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A bridged silsesquioxane was obtained from a monosilylated precursor derivative of
ureidopyrimidinone, which combines self-assembling properties and hydrophobic interaction of a
long alkyl linker (10 carbons). The formation of the organic bridge was promoted through
dimerisation via the 4 H-bonds of the ureidopyrimidinone functionality. The association of the
organic bridge was brought by the hydrophobic interactions of the long alkylene chains between

the organic bridges and the terminal hydrolysable trialkoxysilyl functionality. The self-assembling
and structuring of the molecular precursor was transcribed to the resulting hybrid bridged
silsesquioxanes after hydrolysis—condensation in aqueous acidic conditions as shown by a set of
spectroscopic methods. The long hydrocarbon chain greatly influences the structuring and the

morphology of the hybrid material.

Introduction

Organo-bridged silsesquioxanes are a family of hybrid organic—
inorganic materials prepared by sol-gel process of molecular
precursors containing an organic bridging group covalently
bonded to two hydrolysable trialkoxysilyl or trichlorosilyl groups.

Due to the stability of the Si—C bond towards the hydrolysis
and condensation, bridged silsesquioxanes can be prepared
with a broad range of organic bridging groups incorporated as
an integral part of the network.! The ability to control the
structure of materials on the nanoscale is of great interest for
the design and improvement of material properties. In this
field, utilization of surfactant as an external structuring
agent represents a way to form periodic mesoporous hybrid
materials.*® Recently, the self-directed assembly through
intermolecular interactions (hydrogen-bonding, m—m, and/or
hydrophobic interactions) between the organic bridging fragments
has been used to generate ordered hybrid silicates in the
absence of a templating agent.”'* In all cases, these organo-
bridged silsesquioxanes were obtained from bis-silylated organic
precursors (RO);Si—X-Si(OR)s, (X = organic bridging fragment).

The construction of bridged silsesquioxanes from two dis-
tinct monosilylated precursors (EtO);SiR—R’(SiOEt); (R-R’
representing the organic bridging unit with R connected to R’
through H-bonding) represents an interesting route to: (i)
direct the hierarchical structuring of the materials,'>'® (ii) to
introduce multifunctionalities from the starting mixture of the
precursors!” and (iii) to consequently have the possibility to
adjust and optimise the properties of the hybrids.

We developed this new concept to prepare such organo-
bridged silsesquioxanes starting from monosilylated precursors
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capable of forming the bridging unit by molecular recognition
properties (Table 1).

We recently reported two different systems, the first being a
system starting from two different monosilylated precursors,
in which the two different organic fragments can interact with
each other via a complementary H-bond to form the bridging
unit (Table 1 — complementary system). Organo-bridged
silsesquioxanes from adenine (A)-thymine (T) base pairs
(2 complementary hydrogen bonds) have been synthesized."?
The characterization of the H-bond networks, in both
homo- and hetero-assemblies, has been emphasized by using
'"H solid-state NMR and FT-IR spectroscopy.'® In this
context we have also exploited the molecular recognition
properties of the melamine (M)-cyanuric acid (CA) couple
(two faces with 3 complementary hydrogen bonds) which gave
access to bridged silsesquioxane, when both complementary
precursors are silylated, or to imprinted hybrid silica with
non-silylated melamine.'”

A second system using only one monosilylated precursor
with self-recognition properties has been studied (Table 1 —
self-recognition system). This precursor consists of a silyl
derivative of ureidopyrimidinone which dimerises through a
4 H-bonding fragment, thus forming a bis-silylated dimer.*
This study was focused on the utilization of a short chain
linker (3 carbons) between a silicon atom and the main organic
fragments. In this case we have demonstrated the transcription
of the self-assembly as a dimer from the precursor to the
resulting bridged silsesquioxane.

Herein, we report an extension of this latter concept by
increasing the length of the linker. In this case, the properties
of self-recognition of the organic fragment are combined with the
hydrophobic interactions of the linker (10 carbons). Such hydro-
phobic properties of the long alkyl chains (van der Waals
interaction) are expected to play a cooperative role or directly
induce the structuring of the resulting bridged silsesquioxane,
as already shown by previous studies, on typical bridged
silsesquioxanes obtained from single organobridged precursors.?!
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Table 1 Systems involved in the preparation of organo-bridged silsesquioxanes by molecular recognition properties
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Our aim was to investigate the effect of such hydrophobic
interactions in the dimerisation process of the ureidopyrimi-
dinone and in the structural evolution of the precursor and the
resulting hybrid material prepared by hydrolytic condensation
under acidic conditions.

Results and discussion

Ureidopyrimidinone derivatives exist as dimers of 4[1H]-
pyrimidinone (keto) and pyrimidinol (enol) tautomeric
forms.?? The formation of dimers via a DDAA array from
the keto form as well as via a DADA array from the enol form
are possible due to four linear hydrogen bonds preorganized
by an intramolecular hydrogen bond. In the case of the
silylated molecular precursor with a short chain linker C3 we
have demonstrated that the dimerization takes place via the
DDAA array.”

