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ABSTRACT: Despite their apparent simple preparation by sol—gel process, silses-
quioxanes based materials are quite complex and rich systems. Accordingly, a clear
understanding of their elaboration chemistry and its relations to process and properties
are important matter. In the particular case of thin film preparation, vitrification must be
controlled to ensure high throughput and reliability. Using methylsilsesquioxane based
films as a relevant model and a combination of IR spectroscopy, mass spectrometry, and
solution 2°Si NMR, a meaningful description of the film structure was obtained.
Furthermore, vitrification, observed by dynamic mechanical analysis, was shown to
depend strongly on the amounts of cages and extended structures present in the films.
More interestingly, the proportion of these species can be tuned through a careful
control of the elaboration chemistry. On one hand, long aging and high dilution yield a
larger amount of cages, which results in a delay of the vitrification. On the other hand,
pH appears as the convenient parameter to finely adjust the time span during which high
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quality films can be prepared from the sols, while preserving the film composition and final properties.
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B INTRODUCTION

Silsesquioxane based hybrid materials, in particular processed
as thin films, have been developed for a large variety of applica-
tions. In electronics, they are found in organic electronic
devices," for charge trapping,” or in low-k coatings.® In optics,
they are used for luminescence,* photochromism,” nonlinear
optics,® or antireflectivity.”® Although complex precursors can be
used,” such materials can be simply obtained from sol—gel
processed organosilicon alkoxides. A key feature in their large
development at the industrial scale is the possibility to process
them from solutions into different shapes: complex,'® molecular
species,'! metal clusters,'” particles,"* gels or thin films."* Further-
more, any organic moiety or codiluted compound can be selected
to generate multifunctional materials."> Accordingly, a tremendous
amount of work has been done on the synthesis of porous films
with high surface area’® or on surface patterning.'”

One key point in the processing of sol—gel thin films is the
control over the vitrification, which corresponds to the appear-
ance of a vitreous state caused by a thermally induced chemical
reaction. It defines when a coating is sufficiently cured to allow
further processing steps. Actually, the concept of vitrification is
not limited to sol—gel chemistry and can be found in the more
general framework of reactive materials."® Generally speaking, a
good knowledge of vitrification is important as it can be used to
derive thermorheological behaviors using theories developed
for thermosets. In a previous study, we have reported that the
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vitrification of methylsilsesquioxane derived hybrid materials can
be analyzed similarly to thermosetting polymers."” Indeed,
isothermal studies have shown that the vitrification time follows
an exponential decrease with the temperature and is closely
related to the internal structure of the film.

Among all the organically modified silanes used to obtain
hybrid thin film, methyltriethoxysilane (MTES) appears as the
simplest one. Yet, it already yields complex materials, for which
the flexibility, which originates from its unreactive organic
moiety, enables the processing of thin films,”® or aerogels.”' Ro
et al. used it, in conjunction with poly(methyl methacrylate), to
produce low-k coatings. Using specific synthetic conditions, they
prepared highly branched polymethylsislesquioxanes on which
polymerization initiators were grafted thanks to the large number
of unreacted silanols.”* Basu and co-workers developed textured
thin films for superhydrophobicity and evidenced that the wetting
properties and the microstructure were highly dependent on the
deposition process.”®

Moreover, elaboration chemistry and processing appear both
to be able to greatly influence the physical properties of
silsesquioxanes as illustrated by the following examples. Lebeau
et al. showed that the second order nonlinearity of hybrid thin
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films strongly depends on aging and thermal treatment.”* Masai
et al. showed for soft glasses prepared from alkyltriethoxysilanes
that the glass transition temperature is reduced when the
connectivity is lower or the alkyl side group larger.”> In their
study of MTES derived films, Orel and co-workers demon-
strated, using IR spectroscopy, the formation with time of cage
species in the sols. According to the influence of these cages on
the polarity of the final xerogel, they were able to obtain either
hydroghilic or hydrophobic surfaces, by simply modifying the sol
aging.® More recently, Ro et al,, who used mass spectrometry to
evidence cage species, explained an increase in the thermal expan-
sion of their MTES derived films by an increase of such cage
species during the aging of the sols.”” However, despite numer-
ous works, a comprehensive study of the effect of the chemistry
occurring during processing on the mechanical properties of
silsesquioxanes films is still missing.

