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ABSTRACT: A pH-responsive bridged silsesquioxane was ob-
tained via the sol—gel process from a bis-silylated triazine
derivative bearing a triple DAD (donor—acceptor—donor) moi-
ety which was strongly hydrogen-bonded to the three ADA
(acceptor—donor—acceptor) sites of cyanuric acid. The latter
template molecule was easily removed from the resulting hybrid
material upon acidic treatment, which yielded the template-free
bridged silsesquioxane with preserved morphology and unaltered
particle size as demonstrated by SEM. As expected, the surface
area of the acid-treated hybrid was significantly higher than that of
the untreated material, as demonstrated by nitrogen adsorption
measurements. The absence of cyanuric acid in this material was
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confirmed by solid state NMR and by IR. It was shown that a mild acidic medium (pH = S.5) is sufficient to release the cyanuric acid
template, thus providing a novel route to new hybrid materials with potential applications as efficient carriers for pH-responsive

delivery systems.
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B INTRODUCTION

In recent years, significant effort has been focused toward the
synthesis of porous materials with potential applications such as
for drug-delivery carriers' > and for catalysis.* These materials
consist of either organic or inorganic polymers,>® among which
silica meets most of the requirements as a good support: chemical
inertness, thermal and mechanical stability, and also the possibi-
lity of tailoring the size and the shape of the pores and cavities
inside the materials.”~” Mesoporous materials were obtained using
surfactants as structuring agents and from this surfactant-me-
diated route, organic groups may be covalently anchored in two
ways: (1) grafting a functional alkoxysilane on a preformed me-
soporous silica (MCM- or SBA-type); and (2) co-condensation
of the functional alkoxysilane with TEOS in the presence of a
suitable surfactant.'”"'* Following these two methods, many
forms of functional mesoporous hybrids have been synthesized
and exploited for many applications."* For example, mechanized
nanomachines have been prepared for on-demand release of
cargo molecules (including drugs, dyes, biomolecules, etc.)'* as
well as easily recoverable and recyclable homogeneous catalysts
supported on hybrid porous silicates which have applications in a
variety of chemical processes."> Hybrid mesoporous silica can
also be prepared via the self-assembly of organopolysilane pre-
cursors bearing a long alkylene chain. In this case, self-structuring
occurs to form a purely hybrid silica without added TEOS and
without any surfactant.'®'” Complementary to these are the per-
iodic mesoporous organosilicates (PMO) obtained from bridged
silsesquioxane precursors, which are prepared with surfactants.""?
In the series of bridged silsesquioxanes, labile Si—C covalently
bonded ethynyl units were softly cleaved by a chemical route to
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afford mesoporous silica.”® The pore sizes and distribution were
dependent on both the structure of the sacrificial ethynyl templates
and the reaction conditions employed.*"

Porous materials can also be obtained by molecular imprinting
techniques which are used to create solid materials containing
chemical functionalities that are spatially localized and fixed by
interactions with the imprint molecules during the synthesis process.
Subsequent removal of these template molecules leaves preformed
sites for the recognition of small molecules, hence affording
materials which may be suitable for applications in separation
chemistry.22 Indeed, protein-imprinted silica prepared via cova-
lent imino group bonding showed enhanced affinity for the tem-
plate protein compared to the corresponding imprinted silica
obtained by entrapment of the protein with no interaction of the
latter with the silica surface.”® Using a chiral cationic surfactant in
conjunction with sol—gel processing, chiral imprinted silica-
based thin films were obtained, which exhibited good selectivity
toward chiral alcohols.”* Imprinted polysilsesquioxanes have also
been obtained by the co-condensation of a bridged organosilane
(BTSE) precursor with N-[3-(trimethoxysilyl)propyl]ethylene-
diamine (TMS(en)) in the presence of several cations (Cull, ZnlI,
and Nill). The removal of these cations created cavities within
the hybrids which exhibited selective rebinding characteristics.*®
More recently we described imprinted hybrid silicas (IHS), in
which the covalently bonded molecular recognition sites in the
inorganic matrix were templated with the complementary imprint
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Figure 1. Imprinted hybrid silica preparation.

