu-SBA3,
N 6.2(4) 6.8(1.1) 6.5(1.0)
R/A 2.483(6) 2.47(1) 2.47(1)
o*/A? 0.0080(10) 0.0085(22) 0.0080(20)

(Scheme 2). We have no data allowing to discriminate between
these two sources of oxygen donors.

It is worth noting that the geometry that we propose has
been previously observed in [Mn(CN),(C19H24Ny)]-ClO4 and
trans-[Mn(CN),(cyclam)]-ClO4."° In this Mn™-cyclam com-
plex, both Mn—C distances in the axial direction are very close
to the four in-plane Mn-N distances, ranging from 2.00 to 2.03
A. In the Eu™ complex, all the six Eu-nearest neighbour dis-
tances must also be similar, as in the case of the Mn™-cyclam
complex, which means that the octahedron is not significantly
distorted in the axial direction. Indeed, a tetragonal distortion
(elongation or shortening of the axial Eu-O bond relative to
the in-plane Eu-N bond) by as little as 0.15 A would result
in a static contribution to the average Eu-nearest neigbours
bond length disorder of ca. 0.005 A2 This is a too-large con-
tribution to the total (both static and thermal) o® (Table 3)
to be physically reasonable.

Interestingly, the negative results of the EXAFS data
modelling that assumed a Eu—Cl contribution to the EXAFS
spectrum convincingly prove that no complexation of EuCls
occurred in solution in the presence of N-triethoxysilylpropyl-
cyclam. This is in agreement with our experimental results,
which prove that there is no complexation in solution between
EuCl3 and N-triehoxysilylpropylcyclam.

In conclusion, we have shown that the coordination mode of
Eu™ ions in the pore channels of mesoporous hybrid materials
containing chelating units is the same whatever the chelating
group concentration within the channel pores. This is a good
indication of the regular distribution of cyclam moieties within
the channel pores. A coordination number of six was found,
which is different from both that observed in solution (no for-
mation of complex between Eu™ and N-triethoxysilylpropylcy-
clam) and that in the bulk (1 Eu™ for 2 cyclam units).* These
results illustrate the versatility of the coordination chemistry in
the solid, which deserves to be further explored.

Experimental
General procedures

All reactions were carried out under argon by using a vacuum
line. Solvents were dried and distilled just before use. The tri-

6

—— Data
| Fit

FT Magnitude, A ~
&
1

r, A

Fig. 4 Fourier transform magnitudes of the EXAFS data and fit for
Cycl,Eu-SBAy.
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Scheme 2

block copolymer [EO,oPO70EO,y with PEO = poly(ethylene
oxide) and PPO = poly(propylene oxide)] Pluronic P123, 3-
chloropropyltrimethoxysilane, tetraethylorthosilicate (TEOS)
and EuCl; salt were purchased from Aldrich and used as
supplied. 1,4,8,11-Tetraazacyclotetradecane (cyclam) was
obtained from LIMSAG (CNRS UMR 5633, Université de
Bourgogne, Dijon). The CP MAS *Si solid state NMR spectra
were recorded on a Bruker FTAM 300 as well as the CP MAS
13C solid state NMR spectra, in the latter case by using the
TOSS technique. In both cases, the repetition times were 5
and 10 s with contact times of 5 and 2 ms. Chemical shifts
(ppm) are referenced to Me,Si. Specific surface areas were
determined by the Brunauer—-Emmett-Teller (BET) method
on a Micromeritics ASAP 2010 analyser and the average pore
diameters were calculated by the BJH method. Elemental
analyses were carried out by the “Service Central de Micro-
Analyse du CNRS” (Vernaison, France). SAXS experiments
were carried out on a high resolution Bonse-Hart camera with
two germanium channel cuts for very small ¢ values. The
wavelength was 1.542 A (CuKa radiation).

Preparation of materials

Preparation of CI-SBA,, (n = 9, 15 and 30). The materials CI-
SBA,, (n = 9, 15 and 30) were prepared according to the same
procedure. Preparation of CI-SBAy is given as an example.

The triblock copolymer (EO,gPO7oEO,¢) Pluronic P123 (4.0
g) was dissolved in 160 mL of an aqueous solution of HCl
(pH = 1.5). The resulting clear solution was then added to a
mixture of 3-chloropropyltrimethoxysilane (0.84 g, 4.49 mmol)
and tetraethylorthosilicate (8.41 g, 40.41 mmol). The mixture
was vigorously stirred for 3 h at room temperature until a
transparent solution appeared. The solution was transferred
into a hot oil bath at 60°C and NaF (76.0 mg, 1.80 mmol)
was then immediately added to induce the polycondensation.
A white precipitate appeared within a few minutes and the
resulting suspension was further stirred for 2 days at 60°C.
The resulting white powder was filtered off and the surfactant
was selectively removed by Soxhlet extraction over ethanol
for 24 h.

