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Abstract In order to exploit the different textural proper-
ties of Laponite and MCM-41, specifically in terms of their
external versus internal surface areas, in the covalent
anchoring of a chiral Mn(III) salen complex, these materials
were functionalized with 3-aminopropyltriethoxysilane
(APTES), subsequently activated with sodium ethoxide, and
finally used to anchor the Jacobsen catalyst derivative Cl1.
All the materials were characterized by nitrogen elemental
analysis, XPS, PXRD, nitrogen adsorption at —196 °C,
FTIR and for those with the immobilized complex, they were
additionally characterized by Mn AAS. The APTES
anchored at the edges of the Laponite single crystals and
inside the MCM-41 pores. Moreover, under the same
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preparative conditions, higher amount of APTES was
anchored onto MCM-41 than onto Laponite, which is due to
the higher surface area of MCM-41 compared to Laponite, as
well as to its more exposed SiO, tetrahedra. Activation of the
two organo-functionalized materials with sodium ethoxide
originated anionic nitrogen groups as deduced by the
increase of surface sodium content of these materials and
N1s binding energy changes, but led to a small decrease in N
bulk content as a result of some APTES leaching. Moreover,
for MCM-41 some disruption of the silica framework
occurred as a consequence of the basic treatment, as sug-
gested by XPS, PXRD, and nitrogen adsorption study. The
APTES functionalized Laponite and MCM-41 materials, as
well as the activated analogs, were able to anchor C1 through
axial coordination of the metal centre to the grafted surface
nitrogen atoms. APTES functionalized MCM-41 presented
similar complex content to Laponite analog, what points out
for the fact that, at least for the bulky complex used in this
work, there was no clear benefit in using a material of high
internal area; for the ethoxide activated analogs, Laponite
showed the highest complex content of all materials, but
MCM-41 was able to anchor the lowest complex quantity,
probably as a consequence of damaging effect caused by the
basic treatment within its porous structure.

Introduction

Jacobsen-type catalysts are excellent homogeneous cata-
lysts for the asymmetric epoxidation of alkenes, which is a
powerful strategy for the synthesis of chiral intermediates
in the pharmaceutical, as well as agrochemical industries
[1-3]. To get a heterogeneous system with easy separation
and better handling properties than the homogeneous
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system, as well as with potential reusability, several
attempts have been made to immobilize Jacobsen-type
catalysts into or onto different supports. These attempts
include grafting the catalyst onto silica [4, 5], MCM-41 [6—
14], encapsulation into the pores of zeolite [15-17], poly-
mer support [18-22], clays [23-25], activated carbon [26—
28], etc. Much of the work has been focused on tethering or
covalently anchor the homogeneous complexes onto
insoluble inorganic supports with the aid of organosilane
coupling reagents [7, 9—14, 29-33], in order to keep the
catalyst active centre away from the support material so
that it apparently behaves like an homogeneous catalyst.
Surface covalent anchoring of the complex through the
ligand is one of the most used methods for complex
immobilization [7, 19-22]. However, these procedures
often require complicated synthetic manipulations and
structure modification of the ligands, which ultimately
result in low activities and enantioselectivities. Lately,
there have been several reports on the anchoring of Mn(III)
salen complex through the metal centre to the functional-
ized surface, which has been proving to be a very effective
and easy way to obtain efficient and reusable heteroge-
neous catalysts [9-11, 13, 27, 28, 31].

Laponite is a synthetic material similar to the smectite
type clays (but the octahedral aluminum was substituted by
magnesium) and belongs to the family of so called swelling
2:1 clays. Additionally, it has regular crystallites of small
size (in the range of the several nm). It is a low cost synthetic
material possessing reactive surface Si~OH group, which are
mostly located at the edge of the clay sheets [34]. Its high
ratio of edge to surface area makes it an ideal candidate for
edge surface modification by using some organic function-
alities (spacers) possessing reactive groups, like amine
(-NH,), which permits immobilization of metal complexes
through coordinative bond with the metal centre. In fact,
there are some reports [34-38] on modification of edge
surface of Laponite by using alkoxysilane possessing an
additional reactive functionalities, but to the best of our
knowledge, besides our recent reports [38—40] on the
immobilization of a non-chiral complexes onto Laponite
through three different immobilization procedures, there are
no further reports of immobilization of transition metal
complexes by using surface edge modified Laponite. On the
other hand, there are some reports on the covalent attachment
of Mn(Ill) salen complexes onto organosilane modified
MCM-41 [7-14]; this is a mesoporous material with large
surface area possessing surface reactive Si—-OH group, but
which are mostly located at the interior wall of the meso-
porous channels unlike the Laponite [29, 41, 42].