molecule.”® The removal of the latter organic imprint is expected
to leave specific receptor sites with tightly controlled dimensions
and shapes under mild processing conditions (Figure 1). The
formation of a complex involving multiple hydrogen bonds be-
tween the initially confined template and the matrix enables this
system to be controlled by an external stimulus, namely the pH,
since an acidic environment causes the rupture of the hydrogen
bonds, and associated release of the template molecule. This was
demonstrated with a monosilylated precursor, (triethoxysilyl)-
propylcyanurate having two ADA recognition faces which can
easily complex melamine.*® A hybrid silica material was thus ob-
tained by co-condensation of TEOS with the silyl derivative
hydrogen-bonded to pure melamine as template to imprint the
material. In this case, the melamine was completely removed under
strong acidic treatment (pH = 2). It was shown that melamine
could be subsequently reintroduced quantitatively, after pretreat-
ing the template-free hybrid with triethylamine, although the re-
sulting materials exhibited some textural modifications. Bridged
silsesquioxanes®”*® are more suitable than the hybrid silicas ob-
tained by the co-condensation method, as the exclusion of TEOS
enables more organic species to be tethered to the rigid frame-
work, as well as a higher loading of the template molecule in the
resulting hybrid silica.

The objective of this work is to use molecular imprinting
via weak H-bonds to create bridged silsesquioxanes containing
chemical functionalities that can release the imprint (or template)
molecules under mild acidic activation conditions. Herein, we re-
port the synthesis of a pH-responsive bridged silsesquioxane ob-
tained from a bis-silylated triazine derivative, bearing only one
DAD (donor—acceptor—donor) face and two hydrolyzable trialk-
oxysilyl groups, associated with cyanuric acid through H-bonding.
Removal of the cyanuric acid under strong acidic condition was
studied and the possibility of using this bridged silsesquioxane as
a potential carrier to release cyanuric acid at 37 °C at moderate
pH was also examined.

29,30

B EXPERIMENTAL SECTION

General Methods. The synthesis of the silylated molecular pre-
cursor was carried out in an inert atmosphere and by using vacuum line
and standard Schlenk techniques. The reagents were used as received.
The solvents were dried using MB SPS-800 apparatus. The melting points
were determined on Biichi Melting Point B-540 and are uncorrected.
The FTIR data were obtained on a Perkin-Elmer FT-IR system Spectrum
BX spectrophotometer equipped with GladiaATR. Liquid "H and *C
NMR spectra were recorded on a Bruker AC-400 spectrometer at room
temperature with CDCl; as the solvent and tetramethylsilane (TMS) as
an internal reference. Solid state *C and *’Si NMR spectra were obtained

using a Bruker FT-AM 400 spectrometer using cross-polarization and
magic-angle spinning techniques (CP-MAS). The high-resolution mass
spectra (Q-TOF ES+) were measured on a JEOL MS-DX 300 mass
spectrometer. Discontinuous nitrogen sorption isotherms were mea-
sured at 77.15 K using a Micromeritics 2010 apparatus. Specific surface
areas were derived using the BET transform of the sorption isotherms,
taking 0.162 nm” as the cross section area for nitrogen.31 No micro-
porosity could be detected using the t-plot method, taking Aerosil200 as
reference.”> TGA analyses were performed on a TA Instruments ATG
QS0 from 25° to 500 °C, with a ramp rate of 10 °C/min.

