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Mesoporous SBA-15 type silica with covalently fixed B-cyclodextrin (0.56 mmol/g) and
calix[4]arene (0.40 mmol/g) functional groups and with specific surface areas of 384 to

728 m?/g have been obtained.

ITonyuensr mesomopucreie KpemHeseMbl ThUHa SBA-15 ¢ KOBaJEHTHO IIPUBUTBIMU IIHUKJO-
nexkcrpuuoBeiMu (0.56 mmouab/r) u Kanukc[4]apenoBeiMu (0.40 MMOb/TI) PYHKIIMOHAIBHBI-
MU I'PyIIIaMu, 00JaaJalollye PasBUTOM IIOPUCTON CTPYKTYPOI (Syo = 384-723 m2/1).

The development of hybrid organic-inor-
ganic materials with a supramolecular surface
layer is a rather complicated task [1, 2]. Two
different preparation routes have been usu-
ally used. The first one is based on the
surface modification of already obtained
carriers [3] and as the second way, the sol-
gel method is used where the matrix and its
surface layer are formed simultaneously [4].
Each of those methods includes some advan-
tages and some drawbacks. Thus, the sol-gel
method allows to obtain polysiloxane mate-
rials in one stage with both embedded [5]
and covalently bounded calixarene and cy-
clodextrin molecules [6, 7] having a well de-
veloped porous structure. However, the syn-
thesis of such hybrid materials by the sol-
gel method with the contents of functional
groups close to 1.0 mmol/g and above is
problematic. This is due first of all to geo-
metrical sizes of molecules together with
low solubility thereof in water and/or
nonaqueous solvents. Besides, a part of
fixed molecules remains unavailable for
substrates. Application of chemical modifi-
cation method, for example, of silica sur-
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face provides matrixes with covalently fixed
supramolecular layer, where practically all
functional groups are available [8, 9]. How-
ever, the content thereof is usually about
one order lower than in the case of
polysiloxane matrices obtained by sol-gel
method. On the other hand, the materials
obtained in this way are characterized by
good adsorption kinetics.

A compromise could be provided by the
template method [10] that can be realized in
two variants. The first one is the one-stage
production of functionalized mesoporous
silicas, when the structure-forming and
functionalizing agents are introduced simul-
taneously [11] into the initial reaction solu-
tion. After the surfactant removal (usually
by extraction with a nonaqueous solvent),
the nanoporous silica matrix contains re-
quired functional groups in the surface
layer. The second possibility is the two-step
method. First, the mesoporous silica is pre-
pared (the surfactant being removed from
mesophase by calcination) with consequent
chemical modification of its surface con-
taining silanol groups using known ap-
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Fig. 1. 13C CP/MAS NMR spectra of samples B and C.

proaches [3, 12]. Development of these two
variants of the template method for forma-
tion of supramolecular layers and compari-
son of properties of obtained materials
(among themselves and with materials ob-
tained by the sol-gel method and method
resulting in amorphous silica surface modi-
fication) is no doubt of a great practical
importance. Nowadays, similar materials
are recommended for application in chroma-
tography [13] and adsorption processes [14].
The aim of this work is to develop the tech-
niques of mesoporous silica modification by
calix[4]arene and B-cyclodextrin groups, to
obtain samples of such hybrid materials and
investigate their structure.

The initial mesoporous SBA-15 silica
(sample A) was synthesized as described in
[15]. After preliminary hydroxylation of
SBA-15 with hydrochloric acid and drying
in vacuum, this material was modified with
macrocyclic compounds B-cyclodextrin (BCD)
from water-ethanol solution (sample B) and
calix[4]arene from toluene solution (sample
C). In the last case, the technique was close
to that described by S. Shiraishi et al. [16],
where the silica surface was preliminarily
treated with SiCl,.