The present article reports on the influence of the chemistry
on the structure and thermorheological behavior of MTES
derived films. IR spectroscopy, which is an easy and rapid tool
for thin film characterization but often fails to give a clear and
complete picture, has been efficiently complemented by mass
spectrometry (MS) and *°Si NMR to yield quantitative data on
film chemical composition and inner structure. Our results clearly
illustrate the large variety of information that can be obtained by
such combined techniques on molecular weights, reaction ad-
vancement, chemical environments, and bond formation. More-
over, despite the large wealth of species formed by sol—gel process,
as reflected by the numerous MS signals and the complex NMR
signature, a variation of the elaboration parameters, such as aging,
pH, and dilution, leads to a meaningful picture of the chemical
reactions and relevant species involved which is further translated
in term of materials processing.

B EXPERIMENTAL SECTION

Sols were obtained by mixing MTES (2.2 g, 12.5 mmol) with 0.66,
1.42,3.2, or 6.4 g of a HCl solution to achieve w = H,O/Si molar ratios of
3,7, 14, or 28. The pH of the HCI solution was 2.0 to allow for a fast
hydrolysis of the precursor and a rather slow condensation. For w = 14,
the pH of the HCl solution was also varied from 1.0 to 3.0. The originally
two-phase systems were vigorously stirred for several minutes, until clear
one-phase solutions were obtained, as a result of the release of ethanol
and the hydrophilic character of hydrolyzed MTES.

Aging time of the sol (t,) was measured from the mixing of the
reagents. Thin films were prepared by spin-coating the sols (speed:
2000 rpm, acceleration: 500 rpm.s~ ", duration: 60 s) on silicon wafers.
For an aging time of S h, the film thickness is 650 nm % 20 nm, as
measured by both ellipsometry and SEM.

DMA (Dynamic Mechanical Analysis) experiments were performed
with a RSA3 apparatus (Rheoservice GmbH, Reichelsheim) on glass
fiber mats (50 X 12.5 mm” and 0.33 mm thick) that were impregnated
with 300 uL of sols and dried under reduced pressure for one hour.
Elastic and viscous moduli were measured in tension with a 0.05%
elongation strain and a 1 Hz frequency. Evolutions in mechanical
properties were measured from 25 to 150 °C with a 4 °C.min”~ ' heating
rate. The viscous and elastic moduli of the raw and uncoated glass fiber
mats were 1 and 50 MPa, respectively, and did not exhibit any
temperature dependence in the explored temperature range.

Infrared spectra of the thin films were collected on a Thermo Nicolet
Nexus FTIR spectrometer. Each spectrum was recorded in transmission
mode between 650 and 4000 cm ™', The final spectrum was obtained
from the average of 32 spectra. Undoped double side polished silicon
wafers were used as substrates. All spectra were corrected for the baseline
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Figure 1. A: FTIR spectra of MTES derived thin films prepared at
various a%ing times. B: Evolution of the FTIR peak area for SiOH (v =
900 cm ™, left scale), extended Si—O—Si (v = 1040 cm Y, left scale),
and cage Si—O—Si (v = 1100 cm ™', right scale) signals for thin films
obtained from MTES sols after various aging times (dotted lines are
guides for the eyes and arrows indicate corresponding axis).
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Figure 2. ESI-MS analysis of a methylsilsesquioxane sol aged 2 h 25 min
(water/ acetonitrile, positive ions).

and normalized with respect to the Si-CHj peak at 1270 cm™ ', which
does not show any evolution in the explored temperature range.*®

Electrospray ionization MS (ESI-MS) spectra were recorded on an
API 2000 mass spectrometer (Applied Biosystems) with a turbo ion
spray ionization source in the following conditions: liquid samples
(5 uL) were introduced into a liquid phase (water/acetonitrile 1:1) flow-
ing at 30 uL-min . The source temperature was 100 °C. The capillary
voltage was set to +5000 V (respectively —4500 V) for cation (respec-
tively anion) detection. Mass spectra were noise subtracted.