Synthesis. Compound 1 (2-N,N-bis(2-CBz-Aminoethyl)amino-4,6-
dichloro-1,3 5-triazine). 2,4,6-Trichloro-1,3,5-triazine (0.478 g, 2.59 mmol)
was dissolved in THF (20 mL) and the resulting solution cooled in a water/
ice bath before adding diisopropylethylamine (0.68 mL, 3.88 mmol). Com-
pound A (0.978 g, 2.59 mmol), dissolved in THF (20 mL), was then added
dropwise under magnetic stirring which was continued for an additional 2 h
after addition at 0 °C. After warming to room temperature, THF was re-
moved under reduced pressure and the residue was partitioned between
CH,Cl, and 1 N HCI. The organic layer was washed with H,O and dried
over MgSO,. The solvent was removed under vacuum and the resulting solid
was purified by column chromatography (SiO,; CH,Cl,/MeOH 10/0.25)
to afford compound 1 as a white solid in 83% yield. MP: 118—119 °C. 'H
NMR (CDCl;, 400 MHz): 3.42 (t,4H); 3.69 (t,4H); 5.06 (s,4H); 7.33 (m,
10H). C NMR (CDCl;, 400 MHz): 3899, 4864, 6685,
128.20—128.34—136.25, 156.56, 165.62, 170. HRMS (ESI+): calcd for
Cy3H,sN4O,Cl, (M + H), 519.1314; found, 519.1306.

Compound 2 (2-N,N-bis(2-CBz-Aminoethyl)Jamino-4,6-bis(N-pro-
pylamino)-1,3,5-triazine). Propylamine (1.52 mL, 18.45 mmol) and com-
pound 1 (0.96 g 1.85 mmol) were refluxed in THF (30 mL) overnight.
After concentration under reduced pressure, the resulting oil was dissolved
in CH,Cl,. The organic layer was washed with H,O and dried over MgSO,.
The solvent was removed under vacuum to give quantitatively compound 2
as a colorless oil. "H NMR (CDCls, 400 MHz): 0.87 (t, 6H); 1.49 (m, 4H);
3.26 (t, 4H); 3.39 (t, 4H); 3.66 (t, 4H); 4.74 (s, 2H); 5.06 (s, 4H); 6.31 (s,
2H); 7.31 (m, 10H). "*C NMR (CDCls, 400 MHz): 11.0, 22.5, 40.4, 42.0,
46.1, 659, 127.5, 128, 1364, 156.3, 165.1. HRMS (ESI+): caled for
CyoH41NgO4 (M + H), 565.3251; found, 565.3255.

Compound 3 (2-N,N-bis(2-Aminoethyl)amino-4,6-bis(N-propyla-
mino)-1,3,5-triazine). To a solution of compound 2 (0919 g 1.63 mmol)
in EtOH (40 mL) was added cyclohexene (4 mL) and Pd/C (023 g, 1/4
equiv per weight). The mixture was refluxed for 30 min and filtered through
Celite. EtOH was removed under reduced pressure and the resulting oil was
purified by column chromatography (SiO,; CH,Cl,/MeOH 8/2 and then
CH,Cl,/MeOH/NH,OH 8/2/0.33). Compound 3 was obtained as an off-
white solid in 81% yield. MP: 69—71 °C. "H NMR (CDCls, 400 MHz):
0.89 (t, 6H); 1.50 (m, 4H); 2.88 (t, 4H); 3.24 (t,4H); 3.56 (t, 4H); 4.90 (s,
2H). C NMR (CDCl;, 400 MHz): 11.4, 23.0, 40.5, 42.4, 50.0, 165.9.
HRMS (ESI+): caled for C3H,oNg (M + H), 297.2515; found, 297.2513.

Compound 4. In a Schlenk tube, compound 3 (1.35 g, 4.55 mmol),
anhydrous CH,Cl, (30 mL), triethylamine (1.4 mL, 10.01 mmol) and
3-isocyanatopropyltriethoxysilane (2.5 mL, 10.01 mmol) were stirred
overnight under nitrogen. After removal of CH,Cl, under reduced
pressure, the resulting white solid was washed with dry pentane (3 times,
50 mL). Compound 4 was obtained in 70% yield as a white solid. MP:
decomposition. "H NMR (CDCl;, 400 MHz): 0.58 (t, 4H); 0.91 (t,
6H); 1.18 (t, 18H); 1.54 (m, 8H); 3.06 (q, 4H); 3.27(m, 4H); 3.41 (m,
4H); 3.60 (m, 4H); 3.78 (q, 12H). *C NMR (CDCls, 400 MHz): 0.9,
7.5, 114, 182, 23.0, 23.6, 39.8, 42.5, 42.9, 58.3, 158.8, 165.6. HRMS
(ESI+): caled for Cs3Ho N 10OsSi, (M + H), 791.4995; found, 791.5006.

