Functionalization of Mesoporous Silica Materials Using Calix[4]arenes
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Six new products were obtained by deposition of para-tert-butylcalix[4]arene (t-Bu-C40H), calix[4]arene
(C40H) and tetra-methoxy-calix[4]arene (C40Me) on two types of SBA-15 mesoporous silica. All the
products were characterized through thermogravimetric methods and SEM microscopy. The obtained results
confirm the functionalization of the silica materials with the calixarene macrocycles. Considering all the
obtained products, the thermal analysis suggests the strongest connectivity to form between the C40Me

systems and mesoporous silica substrate.
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Calixarenes are organic macrocycles with 3-20 phenol
rings obtained by the condensation of para-alkyl phenols
and formaldehyde [1] which have been studied intensively
due to their wide range of applications in the field of
molecular recognition [2], chemical and electrochemical
sensors [3], separation sciences [4], drug delivery [5] or
catalysis [6].

The high versatility of calixarene compounds is based
on the adjustability of the macrocycles cavity either by
controlling the number of phenolic monomers or the
functional groups grafted at the upper or lower rim of the
system [7]. Functionalized calixarenes have proven their
importance for the preparation of modified silica with
multiple applications [8]. Due to the high versatility of the
functional groups on the upper and lower rim of the
calixarenes, these derivatives can be used as coupling
agents in order to ensure a stronger connection at the
interface between two materials. By conveniently choosing
the R and R’ functional groups in upper or lower rim of the
calixarene macrocycle, particular structural arrangements
of the coupling agent scaffold are obtained. This leads to
the fine tuning of the response towards various external
perturbations (thermal, mechanical or radiations) of the
newly designed material modified with such coupling
agents.

We have been interested in the study of the calixarenes
as coupling agents between different inorganic/inorganic,
organic/organic or organic/inorganic substrates and we
have already obtained some results concerning the
deposition of functionalized calixarenes to inorganic
substrates [9-13]. Functionalization of mesoporous silica
materials using calix[4]arenes modified with the proper
functional groups on the upper or lower rim of the
macrocycles could increase their connectivity (by stronger
interaction and multiple bonding points) to the inorganic
substrate and therefore could afford promising coupling
agents for the preparation of various materials. We focused
our study on calix[4]arenes, mainly due to the preference
of these compounds to stabilize in a cone conformer and
thus allowing a better covering of the silica surface [9].
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We present here the preparation, thermal behavior and
SEM analysis of six new products obtained through the
coupling of three derivatives of calix[4]arene (t-BuC40Me,
C40H, C40Me) onto two type of mesoporous silica
materials (S1, S2).

Experimental part
Materials and methods

The *H NMR spectra were recorded on a Bruker Avance
400 MHz spectrometer in CDCI,, with TMS as reference at
a frequency of 400.13 MHz and the IR spectra were
recorded on a Bruker FTIR Vector 22, spectrometer, in KBr.

The scanning electron microscopy experiments (SEM)
were performed on a HITACHI SU-70 FE-SEM system
coupled with an energy dispersive X-Ray spectrometer
(EDS). For an adequate microstructural analysis, the
nanopowders were mounted on metallic stabs through a
double-sided adhesive carbon conductive tape and covered
with an Ag metallic layer in order to ensure a good
conductivity. The experiments were conducted using an
acceleration voltage which ranged between 2-3 kV, a beam
current of 28-30 nA and a working distance of 15 mm.

Thermogravimetric and differential thermogravimetric
analyses were performed on a STA 449 F5 Jupiter thermal
analysis system. All the experiments were carried out in
an alumina crucible (900uL), with a heating rate of 10 °C/
min. The temperature range in which the experiments were
performed was from 25 to 800 °C, with a final pitch of 1
minute. The measurements were achieved in a nitrogen
atmosphere with a gas flow of 50 mL/min.

All the reagents were purchased from chemical
suppliers (Merck, Sigma-Aldrich, Applichem, Acros
Organics) and used without any further purification. Para-
tert-butylcalix[4]arene (further noted t-BuC4) was
purchased from Acros Organics. All the other functionalized
calix[4]arenes were prepared through procedures
described in the literature [14, 15] and presented in figure
1 in results and discussions section.

The two types of SBA-15 mesoporous silica
(identification codes S1 and S2) were obtained through
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methods which have been reported in the literature [16].
The general procedure for the preparation of the S1 and S2
mesoporous silica consists in the mixture of pluronic P123
in a diluted solution of hydrochloric acid with TEOS (tetra-
ethyl ortho-silicate) at different temperatures [17]. The S1
mesoporous silica was obtained at a temperature of 35°C,
while the S2 mesoporous silica at a temperature of 40°C
[16]. The preparation of the two types of mesoporous silica
(S1and S2) using our specific temperature conditions, lead
to the formation of materials in cylindrical shapes, while
other previously reported silica materials were obtained
as spheres [17].

