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Abstract A hybrid organic-inorganic material was
prepared from the hydrolytic co-condensation of 3-
trimethoxysilylpropylmethacrylate (MAPTMS) and
diphenyldiethoxysilane (DPHDES). The synthesis was
performed in three steps: (1) MAPTMS pre-hydrolysis,
(2) addition of DPHDES, and (3) further hydrolysis of the
obtained mixture. 29Si nuclear magnetic resonance spec-
troscopy was used to characterise the structural evolution
of the mineral network during the synthesis. It revealed the
catalytic effect of DPHDES on the condensation reaction
of silanol groups, initially observed for pre-hydrolysed
MAPTMS. In addition, it was clearly demonstrated that the
formation of the highest condensed species of the aromatic
oligomers (D2 species) occurred only in the presence of
aliphatic oligomers, which decrease the sterical hindrance
about the silicon nuclei.

1. Introduction

Sol-gel processing of siloxane-oxide hybrid materials [1]
is a field of growing interest due to the wide variety of
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Université Blaise Pascal, 24 Avenue des Landais, Aubière 63177,
France
e-mail: Mohamed.Oubaha@dcu.ie

M. Oubaha · B. Murphy
Optical Sensors Laboratory/National Centre For Sensor Research,
School of Physical Science, Dublin City University,
Dublin 9, Ireland

P. Etienne
Laboratoire Des Verres, UMR 5587, Université de Montpellier II,
Place Eugène Bataillon, Montpellier Cédex 5, 34090 France

potential applications of these systems [2–4]. The flex-
ibility of the approach, resulting from the large variety
of available precursors and low synthesis temperature, of-
fers the potential molecular engineering of both compo-
sition and properties for a wide range of solid materials.
For optical applications, organic/inorganic hybrid materi-
als have gained increased importance over the last decade,
mainly due to their simplicity of preparation in the fab-
rication of photonic devices for the second and third
telecommunication windows, located respectively at 1310
and 1550 nm [5–9]. However, the main factor limiting the
development of such devices has been high propagation
losses caused by absorption and scattering effects within the
material.

It is well known that OH and CH groups, both present in
hybrid materials, compete with the propagation of the light
by absorption processes involving their overtones and com-
binations [10]. Recently, the role of OH groups in the attenu-
ation at 1550 nm has been reconsidered, as it was shown that
the absorption by CH aliphatic groups induced stronger at-
tenuation at this wavelength than OH groups [11, 12]. In addi-
tion, it was shown that CH aromatic groups do not induce any
absorption at the aforementioned wavelength. Based upon
these results, our attention has focused on the preparation,
via the classical sol-gel route, of a new organic/inorganic hy-
brid material containing a reduced number of CH aliphatic
groups. This was achieved through the incorporation of a
reactive aromatic siloxane precursor (diethoxydiphenylsi-
lane, DPHDES) into the material. Using multiple precursor
species, a complex series of chemical reactions have been
characterised for the sol-gel process [13]. The reactions may
occur at each stage of the synthesis procedure, not only in
solution (hydrolysis and condensation) but also during aging
prior to gelation, and will therefore strongly influence the
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process of network formation and the final structure of the
material.

The aim of this paper is the study of the structural evo-
lution of the aforementioned material during the sol-gel
synthesis in order to assess its suitability for the fabrica-
tion of telecommunication devices. The siloxane hybrid net-
work formation has been monitored using liquid 29Si-NMR
spec-troscopy. The various oxo-bridges formed through ei-
ther self-condensation or co-condensation reactions between
MAPTMS and DPHDES have been characterised.

2. Experimental

2.1. The material

The objective was to prepare via the hydrolytic sol-gel route,
a material with a composition similar to that reported by
Buestrich et al. [4].

The preparation was based upon the formation of a stable
and homogeneous sol obtained from the mixture of two or-
ganically modified silicates in an equimolar ratio: MAPTMS
(Assay ∼ 99% in methanol) and DPHDES (Assay ∼ 97%
in ethanol). Both precursors were purchased form Sigma-
Aldrich and used without further purification.

