Structural and dynamical studies of hybrid siloxane—silica materials
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Hybrid siloxane-silica coatings have been prepared by hydrolysis and condensation of N-[ 3-triethoxysilylpropyl ]-2,4-
dinitrophenylamine (TSDP) and tetramethoxysilane (TMOS) precursors. Hetero- and homo-condensations between both
precursors have been demonstrated to occur in the early stages of the process via 1’0 and 2°Si nuclear magnetic resonance (NMR)
in solution. These hybrids can be described as nanocomposites made of polysiloxane-based domains cross-linked by silica-based
nanoparticles, as evidenced by solid-state NMR, differential scanning calorimetry (DSC) and Fourier-transform infrared (FTIR)
studies. Moreover, the high degree of interpenetration occurring in these materials is evidenced by the presence of some Q and T
subunits sequestered within these polysiloxane and silica-based domains, respectively. The high-resolution solid-state '*C NMR
technique has shown that the mobility of the propyl 2,4-dinitrophenylamine chromophores is correlated with the glass-transition

phenomenon of the matrix.

The mild synthetic conditions of the sol-gel process allow the
introduction of ‘fragile’ organic molecules inside inorganic
networks,' ™ leading to so-called hybrid organic-inorganic
materials.*® The properties of hybrid materials depend not
only on the chemical nature of the organic and inorganic
components but also on the interface between the phases. The
general tendency is to increase interfacial interactions by
creating an intimate mixing between organic and inorganic
networks.” Moreover, the formation of chemical bonds between
organic and inorganic species should minimize phase separa-
tion and, thus, led to formation of nano- or even molecular
composites. These new hybrid organic-inorganic materials
offer a wide range of interesting properties especially in the
field of optics (solid-state dye lasers, sensors, photochromic
and non-linear optical devices, etc.).1%13

Quadratic non-linear optical properties of organic-inorganic
hybrids containing optically active dipolar chromophores are
usually observed after an electrical field poling process.'*!7
This process induces the orientation of the organic dyes and
cancels the centrosymmetry inherent to amorphous sol-gel
matrices. However, because of thermal relaxation processes,
organic dyes tend to loose their induced orientation with
time and the second harmonic generated signal decreases.
Consequently, the optical properties of these materials are
strongly dependent on the nature of the bonding between the
organic dye and the matrix, and on the characteristics of the
matrix. Up to know, the best results have been obtained
with siloxane—oxide matrices prepared from monofunctional
alkoxysilanes R’Si(OR); or multifunctional alkoxysilanes {R'-
[Si(OR)3],, R[Si(OR)3]5} co-reacted with metal alkoxides
such as Si(OR),.'®2% The organic group R’ contains the non-
linear optical (NLO) chromophore bound to the network by
a covalent Si—C bond, stable towards hydrolysis.

We have previously reported the synthesis and NLO proper-
ties of hybrid siloxane—oxide compounds made from hydrolysis
and condensation of TSDP (T units) and TMOS (Q units)
precursors.’® Depending on the chemical composition, the
second hamonic generation (SHG) values ranged between 2.5
and 10 pm V™. Preliminary NMR and DSC characterizations
have shown that such systems made of siloxane polymers
cross-linked with silica species exhibit a glass-transition tem-
perature 7T, which increases with the TMOS content. In this
first approach, the relaxation behaviour of the NLO chromo-

phore was correlated with the glass-transition phenomenon of
the matrix.

This paper describes a more complete structural and dynami-
cal characterization of these hybrid siloxane-silica systems
made by hydrolysis and condensation of TSDP and TMOS.

The first stages of polymerization were followed by liquid-
state 2°Si NMR spectroscopy which is a very convenient
technique to study these systems.?#2°

The condensation reactions were investigated by ’O NMR
of sols which allows one to follow homocondensation (forma-
tion of T-O-T and Q—O-Q bridges) and heterocondensation
(formation of T-O-Q bridges) reactions between silicon
alkoxides.?® The low natural abundance of the 'O nucleus
(3.7x1072%) and its quadrupole moment renders its detect-
ability difficult. However, the use of 7O enriched water for
the hydrolysis of precursors leads to a specific labelling of
Si—O*H and Si—O*—Si groups and thus greatly enhances
their detectability.