CI-SBAo. After drying at 120 °C overnight under vacuum, 2.89
g (94%) of CI-SBAy was obtained as a white powder. *C
NMR (75 MHz, CP-MAS) §: 9.3 (CH,Si), 16.1 (CH3;CH,OSi),
26.4 (CH,CH,Si), 46.0 (CICH,), 59.8 (CH3CH,OSi). *Si
NMR (60 MHz, CP-MAS) &: —66.7 (T%, —92.0 (Q?),
—101.4 (Q*), —109.4 (Q%. IR (KBr) v/cm™": 3450 (H-bonded
Si-OH), 2981-2909 (Cgp3—H), 1636 (H,O bonded), 1200-1000
(Si-O-Si)

CI-SBA;s. CI-SBA;5 (2.97 g, 98%) was obtained as a white
powder. 3C NMR (75 MHz, CP-MAS) §: 9.1 (CH,Si), 15.9
(CH3CH,0Si), 26.2 (CH,CH,Si), 45.5 (CICH,), 59.7
(CH3CH,0Si). 2Si NMR (60 MHz, CP-MAS) §: —64.5 (T?),
—92.0 (Q%, —101.4 (Q*, —109.6 (Q*. IR (KBr) v/cm™"
3426 (H-bonded Si-OH), 2981-2909 (Cqp3-H), 1630 (H,O
bonded), 1200-1000 (Si-O-Si).

CI-SBAsy. Cl-SBAj3g (2.94 g, 96%) was obtained as a white
powder. ??Si NMR (60 MHz, CP-MAS) §: —64.3 (T%), —91.7
Q%, —101.2 (Q%, -109.0 (Q%. IR (KBr) wv/cm™“
3450 (H-bonded Si-OH), 1630 (H,O bonded), 1200-1000
(Si-O-Si).

New. J. Chem., 2004, 28, 156-160 | 159
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Reactivity of chloropropyl groups toward cyclam. The substi-
tution reactions within the different solids have been carried
out according to the same procedure. The preparation of
Cycl-SBAy is given as an example. For the other solids, the
physical data are given below.

Preparation of Cycl-SBAo. A mixture of cyclam (0.42 g, 2.09
mmol), CI-SBAg (1.00 g, 1.49 mmol) in 90 mL of acetonitrile
and triethylamine (1.1 g, 10.9 mmol) was heated under reflux
and stirring for 2 days. The white solid was quantatitatively
recovered by filtration and washed 5 times with hot chloro-
form and 3 times with hot ethanol to remove the excess of
cyclam. After drying at 120 °C overnight under vacuum, 1.10
g (95%) of Cycl-SBAg was obtained as a white powder. The
excess of cyclam contained in the reaction filtrate was titrated
by conductimetry. *C NMR (75 MHz, CP-MAS) &: 9.8
(CH,Si), 26.2 (CH,CH,N), 40.0-60.0 (NCH,). **Si NMR (60
MHz, CP-MAS) §: —61.9 (T?), —66.0 (T?), —101.6 (Q>),
—110.0 (Q%. IR (KBr) v/em™ ! 3420 (H-bonded Si-OH),
2953-2859 (Cqp—H), 1634 (H,O bonded), 1200-1000
(Si-O-Si).

Cycl-SBAs. Cycl-SBA 5 was obtained in 95% yield as a white
powder. *C NMR (75 MHz, CP-MAS) §: 9.7 (CH,Si), 26.2
(CH,CH,N), 40.0-60.0 (NCH,). °Si NMR (60 MHz, CP-
MAS) d: —61.9 (T?), —66.0 (T3, —99.7 (Q3), —108.0 (Q.
IR (KBr) v/cm™': 3421 (H-bonded Si-OH), 2941-2842
(Csp—H), 1640 (H,O bonded), 1200-1000 (Si-O-Si).
Cycl-SBA3y. Cycl-SBAj3y was obtained in 94% yield as a white
powder. 2Si NMR (60 MHz, CP-MAS) §: —66.0 (T%), —99.8
(Q%), —108.1 (Q.

Complexation of EuCl; by cyclam moieties within the Cycl-
SBA,, materials. All the complexation reactions with Cycl-
SBA,, were carried out according to the same procedure with
standard high vacuum and dry argon techniques. The
preparation of Cycl,Eu-SBAy is given as an example.
Preparation of Cycl, Eu-SBAo. Cycl-SBAg (0.25 g, 0.37 mmol)
was added to an ethanolic solution (10 mL) of EuCl; (0.20
g, 0.76 mmol). The resulting suspension was heated overnight
under reflux with stirring. The solid was quantitatively recov-
ered by filtration and washed with ethanol and acetone several
times. After drying at 120 °C overnight under vacuum, 0.34 g
(97%) of Cycl,Eu-SBAg was obtained as a white powder. IR
(KBr) v/cm™!: 3428 (H-bonded Si-OH), 2962-2864 (Cop—
H), 1634 (H,O bonded), 1200-1000 (Si—O-Si).

EXAFS experiment

For each of the CyclLEu-SBA, samples, the powder was
pressed into a rectangular wafer. The wafers were approxi-
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mately 0.5 mm thick and satisfied the condition that Ap-x <1,
where x is the effective sample thickness and Ay is the jump in
absorption coefficient at the Eu L; absorption edge (6977 eV).
The EXAFS measurements were taken in transmission mode
at the X16C beamline of the National Synchrotron Light
Source (Brookhaven National Laboratory, Upton, NY).
X-Ray absorption spectra were collected using a double-crys-
tal Si(111) monochromator. To reject higher order harmonics
of the beam, the monochromator crystals were 30% detuned.
The energy range was from the 6777 eV edge to 7618 eV (which
corresponds to the Eu L, edge). The incident beam intensity
was measured in a 15 cm long ionization chamber filled with
N, while the transmitted beam intensity was measured in a
30 cm long chamber filled with a 1:2 Ar-He mixture. After
subtracting the smooth atomic background from the measured
X-ray absorption coefficients, the edge-step normalized
EXAFS functions y(k) were obtained for each data set.
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