In the present work we synthesized the corresponding C10
molecular precursor in one step in high yield by reaction of
6-methylisocytosine with 1.2 molar equivalents of isocyanato-
undecenytriethoxysilane. The addition of lipophilic inter-
actions of the long alkyl carbon chains did not affect the
dimerisation of the ureidopyrimidinone functionality; precursor
C10 was found to form quadruple hydrogen-bonded DDAA
dimers similarly to C3 (Scheme 1), both in the solid state and
in solution, as evidenced by FT-IR and NMR spectroscopies.

The bands observed in the FT-IR spectra (Fig. 1) in the
solid state (KBr) and in solution (CDCl;) were consistent with
the formation of DDAA dimers in the pyrimidinone tautomer.
The bands at 3217 and 3150 cm ™! were assigned to hydrogen-
bonded NH groups and the stretching vibration of the keto
form was found at 1701 cm~'. Bands of free NH groups
corresponding to the pyrimidinol tautomer at 2500 cm !
(H-bonded OH groups) were not observed.?

The existence of the DDAA arrangement was confirmed by
liquid NMR studies. In the '"H NMR spectrum of C10
(in CDCls) the NH proton Ha, Hb and Hc signals were found,
at 13, 11.7, and 10.1 ppm respectively, indicating the hydrogen
bonding of the array.”® The presence of the pyrimidinone
tautomer was also shown by the presence of the peak at
172 ppm corresponding to the carbonyl carbon of the
keto form.

X-ray diffraction of C10 showed a long-range ordered
organization, with up to fifth-order reflection of the 001 plane
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Scheme 1 Preparation of hybrid material M-C10.
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Fig. 1 FT-IR spectra of C10 in KBr and CDCls.

being observed (Fig. 2a). Indeed, the assigned peaks (001, 002,
003 and 005) correspond to the X-ray reflections of a family of
reticular planes indicating that the structure of C10 is mainly
characterized by a lamellar periodicity in one direction.
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Fig. 2 (a) PXRD and Hyperchem (Mm +) model of C10; (b) SEM
image of C10.

Additional reflections might be due to periodicity in another
direction, which cannot currently be attributed. The first sharp
and intense signal with a distance of 35.1 A can be assigned to
the length of the organic dimer. Indeed, a Hyperchem simulation
suggests a length of 35.18 A separating the two silicon atoms
in the dimer. This different structure of the C10 precursor, in
contrast to the hexagonal structure found for the precursor
with a short chain linker C3,% is mainly due to the predominant
self-assembling properties of long alkyl chain linkers which
tend to arrange into lamellar forms.?**’

Interestingly, a hierarchical structure was confirmed by
SEM, which showed that the molecular precursor C10 consists
of thin plates (Fig. 2b) instead of the hexagonal rods obtained
for €3.%° The morphologies were found to be closely associated
to the structure of the precursor.'%

The self-assembled molecular precursor C10 was subjected
to hydrolysis—condensation with an acidic catalyst in a mixture
of water and THF. The precursor was totally dissolved and
after a few minutes, a white precipitate appeared in the
medium. After 3.5 days without stirring at 65 °C, the material
M-C10 was isolated as a white powder (Scheme 1). The
mixture of THF-water at 65 °C facilitates the dissolution of
the precursor, but because at room temperature, the reaction was
too slow to obtain the hybrid material in a reasonable time.

Solid-state NMR and FT-IR spectroscopies show that the
organic fragments were completely retained in the solid
(Fig. 3). The °Si NMR spectrum (Fig. 3a) exhibits a major
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Fig. 3 Characterisation of M-C10 (a) *’Si NMR spectrum;
(b) '3C NMR spectrum; (c) FT-IR spectrum.

T? (82%) peak at —56.9 ppm and minor T' (8%) and T (10%)
peaks at respectively —47.9 and —65.8 ppm. This clearly shows
that the hybrid M-C10 is moderately condensed and that no
C-Si cleavage occurred during the hydrolysis. In the *C NMR
spectrum (Fig. 3b), the peak at 174.6 ppm indicates the
presence of the keto form in the solid. This means that the
DDAA array structure has been transcribed to the hybrid
M-C10.

This was confirmed by the FT-IR spectrum which shows the
characteristic bands of the DDAA array: NH bands at 3220
and 3147 cm™! and stretching vibration of the keto form at
1703 ecm™"'. As for the precursor, no signal corresponding to
the pyrimidinol tautomer was observed (Fig. 3c).