*Si solution NMR was performed on a Bruker 500 Avance"
spectrometer (500.13 MHz for 'H and 99.36 MHz for *°Si) equipped
with a 10 mm BBO probe. The sols were studied as prepared in 10 mm
tubes with a central 3 mm D,O capillary added for the lock. The *Si
NMR signal was enhanced by DEPT,* using a delay of 40 ms and a third
"H pulse of 25°. A recycling delay of 10 s (acquisition time = 1.1 s) was
checked to be enough and under such conditions, spectra with a good
signal-to-noise ratio were obtained in 12 min, allowing to properly
monitor the species along the aging time. As only fully hydrolyzed
species are evidenced (vide infra), all silicon atoms are only coupled to a

1
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Table 1. Attribution of the MS Peaks Observed in Figure 2 as a Function of the Number of Silicon Atoms and the Number of

Condensation Steps in the Speciesb

n
(Si) M,-H* - H,0 -2 H,0 -3H,0
2 171 153
3 247 229 211 193
4 305 287° 269° (T*)
5 363° 345°
6 439° 421°
7 515 497°
8 591 573
9 649
10 725
11 801
12 877

-4 H,0 -5 H,0 -6 H,0 -7H,0
327°

403 (T®)

479° 461°

555¢ 537° (T%)

631 613° 595¢

707 689 671 (T'°)

783 765 747 729

859 841 823 805 (T'?)

“ Indicates a peak with a relative intensity above 15%. b M,, corresponds to (MeSi), O, 1(OH),,,, which is the less condensed oligomer for each n value.

single methyl group. Therefore, the obtained *°Si NMR DEPT spectra
are quantitative, and the peak areas are proportional to the species
concentrations.

B RESULTS AND DISCUSSION

Investigation of the Film Structure. IR (Infrared) spectros-
copy is a very convenient method to follow in situ the modifica-
tions of the film chemical composition during the thermal
treatment. Figure 1A displays the FTIR spectra of various fresh
MTES derived thin films prepared after different aging times of
the sol (w = 14 and pH = 2). Bach spectrum shows three contribu-
tions in the range 1200-850 cm ™ '. The present analysis focuses
on this peculiar region because it is easily accessible for thin film
on a large variety of substrates. The 900 cm ™' peak is associated
with the SiOH bond, while the signal between 1000 and
1150 cm ™' can be assigned to Si—O—Si bonds. A more detailed
attribution of the two peaks at 1100 and 1040 cm™ ' is less
straightforward. They cannot be attributed to longitudinal and
transverse optical modes, because acquisition under oblique
incidence leads to a third peak. The experimental spectrum of the
octamethyl-POSS shows a unique contribution at 1115 cm™'.*°
Such a vibration is also observed for a large variety of POSS with a
wavenumber between 1100 and 1115 cm ™ ".*' Actually, normal-
coordinate analyses performed on the octahydro-, octadeutero-,
and decahydro POSS (Polyhedral Oligomeric Silsesquioxane)
have shown that the IR peak around 1140 cm ™', observed for
these cage species, is due to an antisymmetrical stretching mode
of the Si—O—Si that is, moreover, exacerbated in cycles contain-
ing 4 silicon atoms.>” The other contribution at 1040 cm ™ is due
to the symmetrical stretching mode of Si—O—Si bonds that is
stronger in more extended and less constrained structures.>
Figure 1B shows the evolution of the areas of the IR bands at 900,
1040, and 1100 cm ™" for thin films prepared after various aging
times of the sols. The amount of SiOH bonds shows very little varia-
tions with t,, which means that the number of Si—O—Si bonds is
almost constant in all the films. However, the structure of the
Si—O—Si skeleton appears strongly affected by aging. Indeed,
the ratio cage/extended structures increases when the sol is aged.