The difference in reactivity between the two alkoxides
necessitated a three-step process. The pre-hydrolysis of
the MAPTMS was followed by the addition of the pure
DPHDES, and a further hydrolysis of the mixture.

2.1.1. MAPTMS pre-hydrolysis

MAPTMS was hydrolysed using an aqueous 0.01 N HCl
solution, with an alkoxide to water ratio of 1:0.75. As
MAPTMS and water immiscible, the hydrolysis was per-
formed in a heterogeneous manner. Following 20 min of
stirring, the production of methanol became sufficient to
permit the miscibility of all species present in the solution.

2.1.2. DPHDES pre-hydrolysis

Although not forming part of the actual synthesis process, a
knowledge of the physical phenomena involved during hy-
drolysis of pure DPHDES is required to fully understand the
structural evolution during synthesis of the hybrid material.

The first hydrolysis of DPHDES was carried out using the
same process condition reported for MAPTMS. However,
the direct hydrolysis of DPHDES resulted in the appearance
of a white precipitate, composed of agglomerates created by
the polycondensation of various entities during hydrolysis.
Due to the sterical hindrance of the aromatic groups, hydrol-
ysis would be expected to slow down. However, the opposite

effect was observed and may be explained using electronic
phenomena. As a result of the mesomeric effect aromatic
molecules behave as electro-attractive moieties, resulting
in an electronic deficiency on the silicon nuclei. This de-
ficiency may be balanced by interaction with a strong nucle-
ophilic group such as a water molecule. Therefore, in order
to decrease the kinetics of reaction, hydrolysis of DPHDES
was performed in a homogeneous way using an aqueous
0.01 N HCl solution diluted with ethanol. A final molar ratio
of 0.5:1:1 (DPHDES: H2O: Ethanol) was employed.

2.1.3. Sol-gel synthesis of an aliphatic and aromatic
hybrid copolymer

After 45 min, pure DPHDES was added dropwise to the
partially hydrolysed MAPTMS. The reaction is exothermic
in nature. Following a further 45 min, the addition of water
(pH 7) was carried out, in order to achieve a hydrolysis rate
of 100% (alkoxide/water = l).

This second hydrolysis produces to a stable and homoge-
neous sol only when the first hydrolysis of the MAPTMS is
carried out using the aforementioned conditions. For lower
hydrolysis rates or higher hydrolysis times, a white precipi-
tate appears.

2.2. Characterisation of the sol during the synthesis

The formation of the siloxane-oxide hybrid network may be
followed using solution 29Si-NMR spectroscopy. 29Si (nu-
clear spin 1/2) exhibits a natural abundance of 4.7%. It is 2.1
times more sensitive than 13C, but is typically characterised
by long spin relaxation times [14]. As single-pulse exper-
iments necessitate both relatively long recycle delay times
and accumulations, measurement times up to 15–30 min may
be expected for concentrated systems (c(Si) ≥ l M) such
as those involved in current sol-gel preparations. The tech-
nique permits identification of the various species present
in a solution at short times (less than 30 min) and may
be used for the characterisation of the various oxobridges
formed through either self-condensation (Si–O–Si) [15] or
co-condensation (Si–O–M, M = mineral atom) [16] reac-
tions between organically modified alkoxysilanes and the
metal alkoxides. Babonneau et al. have demonstrated the
formation of a copolymer from short aliphatic chain hybrid
monomers [16]. To our knowledge, no similar studies have
been performed with aromatic alkoxysilanes.

2.3. 29Si-NMR spectroscopy

Spectra obtained from liquid solution were recorded at
room temperature. Accumulation parameters are presented
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Table 1 Experimental acquisition conditions for 29Si NMR
spectroscopy

Recycle Spectral
Frequency delay Pulse width

State (MHz) time (s) duration (ppm) Scans

Liquid 46.69 4 6 µs 500 200

in Table 1. The chemical shifts were referenced with respect
to tetramethylsilane (TMS), used as external reference. The
FID processing used a 10 Hz line broadening.