The comparison, in terms of costs of the preparation of
Laponite and MCM-41 is not straightforward. In fact, in
the future MCM-41 can also find other type of applications
and can eventually be prepared in large amounts

@ Springer

worldwide, thus making it cheaper. Presently, Laponite, for
a commercial material, is not much expensive since it is
produced in large amounts and finds applications in fields,
such as surface coatings, agricultural, building products,
personal care products, and household products.

In the present work Laponite and MCM-41 were func-
tionalized with 3-aminopropyltriethxysilane (APTES) and
both NH,-functionalized materials were also activated by
sodium ethoxide; with this step we attempt to create new
anionic nitrogen grafted species with high donor property for
metal coordination. All the organo-functionalized supports
were used to covalently anchor the Jacobsen catalyst deriv-
ative (C1). In parallel, we endeavor to exploit the different
textural properties of these two materials (Laponite vs
MCM-41) that is, external versus internal surface area
materials, in the anchoring of chiral Mn(IIl) salen-type
complexes. In fact, and in spite of the large number of studies
published in the literature concerning the immobilization of
Jacobsen-type catalysts in various types of supports, the
question wherever the most favorable supports are high
external or internal (porous) area materials is still not well
defined. Our ultimate goal is the preparation of stable and
recyclable catalysts for the asymmetric epoxidation of
alkenes; the catalytic properties of these materials are being
published elsewhere, jointly with the results from the same
complex immobilized in FSM-16 [43, 44].

Experimental
Parent materials, solvents, and reagents

Tetraethoxysilane, cetyltrimethylammonium bromide, (R, R)-
(—)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexan-
ediaminomanganese(I1I) chloride (Jacobsen catalyst-(R,R)-
[Mn(3,5-dtButsalhd)Cl]), silver perchlorate, 3-aminopro-
pyltriethoxysilane (APTES), sodium ethoxide solution
(NaOEt, 21%) in ethanol were purchased from Aldrich.
Aqueous ammonia and all the solvents used were purchased
from Merck (pro analysis).

Laponite was obtained from Laporte Industries Ltd. (UK)
and was used as received. Its structural formula, as indicated
by the supplier, is Nag;[(SigMgs.sLig3)O020(OH)4]; the
powder X-ray diffraction (PXRD) is presented in Fig. S1 in
Supplementary Material. MCM-41 was synthesized
according to procedures described in the literature [45, 46].
Briefly, cetyltrimethylammonium bromide was dissolved in
deionized water and aqueous ammonia; the silica source was
the tetraethoxysilane. The solid was dried at 90 °C and
heated under air at 550 °CC for 5 h, after a ramp of
1 °C min~"' for removing the organic moieties. From the
results of PXRD the peaks corresponding to d¢g, d110, and
droo Were noticed at values of 3.78, 2.17, and 1.91 nm,
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respectively, within the range of published values [45, 46], Fig.
S2 in Supplementary Material. The a,y parameter of the pre-
pared sample, considering a hexagonal symmetry, is 4.37 nm.

Preparation of materials
Modification of supporting materials

Anchoring of APTES onto Laponite and MCM-41 Laponite
and MCM-41 were functionalized with APTES by fol-
lowing a method described in the literature [32]. In the
present case, 1.5 g of Laponite (L1) or MCM-41 (M1) were
refluxed for 24 h with 0.9 cm® (3.8 mmol) of APTES in
100 cm® in dry toluene, under nitrogen atmosphere. After
cooling, the solids were filtered, Soxhlet extracted with
toluene for 24 h and then dried at 120 °C, under vacuum,
overnight. The functionalized materials were designated as
L2 (for Laponite) and M2 (for MCM-41).