Hybrid M1. Compound 4 (0.63 g, 0.699 mmol) and cyanuric acid (34
mg, 0.263 mmol) were completely dissolved in DMSO (2.654 mL) at
50 °C. After 1 h, water (172 uL, 9.556 mmol) and NH,F (64 mL, 0.016
mmol, 0.25 M solution) were added. Spontaneously a white gel was
formed and was left under static conditions at room temperature for
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Scheme 1. Synthesis of Precursor 4
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3 days. After successive washing with water (50 mL), EtOH (100 mL),
and acetone (50 mL), a white power was obtained (400 mg). *C CP
MAS solid state NMR: 11.9, 18.8, 25.2, 43.9, 58.7, 160.4, 164.5. *°Si CP
MAS solid state NMR: —66.7, —58.1, —46.4.

Hybrid MO. The same procedure was applied to compound 4 with-
out the cyanuric acid, yielding MO0 as a white powder. In this case, the gel
was formed only after cooling to room temperature. "*C CP MAS solid state
NMR: 12.1, 24.0, 43.2, 160.4, 166.7. °Si CP MAS solid state NMR: —
67.0, —58.4.

Hybrid M2. Material M1 (816 mg) was suspended in EtOH (164 mL)
and HCI (139 uL, 107> M) and heated under reflux with stirring for
24 h. The material was filtered and washed several times with ethanol,
yielding a white powder. The latter was then treated with aqueous Et;N
(85 mL of water, 8.4 mL of Et;N) and stirred overnight to neutralize the
protonated N—H so as to recover the original DAD center of the triazine
fragment. After filtration and washing with EtOH, M2 was obtained as a
white powder."*C CP MAS solid state NMR: 11.9, 18.8,23. 8,43.2, 58.7,
160.6, 166.7. °Si CP MAS solid state NMR: —66.3, —61.7.

B RESULTS AND DISCUSSION

Synthesis of the bis-Silylated Triazine Precursor 4. Pre-
cursor 4 was synthesized in four steps (Scheme 1) from cyanuric
chloride via stepwise substitution of the three chloro substituents
by either a primary or a secondary amine.> In the first step, cyanuric
chloride was reacted with 1.0 equiv of A bearing two CBz pro-
tecting groups™* at 0 °C in the presence of N,N-diisopropylethy-
lamine (DIPEA) in THF, which yielded 1 in 83% yield. In a
second step the N,N' ,N”,N”’—tetraalkyltriazine derivative 2 was
then obtained in quantitative yield by reacting 1 with an excess of
propylamine at 90 °C in THF. Subsequent CBz deprotection was
realized using cyclohexene with Pd/C in ethanol under reflux for
30 min, to give compound 3 in 81% yield. The two deprotected
primary amino groups of compound 3 were then reacted, under
inert atmosphere, with 3-isocyanatopropyltriethoxysilane (2 equiv)
to give the targeted silylated precursor 4 in 70% yield. The CBz
groups thus protect the two primary amines in the first step of the
synthesis, and hence selectively direct substitution at the sec-
ondary amine. Subsequent deprotection of the primary amines
would then allow silylation with an isocyanate in the subsequent

2102

step. For convenience (easy handling and purification of the non
moisture-sensitive intermediates 1—3), silylation was chosen as
the last step of the synthesis pathway.

Preparation of the Imprinted Bridged Silsesquioxane.
Three hybrid materials were obtained for our study: M0, M1
and M2 (Figures 2 and 3).