Structural investigations in xerogels were performed by using
solid-state 2°Si NMR with magic angle spinning (MAS) and
FTIR spectroscopy. High-resolution solid-state 2°Si NMR
using magic angle spinning (MAS), cross-polarization (CP)
and proton dipolar decoupling (DD), and DSC experiments
were performed to get a better insight of the size and organiz-
ation of the siloxane (T units) and silica (Q units) species
present in these hybrid systems. High-resolution solid-state
13C NMR spectroscopy was used to investigate the mobility
of the chromophore wvs. temperature in these hybrid
TSDP/TMOS systems. Among the number of NMR param-
eters that are sensitive to molecular motions, the variation of
the 3C-'H dipolar coupling strength with temperature was
chosen to follow the local motions of the chromophores. The
strength of the '*C~'H dipolar coupling was determined by
the t,,, contact time technique.”’

Experimental
Synthesis of hybrid siloxane-silica coatings

TSDP was used as the siloxane network precursor bearing the
NLO chromophore while TMOS was used as a cross-linking
reagent to increase the network rigidity.
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Sol-gel coatings with different TSDP: TMOS molar ratios
were prepared by using the previously described!® procedure.

The precursors, TSDP and TMOS, were mixed in acetone
and co-hydrolysed with acidic water (HCl; pH=1) with an
H,O/Si molar ratio of 2. Then, the solution was stirred for
30 min and the resulting sols were aged for 4 h. From these
sols, hydrophobic transparent films several micrometres thick
were obtained free of cracks and faults. Coatings were prepared
by deposition on ordinary soda-lime glass sheets which were
previously cleaned and dried. An appropriate amount of
solution was poured on the glass sheet and allowed to gel and
dry at room temperature. After drying, coatings were ground
and cured at 150 °C for 12 h.

In this paper, coatings are labelled T,/Q,, where T and Q
stand for TSDP and TMOS, respectively and x and y are the
molar percentages (x+ y=100) of the different precursors. T"
(m=0—3) and Q" (n=0—4) notations have their well known
usual meaning.?® T and Q refer to the oxo trifunctional
R’—SiO; and tetrafunctional SiO, central units, respectively,
and m and n are the numbers of Si—O*—Si bridging oxygens
attached to the central unit. The notation T"; is used for
hydrolysed T™ units in solution where i refers to the number
of OH groups.

Chemical characterization

NMR experiments. *°Si and 'O NMR spectra of T,/Q,
hydrolysed solutions were recorded on a MSL 400 Bruker
spectrometer working at 79 and 54 MHz, respectively. Samples
were put in an 8 mm tube which was in turn placed in a
10 mm tube containing C¢Dg as lock solvent.

For #°Si NMR experiments, typical spectra were obtained
using 160 scans with a pulse width of 5pus (ca. 30°) and a
recycle delay of 10s. Tetramethylsilane (TMS) was used as a
reference for chemical shifts.

For 170 NMR experiment, a 10 ps (90°) pulse width was
used; 1000 scans were accumulated with a 200 ms recycle
delay, consistent with the short relaxation times of 'O nuclei.?
Water was used as a reference for the chemical shifts.

For the 'O NMR experiments TSDP and TMOS
were hydrolysed in acetonitrile with acidic '’O-enriched
water (H,O/Si=0.5; pH=1). ""O-enriched water was pur-
chased from ISOTEC (France). Reported O NMR data
for T—O—T (055-65) bridges, T—OH groups (6 30),
Q—0O—Q bridges (6 20-30), Q—OH groups (6 10-15) and
T—O—Q bridges (645) obtained from hydrolysis of
CH,Si(OC,H;);—Si(OC,H;), indicate that, at high hydrolysis
ratio, the resolution of the 'O NMR spectra is poor.?° In
order to get a better resolution, a low hydrolysis ratio was
chosen to prevent extensive condensation reactions and favour
the formation of small polymeric species. Acetonitrile was
chosen as solvent to avoid 7O exchange between water and
solvent. As shown by 7O NMR, the exchange process that
occurs between acetone and water (cetol formation) does not
occur with acetonitrile within the timescale of the NMR
experiments.