Activation of APTES functionalized Laponite and MCM-
41 1.0 g of L2 and M2 was refluxed for 4 h with 1.25 cm®
(3.86 mmol) of a solution 21% in sodium ethoxide in etha-
nol. After filtering the solid materials they were Soxhlet
extracted with ethanol for 24 h and then dried at 120 °C,
under vacuum, overnight. The functionalized materials were
designated as L4 (for Laponite) and M4 (for MCM-41).

Immobilization of C1

The commercial Jacobsen catalyst (0.05 g, 80 mmol) was
dissolved in 50 cm® of acetonitrile, and to this solution
0.02 g (95 mmol) of AgClO, were added. The solution was
stirred for 4 h at room temperature. After filtration of silver
chloride and solvent removal, a reddish brown complex
(R,R)-[Mn(3,5-dtButsalhd)]C10,4 (C1) was obtained.

C1 anchoring onto the functionalized Laponite and MCM-
41 A solution of complex (Cl) (80 mg; 114 umol) in
100 ¢cm® of dichloromethane was refluxed for 4 h, and then
left stirring overnight, with 1.0 g of L2, M2, L4, or M4.
After cooling, the solid materials were filtered Soxhlet
extracted with dichloromethane for 24 h and then dried at
120 °C, under vacuum, overnight to get the immobilized
catalysts. The materials were designated as L3, M3, L5, or
M5, respectively (where L refers to the Laponite-based
materials and M to the MCM-41 based materials).

The summary of the methodologies used in the organo-
functionalization of Laponite and MCM-41 materials and
subsequent C1 anchoring are presented in Scheme 1.

Characterization methods

Nitrogen contents were obtained by elemental analysis at
‘Laboratério de Analises’, IST, Lisboa (Portugal). The bulk

Mn content was determined by Atomic Absorption Spec-
troscopy (AAS) in a Pye Unicam SP9 spectrometer.
Typically one sample of 20 mg of solid, previously dried at
100 °C, was mixed with 2 cm® of aqua regia and 3 cm?’ of
HF for 2 h at 120 °C, in a stainless steel autoclave equip-
ped with a polyethylene-covered beaker (ILC B240). After
reaching room temperature the solution was mixed with
about 2 g of boric acid and finally adjusted to a known
volume with deionized water.

Nitrogen adsorption isotherms at —196 °C were mea-
sured in an automatic apparatus (Asap 2010; Micromeritics).
Before the adsorption experiments, the samples were out-
gassed under vacuum during 2.5 hat 150 °C. Microporosity,
as evaluated from the #-method [47], was not present on any
of the studied materials. The mesoporous volumes were
obtained from the amounts adsorbed at high relative pres-
sures (p/p” ~ 0.97), and specific surface areas were
obtained by the BET method [47].

Powder X-ray diffractograms were obtained in Philips
PX 1730 diffractometer using Cu Ko radiation, with a step
size of 0.005 (26°) and a time per step of 2.5 s.

FTIR spectra of the materials were obtained as KBr
pellets (Merck, spectroscopic grade) in the range 400—
4000 cm ™', with a Jasco FT/IR-460 Plus spectrophotom-
eter; all spectra were collected at room temperature, after
drying the pellets in an oven overnight, using a resolution
of 4 cm™" and 32 scans.

X-ray photoelectron spectroscopy was performed at
“Centro de Materiais da Universidade do Porto” (Portugal),
in a VG Scientific ESCALAB 200A spectrometer using a
non-monochromatised Mg Ko radiation (1253.6 eV). All the
materials were compressed into pellets prior to the XPS
studies. In order to correct possible deviations caused by
electric charge of the samples, the C 1 sline at 285.0 eV was
taken as internal standard. The elemental contents of the
various samples were calculated from the areas of the rele-
vant bands in the high resolution XPS spectra, which were
also curve fitted using symmetric Gaussian curves, after fit-
ting to a Shirley background, using XPS peak version 4.1.