Mass spectrometry analysis of the sols was carried out, using
classical electro spray ionization. Figure 2 gives the mass spectrum of
aMTES sol aged 2 h 25 min (pH 2 and w = 14). All the peaks data

-
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Figure 3. >°Si NMR spectra of MTES sols aged 3 h 45 min at pH 2. The
gray areas indicate the T, regions used for the integration.

can be interpreted taking into account only hydrogen adducts.
The results are gathered in Table 1 in which the masses are
displayed according to the number of silicon atoms (from 2 to
12) and intramolecular condensation steps. The main peaks
(relative intensity higher than 15%) have been labelled. The
column labeled M,,-H" corresponds to the first oligomers of each
series, (MeSi),0,.1(OH),,,H", which result from n-1 conden-
sations between n methylsilanetriol units. The following columns
correspond to the oligomers that have undergone additional
intramolecular condensation steps. In the sol, only alittle amount
of purely linear objects is observed, and the majority of species
corresponds to oligomers that have gone through several internal
condensation steps, including the fully condensed ones that are
cage species. These objects have been described in the literature
and are known as T* T, T%, T'° ... here the superscript refers to
the number of silicon atoms,** and have been widely used in the
mechanical and thermal reinforcement. They are fairly inert
and act as dead-ends in the reaction chains. MS analysis performed
at various aging times shows that the amount of cage-species and the
average mass of the nonfully condensed species both increase during
the aging of the sols.

The sols, from which the films were prepared, were also
investigated by *’Si NMR at various aging times. Figure 3 shows
the NMR spectrum for asol (w =14 and pH = 2) aged 3 h 45 min.
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Figure 4. Evolution of the SiOH bonds amount with the aging time of
the sol. Concentration of SiOH bonds inside the MTES sol calculated
from NMR data (solid line and left scale). SSOH FTIR peak area (right
scale) for the sol (squares) and thin films (circles).

The gray areas in Figure 3 indicate the T; regions from which the
integrals were computed.®® Right from the first spectrum (t, =
12 min, i.e. when a single phase is obtained), a unique T, (uncon-
densed) species is observed, which indicates that MTES is rapidly
fully hydrolyzed to yield CH3Si(OH);. A few minor signals
appear outside the defined T; regions. They actually account for a
very minute amount of species. They are related to very
constrained cycles with three silicon atoms, whereas the signals
associated with four-member rings are not downfield shifted and
appear, therefore, in the regular T; regions.””*"

°Si NMR allows computing the percentage of remaining
SiOH ([SiOH]y) from the relative amounts of T; species ([ Ti]y)

& (3—1)

ot - ¥

23 [Ty, (1)

Figure 4 reports the evolution of [SiOH]y in the sol as a
function of the aging time. After t, = 1 h, [SiOH]y equals 48%
and reaches 32% after S h. The aging of the sol was also studied
with IR spectroscopy and the evolution of the SIOH peak area
compared with NMR results. The same evolution is observed in
both experiments. Accordingly, the right scale of Figure 4 was
adjusted so that the IR peak area matches the [SiOH],; on the left
scale. This comparison between the NMR and IR data in the sol
leads to a quantitative analysis of the IR results that can be further
used for the films. Therefore, Figure 4 displays also the area of the
IR peak (900 cm ™) associated with SiOH bonds for thin films
deposited after various t,. The percentage of SiOH remaining in
the film right after the deposition is around 25% and shows
almost no variation with aging time. Accordingly, some con-
densation of the silica network occurs during the deposition,
especially for short aging times.

At short t,, small oligomers are present in the sol, and more
condensation is required to obtain the same SiOH relative amount
in a continuous film. Due to the reduced mobility and short time
involved, the condensation that takes place during deposition leads
preferentially to extended forms. For longer t,, more cage species are
present in the sol, as evidenced by MS, and are deposited without
modifications in the films. In addition to IR and MS data, the
formation of cage species in the sol during aging is indeed supported
by the appearance of a precipitate, instead of a gel, at long aging.