High-resolution solid-state 2°Si NMR experiments using
magic angle spinning (MAS), cross-polarization (CP) and
proton dipolar decoupling (DD) were conducted on a MSL
300 Bruker spectrometer. The resonance frequency was
59.7 MHz. The solid samples were spun at 5kHz in 7 mm
diameter ZrO, rotors. TMS was used as a reference for
chemical shifts.

Solid-state 2°Si NMR experiments were conducted with
quadrature detection and a radio-frequency (rf) coil which was
double-tuned for both ?°Si and 'H. MAS CP DD ?°Si NMR
spectra were obtained in single-contact experiments by using
variable contact times between 1 and 50 ms, and a recycle
delay of 10 s. 360 scans were accumulated for each spectrum.
The matched spin-lock cross-polarization transfers were carried
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out with 2°Si and 'H magnetic field strengths of 42 kHz. For
high-resolution solid-state 2°Si NMR experiments using only
magic angle spinning, pulse width and relaxation delays were
2 pus (ca. 30°) and 60 s, respectively. 480 scans were recorded
for each spectrum, which corresponds to an 8 h experiment.
However, data thus obtained are only semi-quantitative
because of the long relaxation time of the silicon nuclei.

High-resolution solid-state *C NMR experiments using
magic angle spinning, cross-polarization proton and dipolar
decoupling were conducted at 75 MHz with a Bruker ASX
300 spectrometer, with quadrature detection and an rf coil,
which was double-tuned for *C and 'H. Experiments were
performed on magic angle spinning samples contained in 4 mm
diameter ZrO, rotors. The spinning speed was of the order of
4 kHz. The matched spin-lock cross-polarization transfers were
carried out with '3C and 'H magnetic field strengths of 62 kHz.
t,), values were obtained from the dependence of the intensities
M(t) of the CH, carbon lines in cross-polarization experiments
as a function of the contact time . At all temperatures, the
whole curve M(t)=f(t) was determined, including a precise
evaluation of the maximum magnetization M,,,, that can be
gained from cross-polarization.

2°Si NMR spectra were simulated with the WINFIT pro-
gram®® to estimate the integrated area for each T™ and Q"
species which correspond to their relative amounts. The mean
degree of condensation C was calculated for every T or Q set
of components by taking C(T)=X ,, mt"/3 and C(Q)=
X .nq"/4, where t" and ¢" are the relative amounts measured
from simulated NMR spectra for T™ and Q" species,
respectively.

DSC experiments. Differential scanning calorimetry (DSC)
experiments were performed on a Perkin-Elmer 7 series instru-
ment, using ca. 15 mg of xerogel. The experiments were per-
formed under cycling conditions. First, the temperature was
increased from —20 to 145°C to wipe the sample memory.
Then, the starting temperature was set to —20°C. Heating
and cooling rates for each run were fixed to 10 °C min~!. The
data were collected during the third run and analysed with the
Perkin-Elmer thermal analysis software. The glass-transition
temperatures measured by DSC correspond to the midpoint
of the heat flow change. For each measurement, an integration
area as large as 40 °C was used. The accuracy of the T, values
is +2°C depending on the ability to adjust the tangent lines
of the curve step.

FTIR experiments. A Nicolet Magna-IR 550 spectrophoto-
meter was used to run Fourier-transform IR experiments.
Hybrid T,/Q, coatings were ground with KBr and pressed
into pellets to record FTIR spectra. 32 scans were accumulated
with a resolution of 4 cm ™! for each spectrum.

Results and Discussion
*Si and 7O NMR of T,/Q, hydrolysed solutions

2981 NMR spectra of T,0,/Q, and Ts,/Q5, hydrolysed solutions
obtained at 1 and 4 h after water addition are plotted in Fig. 1.
Assignments were made according to data from the litera-
ture.3!32 By comparison with the 2°Si NMR studies of the
hydrolysis of the methyltriethoxysilane precursor under the
same conditions, chemical shifts of species issued from hydroly-
sis of TSDP are shifted by 2 ppm to higher fields. The spectrum
of T100/Qp sol aged for 1 h shows three peaks at § —49, —50.9
and —53 due to T! units (T, T!; and T%,, respectively), two
peaks at § —58.5 and —60.5 due to linear T? units (T2, and
T2y, respectively), two peaks at § —49.6 and — 57 due to cyclic
T? units (trimer and tetramer cyclic T? units, respectively) and
a resonance at 6 — 55 which is probably due to constrained
cyclic T? units.3*3* At 4 h after water addition, the intensities
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Fig. 1 Liquid-state 2°Si NMR spectra of Tip0/Qo and Ts0/Qso
hydrolysed solutions at 1 h and 4 h after water addition