Results and discussion
Modification of Laponite and MCM-41 surface
Chemical analysis

Analysis of bulk N contents in Table 1 shows that
APTES anchoring onto Laponite (L2) is less than in
MCM-41 (M2), which indirectly implies that MCM-41
contains more surface reactive hydroxyl groups than
Laponite, a situation that is most probably related with
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Scheme 1 Immobilization methodologies used in the immobilization of C1 onto organo-functionalized Laponite and MCM-41 materials

the higher surface area of the MCM-41 material and also
to the different arrangements of the SiO, tetrahedra in
each material.
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It is noteworthy that higher amounts of linked APTES to
Laponite were obtained herein than on the report of Wheeler

etal. [34] on the edge-covalent functionalization of Laponite
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Table 1 Nitrogen and manganese contents determined from ele-
mental analysis and XPS and textural properties of the Laponite and
MCM-41 base materials

Materials N (mmol g=")  Mn (umol g=")  Textural properties®
EA*  XPS® AAS® XPS®  Aggr Vineso
(m%g)  (em’/g)

L1 - - - - 378 0.25
L2 1.1 1.56 - - 122 0.13
L3 1.3 1.56 7.5 70 48 0.06
L4 0.51 0.45 - - n.d. n.d.

L5 051 0.64 16.0 26 73 0.04
M1 - - - - 1087 0.86
M2 1.8 1.20 - - 734 0.39
M3 1.7 1.21 8.0 168 340 0.21
M4 1.5 1.38 - - 20 -

M5 1.6 1.35 1.2 21 5 -

% EA nitrogen elemental analysis

N or Mn amount per weight of sample calculated from XPS data in
Table 2: mmol N or Mn/weight of sample = at.% N or Mn/[at.%
C x Ar(C) + at.% N x Ar(N) + at.% O x Ar(O) + at.% Mg x
Ar(Mg) + at.% Si x Ar(Si) + at.% Cl x Ar(Cl) + at.% Mn x
Ar(Mn) 4+ at.% Na x Ar(Na)]

¢ AAS atomic absorption spectroscopy

4" From the nitrogen adsorption isotherms at —196 °C

with a similar organosilane, 3-aminopropyltrimethoxysilane
(APTMS), under several experimental conditions, in which
they were able to obtain by TGA analysis 4.2-12.6% of
organic content, which corresponds to 0.25-0.70 mmol of
3-aminopropyltriethoxysilane per g of material.

Upon NaOEt treatment of the amine-functionalized
materials a decrease in nitrogen is observed (L4 and M4)
which may be a result of leaching of some of the anchored
APTES, probably due to some hydrolysis of —O-Si—
(CH,);NH, bonds under the alkaline conditions of the
media. It is worth mentioning that the nitrogen decrease is
slightly higher for L2 than for M2.

It should be emphasized at this point that, because the
APTES molecules are hydrolytically very unstable, its pKa
value can not be evaluated directly. In this way, its pKa value
is normally approached by the value of the propylamine
which is 10.6 [48, 49]. Considering the pKa of the ethanol as
15.9 [50] it can be found that the deprotonation of APTES by
ethoxide is highly favored since the equilibrium constant is
about 10°-. On the basis of this constant and the amounts of
APTES and sodium ethoxide given in the experimental part
it is expected that more than 70% of APTES will be depro-
tonated in the formation of L4 and M4.

XPS

The chemical composition obtained by XPS for the Lap-
onite and MCM-41 based materials are collected in Table 2

Table 2 XPS data (at.%) of the Laponite and MCM-41 base
materials

Materials C N (6] Na Mg Si Cl Mn

L1 13.18 - 50.53 222 1351 2056 - -
L2 2146 2.88 4448 1.72 9.00 20.06 040 -
L3 18.53 291 47.05 204 851 2039 044 0.13
L4 17.00 086 46.12 384 11.21 2058 039 -
L5 1420 1.23 4791 327 11.81 2094 0.58 0.05
M1 1559 1.48 53.11 - - 29.82 - -
M2 19.01 222 50.73 - - 2794 0.10 -
M3 18.46 230 4850 - - 30.01 0.40 0.32
M4 17.32 2.60 4833 691 2375 1.08 -
M5 18.23 253 48.05 637 - 23.60 1.18 0.04

and the results of the deconvolution of the high resolution
spectra are collected in Table S1, in Supplementary
Material—Curve fitting data of the XPS spectra in the
relevant regions of the Laponite and MCM-41 based
materials.