Influence of the Chemistry on Dynamic Thermomechani-
cal Behavior. These modifications in the chemical structure of
the film induce different mechanical properties. Using Dynamic
Mechanical Analysis, the evolution of tan J, the ratio of the
viscous to elastic modulus, was recorded during temperature
ramps for various t,. The vitrification temperature, which can be
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Figure S. Evolution of the vitrification temperatures (T,) for various
aging times. The vitrification temperature was measured from the
second maxima of tan O vs T curves in DMA experiments.
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Figure 6. Pictures of thin films prepared after a too short (A, before t;),
an optimal (B, between t; and t,), and a too long (C, after t, ) aging time.
Evolution with pH of the times t, (triangles) and t, (squares), between
which a homogeneous coating is obtained (D). Solid lines and equations
result from the best linear fit of the data.

associated with the second maximum in the curve tan 0 vs T, is
displayed in Figure S for various aging times. It is significantly
affected by the aging of the sol, increasing with t,. Such an
evolution with t, is far from minor as a previous study has shown
that a difference of only 10 °C in the vitrification temperature
results in a two to three times longer vitrification process.'” For
long t, there are initially less extended Si—O-—Si bonds
(Figure 1B). Therefore more reactions are needed to obtain a
vitrified material. In terms of material processing, this leads to
longer curing time for longer aging and reduces the process
throughput. Moreover, this control over the fine structure of the
film enables adjusting the residual stress inside the layer.>” More
cage species lower the effective cross-linking in the film and make
the stress relaxation easier.

Scaling the Kinetics with pH. Difference in aging of a couple
of hours induces strong modification of the thermomechanical
properties of the films. A control over the kinetics is therefore
required to make the process more flexible. Along with suitable
mechanical properties, the optical quality of the coating can also
be important for the foreseen application. For the methylsilses-
quioxane derived thin film studied, homogeneous and transpar-
ent coatings can only be obtained from the sol in a limited range
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Figure 7. Intensities of the T; (i = 0..3) species observed in **Si NMR
during the aging of a sol prepared with pH 2 (marks) and pH 3 (lines).
The time scale of the pH 3 experiment was divided by 20 for
normalization.
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Figure 8. Zooms of the T; regions for >’Si NMR spectra of MTES sols
aged 3 h 45 min at pH 2 (red) or 73 h at pH 3 (black).

of aging time. For short t,, the oligomers in the sol are too short
and cannot create a continuous film (Figure 6A). For long aging,
the cage species start to precipitate, due to their hydrophobic
character, and the film scatters light (Figure 6C). The transitions
are sufficiently sharp to define accordingly two times t; and t,,
both measured from the mixing of the reagents, between which
optically transparent films are obtained (Figure 6B). More
precisely, t; is the minimum aging required to obtain full cover-
age of the substrate by the coating, whereas t, corresponds to the
minimum aging that leads to a scattering film. For instance, at
pH 2, t; is around an hour and t, equals six hours. Figure 6D
reports these t; and t, times for pH ranging from 1 to 3. At pH 1,
homogeneous films can be obtained only during a few minutes
after the start of hydrolysis, whereas the solution is stable for
several days at pH 3. This very large difference in t; and t, can be
explained by the difference in kinetics. The condensation reac-
tion is activated by charged species, and its kinetics reaches a
minimum at the isoelectric point of the growing siloxane based
oligomers. For hydrolyzed MTES, isoelectric point is reported
around 3.5, a higher value than for silica due to the donor effect of
the methyl group.® For lower pH, the kinetics is proportional to
the concentration of protonated species. The slope of the curve
log(t;) vs pH should therefore be one. The observed slopes
are 1.20 and 1.32 for t; and t,, respectively, which means that
the modification of the kinetics via a protonation mechanism is
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Figure 9. Area of the extended Si—O—Si IR peak (v = 1040 cm ™ ") for
methylsilsesquioxane thin films prepared from sols at pH 1, 1.5, 2, and
2.5 after various aging time. The time scales were normalized with
respect to the pH 2, by the factor t;(pH x)/t,(pH 2) (Figure 6). The
solid line corresponds to the best linear fit of all the data points.