To design the imprinted hybrid material M1, the bis-silylated
precursor 4 (one DAD face) was complexed with cyanuric acid
AC (three ADA faces) in hot DMSO (Figure 2). Due to the
sensitivity of the amino and carbonyl groups of the precursors to
protonation and basic conditions, respectively, a nucleophilic
catalyst (fluoride anion) was used to ensure the assembly of the
two organic units via H-bonding in the resulting hybrid material.
The two organic compounds were dissolved in hot DMSO and
hydrolysis—condensation was initiated by adding water and
ammonium fluoride as a catalyst. A gel was formed spontaneously
and was aged under static conditions at room temperature for
3 days to afford, after filtration, washing, and drying, M1 as a
white powder. M2 was obtained from M1 by treating the latter
with boiling acidic ethanol solution (10> M HCl in EtOH) for
24 h to remove cyanuric acid (Figure 2).

For comparison, a blank experiment MO was carried out under
the same conditions without using cyanuric acid as template
(Figure 3). In this case, gel formation was also observed, but only
after cooling the reaction mixture to ambient temperature.

Scanning Electron Microscopy (SEM) Studies. SEM images
of MO revealed a spherical morphology with a heterogeneous
distribution of particle sizes (Figure 4A) ranging from 1 to 70 um. In
addition, nanoparticles (150 and 300 nm) were also observed
(Figure 4B). In contrast, SEM images of M1 (Figure 4C) exhibit
a completely different morphology. Indeed, nanometer-size and
fiber-like structures, entangled together to form a macroporous
network are observed (width 100 nm). This provides clear
evidence that the templating and imprinted cyanuric molecules
significantly influence the shape of the resulting material and
reflects the strong H-bonding interaction between the two
complementary fragments (DAD—ADA, respectively, from tria-
zine—cyanuric acid). Interestingly, these shapes are well pre-
served in M2 (Figure 4D), after complete removal of cyanuric
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acid by strong pH treatment (pH = 2) which demonstrates the
robustness of the material.

Thermal Analyses. The TGA analysis of MO is consistent with
the decomposition of the material in a single step commencing at
around 250 °C (Figure SA). At lower temperature, in the range
100—200 °C, loosely bound water molecules are desorbed.
At 300 °C, the material decomposes in a very narrow tempera-
ture range, consistent with the synthesis route of the material
which was prepared from a simple bis-silylated precursor without
any templating agent or mineralizing species such as TEOS.
From the weight loss observed at 500 °C, it can be deduced that
MO is composed of ~75% of organics.

The TGA curve associated with M1 in which cyanuric acid is
present is more complex, and several weight losses can be observed
between 100 and 300 °C (Figure SB). This indicates that the
material is heterogeneous, confirming the presence of cyanuric
acid in its framework. The weight loss at low temperature
(100—150 °C) exhibits a trend similar to that observed for MO,
corresponding to the loss of water (3.5—4.5%). However, in the
region 200—250 °C, there is a clear difference with a significant
weight loss in the case of M1. This is attributed to to the removal of
the loosely H-bonded cyanuric acid moieties and is consistent with
the cyanuric acid/3 bis-silylated precursor molar ratio.

The main weight loss corresponding to the decomposition and
the removal of the bis-silylated condensed precursor has the same

Figure 4. SEM images of (A) and (B) M0, (C) M1 and (D) M2.

extent in both cases (~ 55%). However, the weight loss is not as
steep in the case of MO which suggests that cyanuric acid moieties
destabilize the bis-silylated condensed precursor.

Figure SC illustrates the decomposition of M2. The TGA curve
obtained with this material is very similar to the one found in the
case of MO, which is consistent with the hypothesis that the
cyanuric acid has been removed in M2. More explicitly, it can be
deduced that the acidic conditions employed are efficient enough
to remove the cyanuric acid moieties from the structure.

These experiments are consistent with the textural character-
ization of the materials showing that the synthesis of the cyanuric
acid/bis-silylated precursor has been successfully achieved. More
interestingly, these data also show that despite host/guest interac-
tion strong enough to retain the guest within the hybrid material,
an acidic treatment is adequate to remove the cyanuric moieties
without breaking down the structure, allowing for structured
cavities to be created within the framework of the material.