All times reported on experimental NMR spectra illustrate
the duration of the chemical reaction characterised. They also
represent the start point of NMR acquisition. Each recorded
spectrum is an average of all spectra obtained during the
instrument acquisition time.

3. Results

3.1. MAPTMS pre-hydrolysis

The 29Si NMR spectrum of pure MAPTMS alkoxide (not
shown) displays a single peak at −42.8 ppm demonstrating
the absence of any hydrolysed or condensed species. Such
species are expected at lower chemical shifts as shown
previously for MAPTMS [13] and analogous structures
[17–20]. The hydrolysis and condensation of the precursor
may, therefore, be monitored using NMR spectroscopy.

Classical T notation was used for the different silicate
species, identifying the number of oxygen bridging atoms;
i and j postscripts represent the number of oxo bridges
and hydroxyl functions, respectively. Although relatively in-
sensitive to subtle details in molecular structures, NMR-
spectroscopy allows for the distinction and quantitative evo-
lution of the relative contributions of silicon atoms with 0, 1,
2 or 3 siloxanes bridges. The species formed during the
hydrolysis-condensation reactions were characterised and
are reported in Table 2.

The hydrolysis-condensation reactions were followed for
four days (Fig. 1). After 28 min, the spectrum exhibited
four resonances at − 42.3, − 41.4, − 40.6 and − 40.1 ppm.
The peak corresponding to the monomer T 0

0 is observed at
− 42.3 ppm. This position is slightly shifted relative to the
value of the pure alkoxide ( − 42.8 ppm). A similar behaviour
has been previously observed for phenyltrimethoxysilane
and dimethyldiethoxysilane [17–19]. The three signals lo-
cated at − 41.4, − 40.6 and − 40.1 ppm can be attributed
toT 1

0 ,T 2
0 andT 3

0 species respectively. The substitution of a
methoxy group with a hydroxyl group induces a conven-
tional downfield shift as observed for tetrafunctional alkox-
ides [21].

Table 2 Assignments of 29Si-NMR signals for monomeric
and oligomeric species obtained from the MAPTMS hydrolysis-
condensation

Notation Chemical shift (ppm)

RSi(OMe)3 T 0
0 − 42.3

RSi(OMe)2OH T 1
0 − 41.4

RSiOMe(OH)2 T 2
0 − 40.6

RSi(OH)3 T 3
0 − 40.1

RSi(OMe)2–O–Si T 1
0 − 49.9

RSi(OMe)OH–O–Si T 1
1 − 50.5

RSi(OH)2–O–Si T 2
1 − 49.3

RSi(OMe)–(O–Si)2 T 0
2 − 59.1

RSi(OH)–(O–Si)2 T 1
2 − 58.5

RSi(OSi)3 T3 − 67.4

After 28 min of reaction, a peak is already present in the
T1 region, situated at − 49.2 ppm. The first peak in the T2

region (at − 59.1 ppm) appears after one day of reaction
while the first peak in theT3 region (at − 67.4 ppm) appears
after four days of reaction.

Therefore, the formation of simple siloxane bondsT 0
1 ,T 1

1
and(T 2

1 ) commences within the first minutes of reactions,
whereas the formation of more condensed species (T 0

2 y and
T 1

2 ) begins only after 24 h of reaction, when to species con-
centration begins to decrease.

3.2. DPHDES hydrolysis

The 29Si-NMR spectrum of the pure DPHDES alkoxide
(Fig. 2) displays a single peak at − 31.4 ppm demonstrat-
ing as for pure MAPTMS, the absence of any hydrolysed or
condensed species. As DPHDES contains only two reactive
alkoxide groups, the classical D j

i notation was used; where i
and j postscripts represent the number of oxo-bridges and hy-
droxyl functions, respectively. The hydrolysis-condensation
reactions of DPHDES were also followed for four days.

After one hour of reaction, the spectrum contained only
a single peak located at − 29.7 ppm. As siloxane groups
are always located at higher chemical shifts than the asso-
ciated alkoxide precursor, this peak may not be assigned
to such species. The observed peak may be assigned to a
silanol bond (D1

0 orD2
0). Furthermore, no condensed entity

was identified displaying a lower kinetic of condensation
than for MAPTMS.