(=)

= 20 1 7 1 1 1
(=)

P ,f w=28

215 , w=14 -
- / I
S10f bt
S * ,:-'-f """" §ooeee 4o
] i w=

® 5L I”/ -
(1] =

X i - 4 v‘v 3
8 0 A 1 1 1 1
2 0 2 4 6 8
x

aging time t, (h)

Figure 10. Evolution with aging time of the ratio of the area of the FTIR
band related to Si—O—Si cage (¥ = 1100 cm ") to the one related to the
extended Si—O—Si (v = 1040 cm ™ ') for methylsilsesquioxane thin film
prepared from sols at w = 3, 7, 14, and 28.
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Figure 11. *’Si NMR intensities of the T; (i = 0..3) species observed
during the aging of a sol prepared from pH 2 with w = 3 (red), 14 (black),
and 28 (blue).

the main effect of the pH. However, the relationship between
kinetics and pH has been only shown for the silanetriol and
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Scheme 1. Summary of the Influence of the Key Parameters (Aging, pH, Dilution) To Obtain the Targeted MTES Film with
Optical Transparency, Right Mechanical Behavior, and High Throughput

R,
o R
i s

No film

Rugr O\ . 3
/9 R © Aging changes
%R [ ]

species ¢

o

\,O,s-\o_///s.\R
Si—_,__si-©

[l TN

(&}

Cage species §
Scattering film | 4+———— %
Delays vitrification| High Dilution |5
Long aging _|O

|

W
[\,eriIution favors cage species (

0

Short Oligomers

Too reactive
Short Pot life pH 1
Bad reproducibility

Low reactivity
Low Throughput

evolves during the condensation. This explains why the obtained
slope values are slightly larger than one.

The scaling law observed for the deposition windows with pH
does not imply that the species formed during aging are the same.
The evolution of the relative T; concentrations is reported in
Figure 7 for the first six hours of aging time, at pH 2.0 (the
integrated regions are those pictured in Figure 3). The T, signal
is relatively weak and, along with the T} signal, shows a constant
decrease with aging. After a couple of hours, the T, peak reaches a
steady state at ca. 60%. During aging, the T; signal keeps on
increasing, in agreement with a progressive cross-linking and the
formation of cage species.

*Si NMR experiments were also carried out during aging at
pH 3. The relative T; concentrations are reported as solid lines in
Figure 7. The curves exhibit a very good match between both pH
when the aging time at pH 3 was divided by 20, which is the ratio
between t; for pH 3 and for pH 2. Accordingly, the scaling law for
the condensation kinetics is identical to the one observed for the
deposition process. Moreover, the *Si NMR spectra (Figure 8)
obtained at pH 2 after 3 h 45 min aging and at pH 3 after 73 h (ca.
20 times more) are very similar. A small variation in their line
width likely arises from slightly different field homogeneity in the
samples. This match clearly shows that, when the pH is modified,
not only the general evolution but also the created species are the
same (yet after a longer aging). As the effect of the pH on the
evolution of the deposition windows (Figure 6) and on the
evolution of the kinetics (Figure 7) is the same, the optical quality
of the films depends mainly of the species present in the sol at the
deposition time.

The impact of the deposition process on the structure of the
films was also studied. Figure 9 reports the area of the extended
Si—O—Si IR peak (1040 cm ') as a function of a normalized
aging time for pH 1, 1.5, 2, and 2.5. For each pH the abscissa was
rescaled, as explained above, according to the t; evolution
presented in Figure 6. The decreasing trend in the intensity
of the extended Si—O—Si species is similar at all pH and yield
the same scaling law than previously (the best linear fit for all
the data points is also presented in Figure 9). Nevertheless, for
equivalent normalized aging, the formation of extended
Si—O—Si appears more pronounced at low pH for which a
higher condensation is also observed, as indicated by a lower
SiOH peak area. Actually, even if the evolution in the sol is
similar for all pH, condensation does also occur during the

deposition process and is therefore more pronounced at low
pH where the kinetics is higher.

To conclude on this part, lowering the pH causes an accel-
eration of the condensation kinetics. More interestingly, the fine
chemical composition of the sol during aging is not affected by
pH and little variations are observed in the films. For the process
point of view, pH appears therefore as an almost completely
independent parameter to be considered for tuning the process
time and throughput.