2103 dx.doi.org/10.1021/cm 103327y |Chem. Mater. 2011, 23, 2100-2106
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Figure 6. Discontinuous sorption isotherms of nitrogen for M0 to M2.

Textural Properties of the Different Materials. Figure 6
shows the nitrogen adsorption isotherms of the various samples.
Essentially no sorption was evident in the case of MO (squares)
made from the precipitation of hybrid silica precursors. In terms
of textural properties, this can be attributed to the presence of a
non porous material made of large aggregated and condensed
particles of the bis-silylated precursor (MO0). This sorption isotherm
confirms that a template is required to improve the textural
properties of the condensed bis-silylated precursor. If the tem-
plate is present during the preparation of the material, a different
adsorption isotherm is found (triangles, M1). In this case, some
N, sorption is evident, although the extent of sorption is still
limited indicating that the majority of cavities are filled by the
template and N, is sorbed mainly on the external surface of the
particles. These can be seen by SEM (Figure 4C). Indeed, it is
important to note that the as-synthesized M1 probably does not
sorb any nitrogen within the internal cavities, which implies that
the structure of the cyanuric acid/bis-silylated precursor is relatively
dense. In contrast, the sorption isotherms for M2 (Figure 6) are
consistent with significant uptake of N,; this, together with the
relatively steep slope in the isotherm at zero N, coverage and a
specific surface area of around 45 m’-g~ ' confirm that the
textural properties of the material have changed. From the SEM
images (Figure 4D), it can be seen that the acid treatment left the
particle size essentially unchanged, which suggests that the in-
crease in specific surface area cannot be related to a decrease in
the size of the particles between M1 and M2. It is therefore clear

40 60 80 100

Figure 7. *°Si solid NMR spectra of MO—M2.

that this increase in specific surface area is mostly due to the
removal of the template moieties. It can therefore be concluded
that an appropriate treatment in acidic conditions (pH 2 generates
M2 in which cyanuric acid has been removed, as confirmed by
TGA (and NMR and IR studies, as discussed below).

Solid State NMR. The extent of condensation was examined
by *Si solid state NMR (Figure 7). In the case of M0, an intense
T3 signal is observed indicating a highly condensed material. The
spectrum of M1 exhibits T2 and T3 peaks with similar intensity
in addition to a weaker T1 peak consistent with a less condensed
material. After the acid treatments of M1 to remove cyanuric acid
and generate M2, the intensity of the T3 signal greatly increased,
while the T2 signal decreased significantly and the T1 signal was
extinguished. Thus the acidic treatment increased the extent of
condensation when M1 is transformed to M2. In addition, all the
*Si solid NMR spectra (M0, M1, and M2) showed no Q signal,
confirming that the organic components remained covalently bound
to the silica network.

The *C solid state NMR spectra of the three materials confirmed
the presence of the bis-silylated triazine fragment (Figure 8).
Indeed, in all cases, the spectra exhibited a peak at around 165
ppm characteristic of the triazine C,,—NH, another peak at
around 160 ppm assigned to the C=O carbon of the urea groups,

2104 dx.doi.org/10.1021/cm 103327y |Chem. Mater. 2011, 23, 2100-2106
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Figure 8. ">C solid NMR spectra of MO—M2.

and three additional peaks associated with the methylene carbons
at 12 (C—Si), 24 (CH,), and 44 (C—N) ppm. The peak at
160 ppm is also characteristic of the C=0 group of the template
molecule (cyanuric acid) which is present only in M1. Closer
inspection in the range of 150—170 ppm (see inset to Figure 8)
indicates two main features:

e a slight shift of the C4,-NH peak from 167 to 164 ppm is
observed in the spectrum of M1. This upfield shift is related
to the presence of the H-bonding interaction of the anchored
triazine unit with the cyanuric acid (absent in MO and M2).

o the relative intensities of the peaks at 140 to 190 ppm in the
spectra of MO (green) and M2 (red) are similar, with the
Ca,—NH at 167 ppm being more intense than the C,,.,=O
in both cases. In contrast, the corresponding peaks exhibit
comparable intensities in M1 (blue) resulting from the
presence of the additional C=O group of the template
cyanuric acid. The similarities of the peaks of MO and M2
and the downfield shift of the Co,—NH peak to 167 ppm in
M2 at exactly the same chemical shift found in MO indicate
the absence of cyanuric acid in both materials.