The 3C CP/MAS NMR spectra were re-
corded with Bruker AC-300 spectrometer at
f=75.5 MHz. The 29Si CP/MAS NMR spec-
tra were recorded at f=59.7 MHz. Tetra-
methylsilane was used as a reference stand-
ard. The small-angle X-ray powder diffrac-
tion (XRD) data were taken on a
DRON-4-07 using CuK, radiation (A=
1.54178 A). The scanning was carried out
within 0.4-10.0 20, deg. The transmission
electron microscopic (TEM) measurements
were performed using a JEM 2010 (JEOL).
Structural-adsorption characteristics were
calculated from low-temperature nitrogen
adsorption isotherms (Kelvin-1042, Costech
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Microanalytical). Prior to the adsorption
measurements, each sample was degassed at
120°C in vacuum. The specific surface area
was determined by the BET method [17] and
the effective pore diameter by the BJH
method [18].

As follows from the elemental analysis
data, the content of functional groups in
Sample B was 0.57 mmol/g (nitrogen) (or
0.56 mmol/g carbon), while in Sample C,
0.40 mmol/g (carbon). The presence of
functional groups in the synthesized sam-
ples was also confirmed by IR spectroscopy
data 9Nicolet NEXUS FTIR spectrometr)
and confimed by solid-state NMR spectros-
copy data. Thus, the '3C CP/MAS NMR
spectrum of sample B (Fig. 1) contains
three low-intensity signals at 9.1, 23.3, and
43.7 ppm typical for carbon atoms of propyl
chain (=SiCH,—, —C[CH,]JC— and —CH,;NH-,
respectively). The low-intensity signals at
30.1 and 34.8 ppm that can be assigned to
the N,N’-dimethylformamide (DMF) car-
bonyl carbon atom (in DMF spectrum they
are at 31.5 and 36.5 ppm [20]) which was
used as a solvent for alkoxysilyl derivative
of BCD are also presented in this spectrum.
Three intense signals at 61.0; 73.1, and
80.9 ppm are characteristic for carbon
atoms of glucopiranoze cycles bounded to
oxygen atoms. The medium-intensity signal
at 103.6 ppm belongs to anomeric carbon
atom, O-C-0O.

In the '3C CP/MAS NMR spectrum of
sample C (Fig. 1), two signals at 122.2 and
128.9 ppm characteristic for carbon atoms
of phenolic rings of calixarene [20] have
been identified. There is also a medium in-
tensity signal at 30.6 ppm in the spectrum
which is typical of carbon atom of
methylene groups binding these rings. The
medium intensity signal at 148.5 ppm can
be assigned to carbon atoms of phenolic
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Fig. 2. 2°Si CP/MAS NMR spectra of samples B and C.
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Fig. 3. Powder XRD patterns for the initial
and modified SBA-15.

ring bound with hydroxyl group (C-OH)
that is not involved in covalent binding of
macrocycle to the SBA-15 surface. Thus,
the 13C CP/MAS NMR spectra evidence the
presence of calixarene and cyclodextrin
functional groups bound to silica SBA-15 sur-
face by spacers =Si(CH,);NHC(O)O— (sample B)
and =Si-0-Si(OC)3= (C).

The 29Si CP/MAS NMR spectra of these
samples (Fig. 2) contain a weak signal at —
90 ppm and two intense resonance signals at
—100 and —-109 ppm. These signals corre-
spond to Q% [(=Si0),Si(OR),], Q5
[(=SiO);SIOR] and Q% [(=Si0),Si] structural
units, respectively (R =H and/or — in the

case of sample B — ethoxy group) [21].
Moreover, in the spectrum of sample B, there
are two weak signals at —54 and —62 ppm
which are characteristic for structural units
T2, [(=Si0),Si(OR)R’] and T3, [(=Si0);SiR’], re-
spectively (R’ = organic functional group).
The absence of those structural units in the
295 CP/MAS spectrum of sample C (Fig. 2)
was expected depending on the chosen way of
calix[4]arene fixing.

The powder XRD patterns of all samples
show one narrow intense (20 = 0.85-0.9) and
two moderate intensity peaks at 20 = 1.2-2
(Fig. 8). The presence of these reflections —
(100), (110) and (200) — is associated with the
p6émm hexagonal symmetry [22].