The high resolution XPS spectra of parent Laponite (L1)
shows the following bands: (i) in the Si 2p region at about
103.0 eV, which corresponds to silicon from the tetrahedral
sheets of the clay; (ii) a symmetrical band at 532.0 eV in
the O 1s region, due to single bonded oxygen from silica
lattice; (iii) a band centered at 1304.0 eV in the Mg 1s
region, due to the Mg" cations present in the octahedral
sheets; (iv) a band centered at 1072.6 eV in the Na 1s
region, due to the exchangeable Na™ cations within the
interlayers. The parent MCM-41 material (M1) shows
bands in the Si 2p region at about 104.5 eV, which cor-
responds to the SiO, framework of the material and a
symmetrical band at 533.8 eV in the O 1s region, due to
single bonded oxygen from silica lattice. Low intense and
broad bands at the C 1s region and N 1s are also observed
for both materials which are due to the presence of some
organic impurities resulting from the synthesis of the
materials (Table 2 and Table S1). It is remarkable that the
binding energies of the Si 2p and O 1s bands are higher in
energy in the case of MCM-41 than for Laponite, sug-
gesting that both elements are more electron de-protected
in MCM-41. This may be attributed to differences in the
structure of both materials.

Upon surface functionalization with APTES of both
materials (L2 and M2) it can also be seen that there is an
increase of surface carbon content in addition to the
increase in nitrogen content due to the anchoring of the
spacer. For Laponite, higher surface content of nitrogen
was obtained by XPS than by bulk analysis (Table 1),
indicating that the APTES linker is mostly located at the
external surface of the material. For MCM-41 the opposite
is observed: lower surface content of nitrogen compared to
bulk nitrogen elemental analysis (Table 1), indicating that
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the APTES is mostly located in the internal pore structure
of the material. These results correlate well with the
location of the reactive hydroxyl groups on these materials.

Reflux of the amine-functionalized Laponite and MCM-
41 materials with NaOEt (L4 and M4) results in a significant
increase in the surface sodium content of both materials and a
change in the nitrogen binding energy (Table S1); this sug-
gests the formation of new anionic nitrogen species at the
surface of both materials. Furthermore, Laponite also shows
a decrease in the surface nitrogen content due to partial
leaching of the APTES spacer.

It is interesting to note that for M4 a new small band at
536.4 eV in the Si 2p high resolution spectra is observed,
in addition to the usual intense and symmetric band at
532.5 eV, Table S1; this result suggests the presence of
new silicon species on the surface material and lead us to
check the integrity of the material by PXRD. The absence
of the typical PXRD peaks of MCM-41 (Fig. S3 in Sup-
plementary Material), suggest that some disruption of the
silica framework as a consequence of the NaOEt treatment.

Nitrogen adsorption at —196 °C

The nitrogen adsorption—desorption isotherms for all
materials are presented, respectively, in Fig. la, b, and the
corresponding values of equivalent surface area (Aggr) and
mesoporous volumes are given in Table 1. It can be seen
from Fig. 1 that both materials present characteristics that
are related with the presence of mesopores [47]. In fact, the
nitrogen isotherms, particularly in the case of the parent
solids, and also in the solids with APTES, are of Type IV
according to the ITUPAC classification [51], although in the
case of the MCM-41 samples the isotherms do not present
a hysteresis loop and are therefore classified of Type I'Vc.
Nitrogen adsorption isotherms of Type IVc were reported
also by other authors for MCM-41 for samples with low
mesopores sizes [45, 46], and reflect the existence of uni-
form near-cylindrical pores [47]. Concerning the origin of
the mesoporosity, in the MCM-41 the mesoporores are in
the internal porous structure of the material, whereas in the
Laponite the mesoporosity results from the aggregation of
the single crystals of this solid, as discussed in a previous
work [38]. It can also be seen from Table 1 that the MCM-
41 has almost 3 times more surface area (Aggr) than
Laponite and almost 4 times more mesoporous volume.