Another major point was to see if the lamellar structure
from the precursor could be kept in the resulting material.
According to the arrangement of the hydrolysable alkoxy
groups in the hexagonal structure of precursor C3, it appeared
that this structure could not be retained after its hydrolysis to
yield the resulting material M-C3, as demonstrated by the
powder X-ray diffractogram of the latter. Indeed, a quite
complex structure, which has yet to be solved, was obtained.?®
Considering the lamellar arrangement of the molecules of the
precursor C10, and the similarity to already described organo-
bridged precursors with long alkyl chains,'®>?! it is likely that
the siloxane bond (Si—O-Si) formation is favoured, taking into
account the proximity of the hydrolysable functionalities to
create the silica network with slight distortion of the flexible
alkyl groups.?® The transcription to the resulting material of
the original lamellar structure from the precursor is hence
favourable. This is confirmed by the PXR diffractogram of
M-C10 (Fig. 4a) which exhibits three diffraction peaks centred
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Fig. 4 (a) PXRD of M-C10; (b) SEM image of M-C10.

at d values of 28.9, 14.3 and 9.8 A respectively, corresponding
to the first three harmonic peaks of a lamellar arrangement.
Peak broadening and also the decrease of the interlayer
spacing observed in the hybrid material results from the
reorganization of the material during the formation of
the Si-O-Si framework.?” These may be a consequence of
the reversible order—disorder phase transition of the flexible
alkylene chain in the all-zrans and the all-trans/gauche
configurations.?>-%°

Finally, the SEM images (Fig. 4b) of M-C10 showed a solid
consisting of petal-like structures formed by interconnected
thin plates. These are more flexible than the corresponding
C10 precursor, corroborating a less organized structure in the
hybrid material.'%?

Conclusions

We have shown that a novel molecular precursor, ureido-
pyrimidinone silyl derivative C10, forms a stable dimer via
quadruple hydrogen bonds in the solid state as well as in
solution, and demonstrated the preparation of bridged
silsesquioxane formed by self-assembly of this dimer. For both
the precursor and resulting hybrid material, the DDAA array
was observed for the dimers as evidenced by the NMR
analyses and IR studies. In contrast to the hexagonal structure
from the precursor with a short linker, the molecular precursor
adopts a lamellar structure due to the combination of
self-recognition properties of the organic fragment and the

cooperative properties provided by van der Waals interactions
from the long alkyl chain linker. In this case, the original
DDAA array and lamellar structure of the precursor has been
transcribed to the resulting hybrid material M-C10. This result
shows the potential of a specifically designed molecular pre-
cursor for the development of self-assembled hybrid materials.

Experimental

Synthesis of C10: 2-(3-(triethoxysilyl)decylureido)-6-methyl-
4[1H]pyrimidone

3-Isocyanatodecyltriethoxysilane®® (3.32 g, 9.6 mmol) was
added under a nitrogen atmosphere to a suspension of
6-methylisocytosine (1 g, 8 mmol) in dry pyridine (15 mL) in
a Schlenk tube. The suspension was heated under reflux for
4-5 h, giving a clear solution. The solvent was evaporated and
the white precipitate obtained was washed several times with
pentane. After filtration the white powder was dried under
vacuum.

Yield: 80%. m.p. 86 °C. '"H NMR (3, ppm, CDCl): 0.6
(CH,Si, 2H, t), 1.1-1.3 (CH5CH,O and (CH,)s, 25H, m), 2.2
(CH3, 3H, s), 3.2 (NCH,, 2H, q), 3.8 (OCH,, 6H, qd), 5.7
(=CH, 1H, s), 10.1 (CH,NH, 1H, s), 11.7 (N—C-NH, 2H, s),
13 ((CH3)C-NH, 1H, s). *C NMR (3, ppm, CDCly): 10
(CH,Si), 18 (CH3CH,0), 19 (CH3), 23 (CH»), 27 (CHy), 29
(4 CH,), 33 (CH>), 40 (CH,N), 58 (CH,0), 106 (CH=C), 148
(C=CH), 154 (CO), 156 (C=N), 172 (CO). *Si NMR
(3, ppm, CDCl3): —44.5. IR (KBr, cmfl): 3217, 3150, 2975,
2927, 2855, 1701, 1669, 1640, 1530, 1259, 1100-1080. MS
(FAB+): m/z (%): 471 (18). Anal. Calcd for C;,H4,N405Si
(%):C 56.14 H 8.99 N 11.90; Found: C 55.28 H 8.93 N 12.27.

Preparation of hybrid material M-C10

Compound C10 (177 mg, 0.375 mmol) was completely
dissolved in THF (1.2 mL) and water (1.2 mL). Then a
solution of HCI (1 M, 37.5 uL) was added and the mixture
heated at 65 °C. Precipitation occurred after 5 min. The
mixture was filtered after 3.5 days and the resulting solid
washed successively with water, ethanol and acetone. After
drying under vacuum, M-C10 was obtained as a white powder
(120 mg).

13C CP-MAS NMR (8, ppm): 14, 18.5, 32.6, 104.9, 151 .4,
156.2, 174.6. °Si CP-MAS NMR (3, ppm): —47.9, —56.9,
—65.8 (T', T? and T units). IR (KBr, cm™"): 3220, 3147, 3040,
2926, 2854, 1703, 1665, 1590, 1559, 1525, 1251, 1108, 1038.
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