General procedure for the deposition of t-BuC40OH, C40H
and C40Me calixarenes on the S1 and S2 mesoporous
silica.

A solution of calixarene (0.3 g) in ethanol (7.5 mL) was
stirred for 60 min at 60°C. The solution was poured over 0.5
g of mesoporous silica (S1 or S2 type) and the resulting
mixture was stirred for 24 h at 60 °C. The final product was
obtained after filtration, rinsing with ethanol (3x5mL) and
drying for 6 h at 100°C.

The products thus obtained were characterized through
specific physico-chemical methods such as TG, DTG, SEM.

Results and discussions

The main purpose of our study was to find the most
suited method to bind the functionalized calixarenes like
t-BuC40H, C40H and C40Me to an inorganic substrate
(mesoporoussilica, in this case) and to study the influence
of the functional group connected to lower rim of the
calixarene in terms of the strength of the bonding between
the inorganic substrate and the organic macrocycle.

The used calixarenes were obtained following the
pathway detailed in Figure 1.

All the prepared calix[4]arenes were separated from
the reaction mixtures following the methods described by
the corresponding literature data [14] and, to ensure the
purity of the starting materials, they were all characterized
by *H NMR, IR and melting points.

The *H NMR spectrum of the starting para-tert-butyl
calix[4] arene (t-BuC40OH) underlines the cone
conformation of the calixarene by the chemical shift of
the signal corresponding to the protons of the bridging -

CH, groups at4.26 and 3.49 ppm (for exoand endo protons).
Furthermore the deshielded resonance signal at 10.34 ppm,
corresponds to the protons from the hydroxyl groups
involved in the hydrogen bonds which are characteristic
for a cone conformer.

The *H NMR spectrum of the calix[4]arene (C40H)
shows, together with the disappearance of the signal
corresponding to the tert-butyl group from 1.21 ppm in the
parent

t-BuC40H, the appearance of a new signal in the
aromatic region corresponding to the Hydrogen atom in
the para- position of the phenyl ring. In the case of the
methylated calix[4]arene(C40Me), the signal
corresponding to the methyl group appears in the proton
NMR spectrum at a chemical shift of 3.87 ppm. In all cases,
all the characteristic signals for the protons of the
calixarene systems appear at the expected chemical shifts
[1,7].

The IR spectra show the disappearance, in the
methylated calixarene C40Me, of the broad band attributed
to the hydroxyl group in the t-BuC40H and C40H from
3144 cm* and the appearance of a broad band at 1018 cmr
! for the methoxy group in C40Me.

The calixarenes t-BuC40H, C40H and C40Me were
used in order to prepare new materials by their deposition
on the S1 and S2 type of mesoporous silica, at room
temperature in a solution of ethanol, at 60°C, for 24 hours,
according to a method developed in our group and
previously used for the deposition of tetracarboxyl-para-
tertbutyl-calix[4]arene on short glass fibers [10].

After the deposition of the t-BuC40H, C40H and C40Me
calixarenes systems on the S1 and S2 types of mesoporous
silica, the six newly obtained materials having the codes
specified in Table 1 were washed with ethanol several
times and dried. The products were analyzed through
thermogravimetric methods in order to assess the
connection strength.

Comparative TG and DTG analysis

In order to evaluate the connection strength between
the inorganic substrate and calixarene macrocycles,
thermal analysis has been carried out and the
thermogravimetric TG and DTG data are presented in Table
1.
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Fig. 1. Synthesis pathway for the newly obtained
mesoporous silica functionalized with calix[4]are
derivatives
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Table 1
THERMOGRAVIMETRIC ANALYSIS DATA FOR THE NEW OBTAINED PRODUCTS

Froduct Quantity Thermogravimetric (IT'G) and (DTG) analysis
Total mass loss Temperature range | Partial mass loss Tmax
(AmT) (%) (Am p) (%)

(mg) ! °C)

25- 180 131 8

S1 +BuC40H 303 27.74 180 - 300 1325 405
500 - 800 008 520

S1_C40H 275 30.98 23 - 360 S.64 50
360 - 800 2234 08

S1_C40Me 412 26.24 25 - 300 4.73 79
300 - 800 2149 397

§2 +BuC40H 203 21.52 25-240 9.08 8
240 - 800 12.44 539

$2 C40H 297 24.41 13- 360 5.56 81
B 360 - 800 1443 07

$2 C40Me 327 3172 13- 180 3.53 6
B 280 - 800 2477 306

S1 116 0.43 25 - 800 0.43 60

52 197 13.36 25 - 800 1336 79

The two starting mesoporous silica materials have an
increased thermal stability until 800 °C, having a single
mass loss maximum (9.45 % for S1 and 13.56 % in the
case of S2), at 69 °C and 79 °C corresponding to the solvent
loss (table 1) in the recorded DTG spectra. By comparison
with the starting inorganic substrates (S1 and S2), the
calixarene-silica materials show, in all cases, a mass loss
higher than 20 %, proving the adsorption of the organic
material onto the inorganic substrate.