of T? units peaks are higher while the intensities of T! units
peaks are smaller. A new resonance is observed at 6 —65/67
which can be assigned to T® units. The spectrum of the
hydrolysed Ts/Qso solution aged for 1h shows weak reson-
ances around & —65/—67 due to T* units whose intensity
increases strongly upon 4 h ageing of the sol. Weak NMR
resonances around & —84 assigned to Q! units are only
observed on the spectrum recorded at 1 h after water addition.
In both spectra, recorded at 1 and 4 h after water addition,
resonances assigned to Q? and Q? units are observed around
6 —92 and — 100, respectively. The resonances of Q! units are
observed in both T,/Q,q, sol spectra recorded at 1 h and 4 h
after water addition.

The relative amounts of T™ and Q" species determined from
spectrum simulation and the degrees of condensation of T
and Q units are reported in Table 1. They indicate a better
completion of condensation reactions upon ageing.

The degree of completion of condensation reactions for both
T and Q units is higher in the T5,/Qs5o hydrolysed solution
than in T;00/Qo and Ty/Qio0 hydrolysed solutions. This
phenomenon can be likely related to heterocondensation
reactions occurring between some T and Q units (vide infra).

Both Ty00/Qo and Tso/Qs, spectra exhibit 2°Si resonances
assigned to T cyclic arrangements. From spectral simulations,
the relative amount of T cyclic species was estimated to be
equal to 42 and 54% at 4 h after water addition in T,,,/Q,
and Ts,/Qs, hydrolysed solutions, respectively. The highest
value observed in the Ts,/Qs, hydrolysed solution can be
related to a better completion of condensation reactions of T
units when the hydrolysis is performed in the presence of
Q units.

Fig. 2 shows 7O NMR spectra of hydrolysed solutions of
TSDP, TMOS and a mixture of both in a 1:1 molar ratio,
recorded at 4 h after water addition. Minor resonances around
0 —26, —9 and 6 are due to oxygen nuclei of residual

Table 1 Relative amounts and degrees of condensation C of T" and
Q" units in T;4/Qq, Ts0/Qs0 and T,/Q;, hydrolysed solutions, at 1
and 4 h after water addition

T./Q, th T T2 T C(T) Q' Q Q CQ

T100/Qo 1 35 65 0 55 - o
T100/Qo 4 17 74 9 64 - o
Ts0/Qso 1 7 86 7 67 2 57 41 60
Ts0/Qs0 4 5 76 20 72 0 46 54 64
To/Q100 1 - - — — 7 53 40 58
To/Q1o00 4 —_ = — — 6 45 49 61

-O-
Q \Q H,0
Q-OH
¥
MeOH
T-%—Q TO/Q 100
T-OH T5|) /Q 50
T-O-T
Tmo /Q 0
r T T T T T 1
100 75 50 25 0 -25 -50

1)

Fig. 2 Liquid-state 17O NMR spectra of To/Q 100, Tso/Qso and Ty0/Qo
hydrolysed solutions at 4 h after water addition
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Fig. 3 High-resolution 2°Si MAS NMR spectra of the uncured (——-)
and cured (—) Tg/Qqo hybrid coatings

methanol, water and ethanol, respectively. The spectrum of
the hydrolysed TMOS solution shows resonances around ¢ 13
and 20 due to Q—OH groups and Q—O—Q bridges, respect-
ively.?® The behaviour of the hydrolysed TSDP solution is
different.