After six hours of reaction a significant peak appears at
− 36.4 ppm. According to literature [21], a progressive in-
crease in the number of siloxane bonds induces a shift of
between 7 and 10 ppm towards higher chemical shift. The
peak observed at − 36.4 ppm may be assigned toD1 species.
However, no structural study has been previously reported
for DPHDES and therefore at this stage we cannot fully
identify the degree of condensation of the observed shift.
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Spectra recorded after one and two days of reaction
show an increase of the peak located at − 36.4 ppm,
with a corresponding decrease of the peak located at
− 29.7 ppm. This phenomenon identifies the continuation
of poly-condensation reactions. The disappearance of the D0

peak following two days of reaction, and the weak width
(1 ppm) of the only observed peak ( − 36.4 ppm) demon-
strate that the system is essentially composed of oligomers

of similar sizes and that the degree of condensation of the
silicon atom is rigorously identical (D1 orD2).

After four days of reaction, it is observed that the peak
located at − 36.4 ppm has moved to a higher chemical shift
at − 37.7 ppm. This shift is not sufficient to demonstrate a
change in the degree of condensation of the silicon atom, but
may result from an increase in the sterical hindrance around
the silicon atom due to growth of the oligomers.

Figure 1. 29Si-NMR spectra of
MAPTMS pre-hydrolysis
during four days of aging

Figure 2 29Si-NMR spectra of
DPHDES pre-hydrolysis during
four days of aging
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Figure 3 29Si-NMR spectra of
sample M (mixture of
pre-hydrolysed MAPTMS and
pure DPHDES), M1 (hydrolysed
M following 30 min of reaction),
M2 (hydrolysed M following
one day of reaction) and M3

(hydrolysed M following one
month of reaction)

3.3. Intermediates steps

Figure 3 displays the 29Si-NMR spectra of samples from the
mixture of pre-hydrolysed MAPTMS with pure DPHDES
(M) and at various reaction times (M1 = 30 min, M2 =
24 h and M3 = one month) after hydrolysis.

Spectrum M, recorded immediately after mixing shows
the disappearance of T0

3, the decrease of both T0
1 and T0

2,
and the presence of T1. Furthermore, the peak relating to
the DPHDES precursor is slightly shifted towards a lower
chemical shift ( − 30.9 ppm) compared with pure DPHDES
initially located at − 31.4 ppm.

Spectrum M1, obtained after the hydrolysis of M, identi-
fies two clear phenomena occurring in the T and D regions.
In the T region, we observe the disappearance of all T0

1

species, previously identified around − 40 ppm. In addi-
tion, an increase of the initial T1 species is evident, and the
appearance of a peak located at − 49.9 ppm characterises
the formation of a new environment around silicon atoms
in the ti configuration. The spontaneous appearance of two
peaks at − 57.5 and − 59 ppm signal the formation of T2

species. For both T1 and T2 groups, two peaks are observed
instead of the one previously seen for the self-condensation
of MAPTMS. In the D region, we observe the total disap-
pearance of the precursor peak ( − 31.4 ppm), the appear-
ance of two do signals ( − 29.2 and − 30.6 ppm) and two
signals located at − 37.7 and − 38.8 ppm relating to silox-
ane bonds. As previously indicated, the distinction between
D1 or D2 signals cannot be fully identified at this point due
to the limited amount of NMR data available for similar
materials.

Spectrum M2, obtained after one day of reaction, shows a
decrease of T1, an increase of T2, and the appearance of T3

as a broad band located around − 66 ppm. D species follows
a similar behaviour. A drastic decrease of D0 species can be
observed, whereas the band located at − 37.7 ppm, previ-
ously assigned to D1 or D2 species, grows rapidly. However,
the presence of a shoulder illustrates a possible contribution
from a peak around − 38.8 ppm. One can also observe the
appearance of two smaller peaks at − 35.1 and − 36.7 ppm,
probably related to the contribution from species similar na-
ture to that identified at − 37.7 ppm.