In Table, the structural parameters of
obtained samples calculated from the XRD
patterns data are presented. As is obvious,
the fixing of macrocycles causes increase in
thickness of pore walls (k,) that, in turn,
results in reduced mesopore diameter (d,,,).
It is also to note that modification of SBA-
15 silica (sample A) by bulk organic groups
does not affect the structural ordering degree
of the obtained materials (samples B and C).
The XRD results are in a good agreement
with the TEM images. The TEM images pre-
sented in Fig. 4 show the highly ordered pore
structure of sample A (Fig. 4a) that is kept at
its modification by bulk calix[4]arene mole-
cules (sample C) (Fig. 4b).

Nitrogen adsorption-desorption isotherms
of synthesized materials are presented in Fig. 5.

Table. Structural properties of synthesized samples

Sample |Determined from nitrogen adsorption Determined from XRD data
Ssp, m2/g Vs cm3/g d, nm d100> DM ag, nm d,., nm h,, nm
A 723 0.92 6.62 10.4 12.0 10.3 1.7
B 420 0.51 5.53 9.8 11.3 8.7 2.7
C 384 0.45 5.5 10.3 11.9 8.8 3.1
Functional materials, 14, 3, 2007 371
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Fig. 4. TEM images of samples A (a) and C (b).
V, cr113/g

500
400
300
200
100

1 1
08 P/Ps

00 02 04 06
D, cm3/g-nm
025}
0.20F
C
0'15 B L - 1 1
010k . 0 10 20 30
A L - L - L L L - ]
005 0 5 10 15 20 25 30
0.00 I It 1 1
0 10 20 30 40 d,nm

Fig. 5. Nitrogen adsorption-desorption iso-
therms for the synthesized materials and
their PSDs.

The isotherms have S-like character with
the clear hysteresis loop and belong to type
IV (according to IUPAC classification [23]).
This type of isotherm is typical for highly
ordered mesoporous materials with hexago-
nal structure and relatively narrow region
of mesopore filling that is in accordance
with TEM images which indicated occur-
rence of the close size pores.
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The analysis of structural-adsorption
characteristics of the samples calculated
from nitrogen adsorption-desorption iso-
therms (Table) testifies that the silica sur-
face modification with by bulk organic
groups causes a decrease of the specific sur-
face area (S,,) as well as of the pore volume
(V,). This fact is in a good agreement with
conclusions made from powder XRD pat-
terns (Table).

Thus, it has been shown that the pro-
posed approaches allow to obtain mesopor-
ous SBA-15 silica modified by bulk groups
such as B-cyclodextrins and calix[4]arenes.
According to the XRD data and TEM im-
ages, the modifying of SBA-15 by such bulk
macrocyclic groups does not affect the
structure organization degree of the synthe-
sized materials. The presence of the intro-
duced functional groups in the structure of
the synthesized samples is confirmed by IR,
13C and 29Si CP/MAS NMR spectroscopy.
The synthesized materials are characterized
by a developed porous structure (S,, = 728—
384 m2/g, V,=0.92-0.45 ecm3/g). The
structural type of samples is kept at modi-
fying of SBA-15 by B-cyclodextrin and
calix[4]arene groups.
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Me3sonopuctuii kpemaesem SBA-15, mogudikoBanui
Kaxikc[4]apeHoM Ta [-IUKJIOIEKCTPMHOM

O.B.Kyuma, 10.3y6, A.[la6poscvruii, O.lllonvyosea

Opep:xano mesomopucti Kpemuesemu tuiry SBA-15 3 KoBajieHTHO 3a(iKCOBAHUMU [3-IMKJIO-
nexcrpunosumu (0.56 mmoub/r) i Kamike[4]apenosumu (0.40 MMOIb/T) QYHKIIOHANBHUMA I'DY-

maMu, siki XapaxkTepusyoThCA POSBUHYTOIO IIOPHUCTOI CTPYKTYPOo (S
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= 384-723 m2/1).
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