Upon surface functionalization with APTES (L2 and
M2), Scheme 1, there is a decrease in the surface area to
about 30% and 70% of the initial values for Laponite and
MCM-41, respectively. The mesoporous nature of the
MCM-41 is kept after the reaction with APTES, since no
microporosity was detected by the r-method analysis,
although the total mesoporous volume available was con-
siderably reduced.
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Fig. 1 Nitrogen adsorption—desorption isotherms at —196 °C of a
Laponite and b MCM-41 based materials. Open points for adsorption
and closed points for desorption

Activation of the APTES functionalized MCM-41 (M4),
Scheme 1, lead to a quite significant decrease in the Aggr
values, a consequence of the mesoporous structure col-
lapse, as clearly seen from the N, isotherm profile shown in
Fig. 1b, and confirmed by the XPS and PXRD data. No
results could be obtained for the Laponite analog (L4), due
to lack of sample quantity. Nevertheless, the results
obtained for L5 (material with the anchored complex)
indicate no significant changes in the N, isotherm profile,
anticipating a similar behavior for L4 sample.

In the case of MCM-41 materials, the mesoporosity was
further characterized by analyzing the adsorption branch of
the nitrogen adsorption isotherms by the Broekhoff-de Boer
method, in a version simplified by the use of the Frenkel-
Halsey-Hill equation (BdB-FHH method) [52, 53] and the
results of the pore size distributions so obtained are shown in
Fig. 2. It can be seen from Fig. 2 that for the parent MCM-41
material the maximum in the distributions occurs for a value
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Fig. 2 Mesopore distribution obtained by the BdB-FHH method for
the MCM-41 based materials

of 3.4 nm. This value is near the 3.37 nm value that is
obtained for the pore diameter from the X-ray data, using the
ap value given in the experimental part (4.37 nm) if, in a first
approximation, the silica walls are considered uniform with a
thickness of 1.0 nm [45, 46]. For the sample with APTES
(M2) the maxima is shifted to 2.4-2.7 nm, i.e. the space
available in the mesopores was reduced by 1-0.7 nm. This
decrease is consistent with literature values for MCM-41
materials after a high degree of silylation [54], and was
maintained after the linkage of the complex.

FTIR

The FTIR spectra of the series of Laponite-based materials
(L1, L2, and L4) and MCM-41-based materials (M1, M2,
and M4) are collected, respectively in Fig. 3 and 4.

The spectrum of L1 and M1 exhibit two bands due to the
presence of physisorbed water, namely the O—H stretching
frequency at 3460 cm™' (L1) and 3420 cm™' (M1), [10,
55] and the O-H deformation band at 1634 cm ™! (L1) and
1631 cm™'(M1). For L1, there is also a band at 3683 cm ™"
due to surface hydroxyls, which presumably consists of the
overlapping of two components at 3675 and 3686 cm ™'
corresponding, respectively, to Si-OH and Mg-OH
stretching vibrations [35, 38]; for M1 a shoulder at
3740 cm™' due to isolated surface silanol groups is also
observed [54].

L1 and M1 spectra are dominated by the bands associ-
ated with SiO,4 framework vibrations. For L1 there is one
broad band with peak maximum at 1010 cm ™" assigned to
transverse and longitudinal Si—O-Si asymmetric stretching
vibrations [56], one band at 550 cm™ ' to Mg—O vibration
[35, 38], and a strong band at about 460 cm ™! due to Si0y4

(a)

APTES

L1
sz

L4

r T T T T T T T T T T T T T T T T T T T 1
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000
Wavenumber (cm'])

(b)

APTES

L1
L2

L4

r T T T T T T T T T T T T T T T 1
2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm’1 )

Fig. 3 FTIR spectra of the Laponite-based materials in the a 4000-
2000 cm ™" and b 2000400 cm™' regions

bending vibrations [57]. M1 shows a very intense and large
band at about 1080 cm ™' due to Si—O-Si linkage of SiOy4
tetrahedra [57], transverse and longitudinal asymmetric
network motions, a strong band at around 960 cm™" for the
presence of Si—OH stretching vibrations [56, 58], at
800 cm ™' for the not resolved transverse and longitudinal
symmetric network motions of the SiO, tetrahedra [56],
and a strong band at about 460 cm™' due to SiO, bending
vibrations [57].