Spectrum M3, obtained after one month of reaction, indi-
cates a large widening of the band relating to the T1 species.
The broadening result from the superimposition of the T2

peaks observed in M2 and two new peaks at higher posi-
tions ( − 50 and − 51 ppm). It also illustrates an increase
in T2 groups and a widening of the T3 band. For D species,
one can observe the appearance of two resonances located at
− 35 and − 36.2 ppm demonstrating the formation of two
new condensed species. The appearance of a new broad band
between − 44 and − 46 ppm is also evident.

4. Discussion

Results obtained from the individual hydrolysis of the two
alkoxides precursors show, in both cases, a slow rate of con-
densation with reaction times of up to six hours observed. For
MAPTMS, the sol is mainly composed of a mixture of small
oligomers of T0 species following six hours of reactions.
Following the same time-period, DPHDES is composed of
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a mixture of D0 and D1 species, with a concentration ratio
of 1:0.5 (D0:D1). On this basis, for both alkoxides, the ap-
pearance of higher condensed species at lower aging times in
further steps of the material preparation cannot be attributed
solely to the aging effect, but also to a further hydrolysis
and/or to the introduction of a catalytic agent.

4.1. Spectrum M

The shift toward lower chemical values observed for the
aromatic silicon nuclei peak indicates a slight decrease in
its electron density. Similar behaviours have been previ-
ously observed in literature. Babonneau et al. [22] reported
possible alkoxy-exchange reactions between ethanol and
methoxysilane bonds, allowing the formation of ethoxysilan
and methanol. Also, in previous work [13], our group iden-
tified OH-exchange reactions between different alkoxides.
Both reactions are possible but because of the low chemi-
cal shift (0.6 ppm) observed, the alkoxy-exchange reactions
proposed as the most likely phenomenon. The appearance of
a peak at − 49.5 ppm, not observed during the MAPTMS
hydrolysis, suggests the presence of a second higher electron
density silicon environment for T1 species. This behaviour
can be attributed to the formation of T1-D species. The peak
related to D1 species ( − 37.6 ppm) not highly visible in this
spectrum (at − 37.6 ppm) is confirmed in the following steps
of the characterisation (samples M1, M2 and M3). Further-
more, to peaks are strongly reduced with T1 species greatly
enhanced.

Based upon the results, the observed phenomena for both
D and T species appears linked. The alkoxy-exchange re-
action induces the catalysis of the condensation reaction of
siloxane bonds. All the chemical reactions implied can be
summarised in the following scheme:

2R-Si(OH)v(OMe)w + Ph2Si(OEt)2

→ R-Si-O-Si-(R or Ph2) + Ph2Si(OEt)x (OMe)y

+z EtOH

where R and Ph represent the methacryloxypropyl and the
phenyl groups respectively. Both v and w subscripts may
vary between 0 and 3, whereas x, y and z may vary between
0 and 2.

4.2. Spectrum M1

The formation of M1 is accompanied by an increase of
siloxane bonds. The total disappearance of T0 species in-
dicates that hydrolysis acts as a catalyst for the forma-
tion of siloxane bonds. This behaviour is contrary to the
initial individual hydrolysis, which revealed the formation
of all T0 species. However, the formation of D0

1 and D0
2

Table 3. Assignment of 29Si-NMR signals for monomeric and
oligomeric species present in sample M1

Chemical shift (ppm)
Notation ± 0.1 ppm

Ph2Si(OH)2 D2
0 − 29.2

Ph2Si(OH)(OEt) D1
0 − 30.61

Ph2Si–O–SiPh2 D1 − 37.7
Ph2Si–O–SiR D1-T − 38.8
RSi–O–SiPh2 T1-D − 48.3
RSi–O–Si T1 − 49.9
RSi(–OSiPh2)(–OsiR) T2-D − 57.5
RSi(–OSiR)2 T2 − 59

silanol groups demonstrates that D groups display a lower
kinetic of condensation than that of T groups. Retrospec-
tively, this result allows the assignment of the peak observed
at − 29.7 ppm in Fig. 2, to the hydrolysis of DPHDES to
D0

1 species.
The presence of two different environments for both T1

and T2 groups, clearly different from those observed for the
self-condensation of MAPTMS, reveal new configurations
around T1 and T2 silicon atoms. Furthermore, the formation
of a second D1 peak, at a higher chemical shift is proof of a
second configuration around the di silicon atom, as occurred
for T1 and T2 groups. Consequently, these two phenomena
provide evidence of the formation of siloxane bonds between
the two hybrids. Such bonds will be denoted D-T.