Solid FTIR Spectroscopic Analyses. The FTIR spectrum of
the precursor 4 exhibits two absorption bands at 984 and 1092 cm ™"
characteristic of Si—O—C,H; vibrations (Figure 9). The inten-
sity of these bands either decreases (1092 cm™ ') or completely
disappears (984 cm ') during hydrolysis, yielding two broad
bands (centered at 1100 and 1020 cm ™ ) attributable to siloxane
bridges (Si—O—Si) in the spectra of the hybrid materials (MO,
M1, and M2).35’36 Interestingly, the band at 1100 cm ' is more
intense for MO indicating a higher degree of condensation®® in
this material as observed by solid state Si NMR. Moreover, a
shar&) peak at 810 cm ™" assigned to a vibration of the triazine
ring>” is also observed in every spectrum, which further confirms
the presence of the triazine fragment in the precursor 4 and the
materials MO, M1, and M2.

Infrared spectroscopy is an appropriate tool to inspect the
presence/absence of the template molecule provided that at least
one of its vibrational modes is distinct from those of the anchored

§

1720 1520 1320 1120 920 720 520

Figure 9. Solid FTIR spectroscopic analysis of compound 4 and
materials MO—M2.

fragments. This is the case in the FTIR spectrum of M1, which
exhibits a distinct mode at 1720 cm™ ' corresponding to the
C=0 vibration of the templating cyanuric acid. This band is
absent in the FTIR spectrum of M2 obtained from M1 after
treating the latter with HCI (pH = 2). As in our earlier report,**
such treatment under strongly acidic conditions enables the com-
plete removal of cyanuric acid and suggests that the hydrogen
bonding interactions between the triazine derivative and the
cyanuric acid fragments are suppressed in the material, facilitat-
ing the release of the cyanuric acid. It should be noted that the
treatment of M1 with boiling EtOH at neutral pH is not efficient
enough to break these H-bonding interactions to remove cya-
nuric acid. Indeed, no traces of cyanuric acid could be detected in
the aliquot even after 24 h. We thus decided to perform further
studies at milder pH. Hence treatment of M1 at 37 °C in an
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acetate buffer solution (pH 5.5) was studied. Interestingly, after
24 h stirring, no vibration band is observed at 1720 cm™ ' in the
corresponding infrared spectrum which confirms that this mod-
erate pH treatment is efficient enough to promote the release of
the cyanuric acid.

Bl CONCLUSION

The first example of a pH-responsive bridged silsesquioxane
M1 obtained from a bis-silylated triazine derivative with an ADA
face is reported. This was achieved by the sol—gel hydrolysis—
condensation of the precursor in the presence of cyanuric acid
H-bonded through the three DAD faces which produced materi-
als with fiber-like morphologies. In contrast, only spherical
objects were formed when the bis-silylated precursor was hydro-
lyzed without cyanuric acid, showing the critical role of the
template molecule in modulating the structure of the hybrid
material. The template could be easily removed from M1 upon
acid treatment without altering the textural integrity of the material.
Furthermore, the functional organic fragments remain covalently
bonded to the silica network demonstrating the chemical and
thermal stability of the hybrid materials. It was shown that a mild
acidic medium (pH = 5.5) is effective in releasing the template
from M1. This positive and encouraging result is stimulating for
further studies in the development of such hybrid materials mainly

for examining and creating new efficient carriers for delivery systems.
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