Upon functionalization of L1 and M1 with APTES (L2
and M2), Scheme 1, several changes are observed: for M2
the broad band around 3420 cm™' becomes sharper and
shifted to higher energies and the shoulder at 3740 cm™"
due to isolated surface silanol groups disappear [52, 54],
whereas for L2 the intensity of the broad band around
3460 cm™' decrease and the band due to the surface
hydroxyl groups becomes sharper and shifts to 3686 cm™'
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Fig. 4 FTIR spectra of MCM-41 based materials in the a 4000-
2000 cm~" and b 2000400 cm ™' regions

(the Mg—OH stretching vibration) [35, 38]. In addition, L2
and M2 also show two broad bands at 3369 and 3307 cm ™
(L2) and 3377 and 3303 cm™' (M2) due to N-H asym-
metric and symmetric stretching vibrations, respectively;
sharp bands between 2940-2870 cm™' typical of C-H
stretching vibrations; a band at 1599 em~' (L2) and
1563 cm ™' (M2) due to N—H scissoring (bending); several
bands between 1400 and 1500 cm ™' due to C—H bending
and C-N stretching [57]; and one band at 793 cm™! (L2)
due to the linker molecule. It is noteworthy that the pres-
ence of residual Mg—OH groups in Laponite after grafting
indicates that these groups are not accessible to the APTES
molecule, as expected from their location in the clay
structure [35]; moreover, the relative increase in Mg—OH
band intensity is due to decrease in physisorbed water after
grafting of APTES [35, 38], which is also promoted by the
intensity decrease of the hydrogen-bonded hydroxyls
stretching vibrations (3460 cmfl) [35]. All the observed
changes prove that APTES was covalently attached onto
the Laponite edges and MCM-41 surface silanol groups.

@ Springer

After reflux of the APTES functionalized Laponite and
MCM-41 materials with NaOEt (L4 and M4) several
changes in the respective spectra were detected (Fig. 3 and
4): for L4 the band at 1599 cm™ !, due to N-H scissoring
(bending) decreases in intensity, a new large band centred
at 1460 cm™" appears and the band at about 3460 cm™'
becomes more intense and large. For M4 the band due to
N-H scissoring (bending) becomes sharper and shifted to
1560 cm™" and changes in the intensities of the C-H
bending bands between 1400 and 1500 cm ™" are observed,
being the one at 1450 cm™' the most intense and evident.
These observations, as before, suggest that the surface
amine groups of both materials were also modified after the
reaction with NaOEt.

Complex immobilization
Chemical analysis

The chiral complex, C1, was synthesized by exchanging
the coordinated chloride anion from the Jacobsen’s com-
plex with ClO4~ (a non coordinating anion), in order to
promote the immobilization the complex onto Laponite and
MCM-41 through metal axial coordination to the nitrogen
grafted species following the strategies shown in
Scheme 1. On the basis of the Mn AAS data, the amount of
complex immobilized onto L3 is similar to that of M3 (7.5—
8.0 pumol g™, respectively) indicating that under the same
preparative conditions, comparable amounts of complex
were anchored onto MCM-41 and Laponite, despite of the
higher content of free amine groups in the MCM-41
material (vide supra).

As determined by AAS, Table 1, LS5 is able to anchor a
double amount of complex 1 (16.0 pmol g~ ") compared to
the non-activated analog (L.3), whereas the NaOEt refluxed
amine-functionalized MCM-41, M5, a low amount of
Mn(III) was immobilized (1.2 pmol g_l). This latter result
is probably due to the partial collapse of the MCM-41
mesoporosity referred above.

XPS

Upon complex anchoring in both L2 and M2 materials
there is an increase in Mn and Cl surface contents
(Table 2). Nevertheless, the Mn values obtained by XPS
are higher than those obtained by AAS (Table 1), sug-
gesting that the complex has been mostly anchored at the
surface of both materials. Furthermore, for both materials a
change in the N binding energy is observed, which suggests
that the Mn(IIl) salen complex anchored axially through
this group.

Similarly, the complex anchoring onto both sodium
ethoxide refluxed materials, L4 and M4, leads to an
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increase in Mn and Cl surface contents (Table 2). This is
accompanied by a decrease in the Na surface content,
indirectly showing that the complex is axially anchored
onto the new anionic nitrogen species, by elimination of
the sodium cation. The Mn values obtained by XPS are
higher than those obtained by AAS (Table 1), but are of the
same order of magnitude of L5, suggesting once more, that
the complex is anchored more externally within the
material porous structure.