Finally, sample M1 is composed of a mixture of oligomers
of varying statistical size. An assignment of the NMR signals
for both monomeric and oligomeric species is presented in
Table 3.

4.3. Spectrum M2

The reduction in the species with a low degree of condensa-
tion (D0 and T1) in favour of more condensed entities (D1,
T2 and T3) highlights that the reactions of poly-condensation
progress regularly in time. Although changing in intensity,
the respective chemical shift of each species remain un-
changed compared to spectrum M1. Therefore, all the molec-
ular entities previously identified (Table 3) are also present
in sample M2 but at different concentrations. The evolution
of the relative proportion of these entities will be analysed
in Section 4.5.

4.4. Spectrum M3

The appearance of new T1 and D1 entities, located at higher
and lower chemical shifts respectively than those observed
for the independent hydrolyses, illustrates opposite effects
on each nuclei. The electron density is decreased on the D
silicon atom whereas it is increased on the T silicon atom.
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Table 4 Assignment of 29Si-NMR signals for oligomeric species
present in sample M3

Notation Chemical shift
(ppm) ± 0.1 ppm

Ph2Si–O–SiR D1-T1 − 35 and − 36.2
Ph2Si–O–SiPh2 D1-D1 − 37.7
Ph2Si–O–SiR–OSi D1-T2 − 38.8
Ph2Si–O–SiPh2–OSi and
Ph2Si–O–SiR(–OSi)1;2

D2-D1 and
D2-T2;3

− 44

RSi–O–SiR T1 − 47.2 and − 48
RSi–O–SiPh2 T1-D1 − 49
RSi–O–SiPh2–OSiR T1-D2 − 50
RSi–O–SiPh2–OSiPh2 T1-D2 − 51
RSi–(O–SiR)2 T2 − 57.9
RSi–(O–SiPh2)(O–SiR) and
RSi–(O–SiR)[O–SiPh2(O–Si)]

T2-D1 and
T2-D2

− 59

RSi(OSiR)3 and
RSi(OSiR)2(OSiPh2)

T3 − 66

This phenomenon can be explained by the formation of D-T
siloxane bonds, which are responsible of the simultaneous
opposite shifts. Certainly, the methacry-loxypropyl group
displays a lower sterical hindrance than the contribution of
two phenyl groups (DPHDES). The resulting effect is a re-
laxation on the silicon atom.

Consequently the peaks located at − 35 and − 36.2 ppm
can both be assigned to D1-T1. The peaks located at − 49.5
and − 51 ppm can be assigned to T1-D2. This conclusion
highlights the appearance of D2 peaks, which may be located
between D1 and T1 positions.

Based upon the results, the band centred at − 44 ppm
may be attributed D2 species. As observed for the self-
condensation of MAPTMS (Fig. 1) and in accordance with
literature [21], a progressive increase in the number of silox-
ane groups results in an increase of between 7 to 10 ppm
in chemical shift. For example, with a lower chemical shift
corresponding to T0

3 previously observed at − 40.1 ppm,
the first T1 line is expected around − 47 ppm. Therefore,
with the D1 peak previously observed at − 37.7 ppm, the
peak at − 44 ppm may be ascribed to D2 groups. Therefore,
it describes the formation of two siloxane bonds on a silicon
atom belonging to the aromatic precursor. As no D2 group
was observed for DPHDES hydrolysis (Fig. 2), the peak at
− 37.7 ppm may be assigned to D1 species (Table 4).