For example, in the case of S1_t-BuC40H sample
(obtained by the deposition of the para-tert-butylcalix[4]
arene -BuC40H on S1 substrate) the most important
weight loss (13.25%) is at 405°C and the second one
(9.98%) at 520°C, which is in agreement with the thermal
behaviour of the parent calixarene -BuC40H, having the
first decomposition stage (around 16%) at 335°C,
associated with the ‘detachement’ of the tert-butyl groups
from the upper rim of the calix[4]arene and the second
one at 491°C (about 23%) corelated with the destruction
of the hydrophobic cavity [18, 19]. A similar behaviour is
also noticed in the case of product S2_t-BuC40H (see table
1) obtained by the deposition of the para-tert-
butylcalix[4]arene t-BuC4OH on substrate S2.

For the materials obtained by the deposition of the
calix[4]arene without substituent group on upper rim,
C40H on the S1 and S2 mesoporous silica substrates
(S1_C40H and S2_C40H), we can observe that these
systems are stable to temperatures higher than 400°C. The
stability of these materials is due to the lack of a para-alkyl
group on the upper rim of the used calix[4]arene. The major
mass loss in the case of S1_C4OH is observed at 408°C
and for S2_C40H at 407°C, while in the parent C40H
calixarene, the decomposition of organic macrocycle is
recorded at 335 °C [18]. In both cases, the decomposition
temperature is slightly higher than in the case of the parent
calixarene, as is also observed for other organic substances
deposited on the inorganic material having a high
adsorption capacity [20].

When the functionalization of S1 and S2 mesoporous
silica materials is performed with the methoxy derivative
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of calix[4]arene (C40Me), the thermal analysis of the new
S1 C40Me and S2_C40Me materials highlight the
formation of new products as shown in Figure 2, but the
temperature corresponding to the major mass loss is
slightly lower in the two obtained materials when
compared to the starting methoxy calix[4]arene
macrocycle (C40Me).

This behavior suggests a relative strong connection of
the organic macrocycle to inorganic substrates and due to
this fact the C-O bond is weakened, what leads to the
faster thermal degradation of the S1_C40OMe and
S2_C40Me materials than the starting calix[4]arene
(C40Me) (396-397 °C in the two obtained products
compared with 409 °C in the starting calixarene). This
agrees with some data reported in literature [21] which
indicates that the thermal stability differs with the nature
of the substituents and their placement in the system.

The thermogravimetric data recorded for the products
obtained from the calixarene bearing OH groups at the
lower rim imply a physical interaction between the organic
macrocycle and the inorganic material, while in the case
of the methoxy-substituted calixarene the interaction
appears to be stronger, suggesting a bonding of chemical
nature. Similar behavior of the methoxy-derivatives for the
functionalization of silica surfaces via formation of a strong
connectivity between organic / inorganic substrates is
evidenced in the field of siloxane derivatives [22].

SEM Microscopy

In order to additionally confirm the results obtained by
thermogravimetric analysis for the products obtained by
deposition of calixarene macrocycles on the mesoporous
silica surface, SEM microscopy images were recorded on
all new inorganic/organic materials, and are hereby
presented in comparison with the SEM of the calixarene
macrocycles and mesoporous silica (fig. 3).

SEM images recorded for S1 and S2 silica confirm the
formation of this material in stick shape, due to the
modifying of the working parameters when compared to
the literature [17]. In the cases of S1 and S2 silica, the
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S2

Fig. 3. SEM images for the newly obtained
product by deposition of calix[4]arenes on
the mesoporous silica system S1 and S2
compared with the SEM images for the
started organic and inorganic materials
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existence of fine crevasses is visible along the inorganic
sticks, whereas in the case of samples obtained by
depositing the calixarenes on silica, they disappear; being
probably filled with the organic compound (see figure 3).

SEM images also show a uniform deposition of organic
macrocycles on the inorganic substrate with a
predominance in the case of S1_C40Me and S2_C40Me
respectively, which is in agreement with the thermo-
gravimetric results.

Conclusions

Para-tert-butylcalix[4]arene (t-Bu-C40H), calix[4]arene
(C40H) and tetra-methoxy-calix[4]arene (C40Me) were
used in order to functionalize two different types of SBA-15
mesoporous silica (S1and S2). This lead to the preparation
of six new materials which have been characterized
through physical-chemical methods. The TGA analysis of
the prepared materials show that in all the cases, the
calixarene macrocyles bonded on the inorganic substrates.
Furthermore, the TGA analysis suggests that the C40Me
functionalized organic macrocyle exhibits a strong
connection to the silica material. These results are
confirmed by SEM microscopy study that suggests the
deposition of the calixarene onto the surface of the studied
silica materials.
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