Increase of Cage Species in Diluted Media. The creation of
the cage species impacts strongly the thermomechanical behavior
of the hybrid thin films by increasing the vitrification tempera-
ture. Changing the dilution of hybrid molecules in solution may
lead to the modification of the formation kinetics of these cage
species and offers another way to control the mechanical proper-
ties of the films. To check this point, sols were synthesized with
various w = H,O/Si ratios, respectively 3, 7, 14, and 28 at pH 2.
For w = 28, the sol shows a poor stability in time and precipitates
after 4 h of aging. On the contrary, reducing the amount of water
leads to greater t, time, meaning that films can be obtained from
the solution after 9 h of aging. These observations are in line with
the variations of pH of the resulting sols which accelerate (high
w) or slow down (low w) the condensation kinetics. Another
explanation lies in the preferential formation of different species
in more diluted medium. Figure 10 presents for the four different
w values the ratio of the IR peak intensity at 1100 cm ™" (cage)
over the one at 1040 cm ™' (extended) for thin films prepared at
various aging times. As already observed in Figure 1, aging leads
to the formation of cage species. Moreover, increasing the
dilution of the sol leads to an acceleration of this formation.
Indeed, the intramolecular condensation is promoted in diluted
media and enables a faster formation of these cage species.
However, because in these highly condensed species the hydro-
phobic methyl moiety points outward, their stability in water rich
medium is reduced and explains why precipitation is rapidly
observed for w = 28.

To further investigate the formation of cage species, **Si NMR
spectra of sol, prepared with w equals 3, 14, and 28, were
recorded during sol aging. Figure 11 presents zooms of the four
T, regions for three samples with the same SiOH relative
concentration (40%), i.e. with the same condensation. They
correspond to aging times of 3 h, 2 h, and 3 h 20 min for w of 3,
14, and 28, respectively. The observed high frequency shift
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when w increases can be explained by a Iar§er fraction of water
which modifies the surrounding medium.” However, simple
translations along the chemical shift axis do not lead to superimpose
spectra. For the higher values of w, the contributions on the high
frequency side of the T, and T; massifs are more important. As
these regions have been previously assigned to cage cyclic
species,” *’Si NMR brings another evidence for the preferential
formation of cage species during aging in diluted media.

Il CONCLUSION

This study emphasizes the high complexity of hybrids sol—gel
systems in term of species formed during processing. A precise
understanding of the link between the elaboration chemistry and
the targeted properties is a requirement to achieve high through-
gut and quality, yet it is often underestimated in the process. MS,

?Si NMR, and IR spectroscopies were jointly used to assess the
chemical composition of the MTES derived sols and films and
relate it to their thermomechanical properties. Scheme 1 presents
how the chemical and processing parameters must be coupled
to efliciently achieve the targeted properties: simple and fast
fabrication of optically transparent and mechanically processable
MTES thin films. The chemistry behind engineering described in
this article is paramount to reproducibly obtain nanostructured
sol—gel derived hybrid coatings. During aging, the formation of
cage species, analog to POSS, has been evidenced. As they do not
participate to the network formation their incorporation in the
thin film structure induces a delay in the vitrification. Further-
more, as they are mainly hydrophobic, their stability in solution is
rather limited and causes light scattering in the film. Increasing
the sol dilution promotes also the formation of cage species, yet
with only minor alterations of the overall kinetics. Finally, the
overall process time and throughput can be independently
controlled by the pH. The aging of the sol may be adjusted
between a few minutes and a few days (the lower the pH, the
faster the condensation), yet without any modifications in the
chemical microstructure. Therefore, a fine combination of the elabo-
ration chemistry parameters enables the tuning of the process
from the solution to the thin film. Finally, this work establishes a
framework for the analysis and the processing of sol—gel derived
hybrid silica coating. It can be used for more complex and
functional materials with larger and more complex side groups.
Even if the side group has a strong impact on the reactivity and
solubility of the organosilane, the effect of aging, pH, and dilution
described here should be comparable.
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