This result demonstrates that the formation of D2 groups
becomes possible only with the presence of aliphatic
oligomers. This is facilitated by a decrease of sterical hin-
drance.

The observed widening of the T3 band previously ob-
served is not caused by the formation of T3-D bonds, but
result from an increase in electron density around closed

Figure 4 Evolution of the Ti (a) and Di (b) species concentration as
a function of the different steps of the synthesis. Lines are shown as a
guide for the eye

T1 or T2 silicon atoms which have reacted with aromatic
oligomers. From a qualitative point of view, after one month
of aging, the sol is essentially composed of oligomers of
various statistical sizes. In order to complete the structural
evaluation, quantitative studies were performed. The results
of the study are summarised in the following section.

4.5. Quantitative evolution

The quantitative evolution of all D and T species during the
material preparation is plotted as a function of reaction steps
(Fig. 4). The figures demonstrate that initial hydrolysis re-
sults in the decrease of D0 and T0 concentrations, the increase
of T1 species, and the formation of D1 and T2 species. Hy-
drolysis spontaneously induces a 40% decrease of D0 species
and the total disappearance of T0 species, with the production
of D1, T1 and T2 species for which the proportions increase
by 40, 36 and 37%, respectively.

Aging effects lead, following 24 h of reaction, to the ap-
pearance of T3 groups (9% contributions), and a significant
increase of D1 and T2 species (87 and 43% contributions re-
spectively), and the decrease of D0 and T1 groups. Following
one month of aging, the contribution of T3 species remains
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at 9%, while that of T2 increases to 58% to the detriment of
T1 species, which decreases to 33%. D2 species also appear
with a contribution of 33%, to the detriment of D0 and D1

groups. The appearance of D2 groups occurs simultaneously
with an increase of T2, a decrease of T1, and a stagnation
of T3 species. This result suggests that the insertion of aro-
matic oligomers into aliphatic species occurs preferentially
on T2 sites. However, from a physical standpoint, this result
is not plausible as T1 groups, with lower sterical hindrance,
are more susceptible to reaction with the larger aromatic
oligomers. On this basis, it is advisable to study the evolution
of the relative contribution of each oxo-bridges species: T1-T,
T1-D, T2-T and T2-D (Table 4).

Figure 5 presents the evolution of the aforementioned
species during the synthesis. After sample M preparation,
siloxane species are essentially present in the T1 form. The
two following steps (hydrolysis and aging up to one day)
illustrate that T1 species are present in relatively similar
proportions in both the polymeric (T1-T) and co-polymeric
(T1-D) forms. At the end of the synthesis, T1-D (68%) are the
prevailing groups, with less T1-T present (32%). T2 groups,
however, behave differently. They appear during the hydrol-
ysis step essentially as polymeric species (T2-T) with an
85% concentration. This value remains almost constant up
to the end of the synthesis. It is clear that aromatic groups are
preferentially grafted onto T1 species. This may result from
the lower sterical hindrance of T1 groups, which allows the
connection of the reactive silane functions to form siloxane
bonds.

The analysis allows for the quantitation of the various
oxo-bridges formed during material preparation and for the
extraction of valuable qualitative structural information. In-
deed, the insertion of aromatic oligomers within the aliphatic
structure occurs through the formation of T1-D chemical
bonds.

5. Conclusion

A hybrid organic-inorganic material has been prepared from
the hydrolytic co-condensation of MAPTMS and DPHDES.
An in-depth study of the structural evolution of the min-
eral network has been performed using29Si-NMR spec-
troscopy. The catalytic effect of DPHDES on the conden-
sation of silanol groups has been highlighted. Also, it has
been clearly demonstrated that the formation of the highest
condensed species of the aromatic oligomer (D2 species) is
formed only in the presence of aliphatic oligomers, which de-
crease the sterical hindrance around the silicon nuclei. The
prepared material is homogeneous at the molecular level
and will act as a potential candidate for future photonic
applications.

Figure 5 Evolution of the Ti-D species concentration as a function of
the different steps of the synthesis. Lines are shown as a guide for the
eye
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