Nitrogen adsorption at —196 °C

It is useful at this point to discuss separately the case of
Laponite and the case of MCM-41. For Laponite, in the L3
and L5 samples there is a surface area decrease, which can
be due to the fact that the complex can promote some
degree of separation of the clay layers and/or a different
arrangement of the crystallites, but the general shape of the
isotherm is maintained. In the case of the MCM-41 mate-
rial, the complex anchoring using APTES (M3) has
considerably different effects in the textural properties
when comparing with the anchoring after activation with
sodium ethoxide (M5). In fact, M3 shows a reduction in the
surface area to about 50%, when compared to M2, presents
hysteresis (Fig. 1b) that is probably related to changes in
the mesoporosity due to the attachment of the bulky
complex more externally, (as confirmed by surface vs bulk
Mn contents), c.a. at the entrance the pores, but the max-
imum in the pore size distribution was not significantly
changed (cf. Fig. 2). The reduction in the surface of M5 is
quite drastic when compared with the initial material M1,
but predictable if we consider that C1 was anchored in M4,
which we showed by XPS and PXRD that disruption of the
silica framework has occurred as a consequence of the
activation of the free amine groups with NaOEt.

FTIR

The FTIR of the immobilized chiral Mn(III) salen complex
onto nitrogen-functionalized Laponites and MCM-41
materials (L3, L5, and M3, M5) show small changes
compared to the respective parent materials; in Fig. 5, the
FTIR spectra of the free and immobilized chiral Mn(III)
salen complex onto the nitrogen-functionalized Laponites,
L3 and L5, are shown.

In L3 spectrum there are not significant changes rela-
tively to the parent material, except for a new band at
1634 cm™'. Similarly, in L5 there are no significant
changes, but only a decrease in intensity of the band at
1599 cm™!, due to N-H scissoring (bending), and a shift to
lower energies of the large band centered at 1460 cm ™',
probably due to C-N stretching are observed; the same
type of changes are observed for the analogues MCM-41

(a)

Complex T
L2
L3 W
L4
L W

r T T T T T T T T T T T T T T T T T T T 1
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000
Wavenumber (cm 1)

(b)

Complex

r T T T T T T T T T T T T T T T 1
2000 1800 1600 1400 1200 1000 800 600 400
‘Wavenumber (cm’ : )

Fig. 5 FTIR spectra of Laponite-based materials and with immobi-
lized Jacobsen catalyst derivative in a 4000-2000 cm™" and b 2000—
400 cm™" regions

based materials. In this way, Mn(IIl) salen anchoring in
Laponite and MCM-41 based materials, leads to spectral
changes associated with bands due to the grafted spacer,
confirming its key role in complex immobilization.

Conclusions

The Jacobsen catalyst derivative C1, was immobilized onto
two types of mesoporous materials, Laponite and MCM-
41, possessing different textural properties (external vs
internal surface area), after functionalization with 3-ami-
nopropyltriethoxysilane (APTES) and activation of the
APTES surface modified materials with sodium ethoxide.

Characterization of APTES-grafted Laponite and MCM-
41 materials by nitrogen elemental analysis, XPS, FTIR,
and nitrogen adsorption at —196 °C showed that the linker

@ Springer
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was anchored at the edges of the Laponite single crystals
and inside the MCM-41 pores. Moreover, under the same
preparative conditions, higher amount of APTES was
anchored onto MCM-41 than onto the Laponite, which is
due to the higher surface area of MCM-41 compared to
Laponite, as well as to its more exposed SiO, tetrahedra.
Nevertheless, and as measured by AAS, the amount of
complex anchored in Laponite and in MCM-41 was similar
(7.5 and 8 pmolg ™', respectively). This points out that, at
least in the case of bulky complexes as the one used in this
work, there is no clear benefit in using a material of high
internal area regarding the total amount of complex
anchored.

Activation of the amino-functionalized Laponite and
MCM-41 by NaOEt create new surface nitrogen anionic
species. This treatment resulted in an increase of the total
amount of complex anchored for Laponite but, conversely,
in a decrease in the case of the MCM-41 sample. In fact, in
the case of the MCM-41 the treatment with NaOEt had a
significant detrimental effect on the material porous
structure, which may be related with the factors that affect
the structural stability of this type of solids, as discussed
elsewhere [59].
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