Resonances around ¢ 30 are due to T—OH groups and
large resonances around ¢ 55 and 65 are due to T—O—T
bridges. The spectrum of the TSDP-TMOS hydrolysed solu-
tion exhibits resonances characteristic of Q—OH, T—OH
groups and Q—O—Q, T—O—T bridges and a new broad
resonance around 6 42 which was assigned to T—O0—Q
bridges.?® The resonance of T—O—Q bridges is observed with
a lower intensity on the spectrum of the TSDP-TMOS hydro-
lysed solution recorded at 10 min after water addition. This
observation indicates that heterocondensation of some T and
Q units occurs in the early stages of condensation reactions.
The amount of T—O—Q bridges increases with time. This is
in agreement with the high stability of the siloxane-silica
bridges.?®

Solid-state ¥Si MAS NMR

As an example, >°Si MAS NMR spectra of air-dried and
thermally cured Tg,/Q,, coatings are shown in Fig. 3. The
degrees of condensation, C, for T and Q units measured from
the concentration of each species vs. TMOS content are
reported in Table 2.

The degrees of condensation of T and Q units are higher in
the xerogels than in the sols. This difference demonstrates that
a large number of condensation and cross-linking reactions
still occur upon solvent removal. The uncured T, /Q, systems
exhibit degrees of condensation C(T) and C(Q) which increase
with TMOS content. This phenomenon is related to the mutual
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Table 2 Relative amounts and degrees of condensation C of T and Q
units in uncured and cured T,/Q, xerogels obtained from *°Si MAS
NMR data (relative errors in values reported are 2%)

uncured cured

sample
T./Q, C(T) cQ) C(T) CQ)
T100/Qo 85 — 89 —
Ts0/Q20 89 83 96 92
Te0/Qao 95 38 95 94
T40/Qs0 92 87 97 93
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Fig. 4 FTIR spectra of the T/Qi00, Teo/Quo and Tio0/Q, hybrid
coatings in the antisymmetric Si—O —Si stretching region

dependence of the hydrolysis—condensation rates of T units by
Q units.

After thermal curing, as the result of an enhancement of
cross-linking reactions, the degrees of condensation for both
T and Q units are much higher, which corroborates the fact
that these systems act as thermosets.

FTIR

As indicated in a previous section, 2°Si NMR experiments in
solution have shown that T units form linear and cyclic
arrangements. However, 2°Si MAS NMR does not provide
sufficient resolution to differentiate linear and cyclic species in
the xerogels. The following FTIR experiments were carried
out to investigate the distribution of linear and cyclic species
in TSDP/TMOS xerogels. Fig. 4 displays the FTIR spectra of
T,/Q, xerogels in the antisymmetric Si—O—Si stretching
region between 1200 and 1000 cm !, The FTIR spectrum of
the To/Q100 xerogel exhibits a strong band at 1090 cm ~! with
a shoulder at 1180 cm ™! due to the transversal and longitudinal
modes of the antisymmetric Si—O—Si stretching, respect-
ively.>® The antisymmetric Si—O—Si stretching vibration band
observed in the FTIR spectra of xerogels containing T units
exhibits several components which reveal the presence of
species with different structures and symmetries. According to
Deng et al.,’° the antisymmetric Si—O—Si stretching can be
separated into two main components. The vibration band
located at higher energy (1120 cm™!) is usually assigned to T
polycyclic caged structures while the band located at lower
energy (1050 cm ~!)is due to T linear structures.>®3” Whatever
the xerogel composition, the band located at 1120 cm ™! is
more intense than the band at 1050 cm~!. This result shows
that cyclic and linear T species observed in sols are both
present in the solid state. Moreover, the relative amount of T
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cyclic species seems more important than the amount of T
linear species.

As evidenced by 2°Si MAS NMR, these hybrid networks are
made of (T—T), units heterocondensed with (Q—Q), species.
They can be described as composites made of silica domains
linked to siloxane polymers.® Siloxane (T—O—T) and silica
(Q—O—Q) based species linked through stable T—O—Q
bridges are formed during the first stages of the process.
Because the heterocondensation occurs in the early stages it
should limit phase separation between siloxane and silica
species. The degree of interpenetration between (T—T), and
(Q—Q), segments is an important parameter on which
segmental mobility and, consequently, the relaxation of the
chromophores which are grafted inside such hybrid net-
works, depend.*® DSC experiments and NMR relaxation
measurements described below were carried out in order to
investigate this.

DSC experiments

The glass-transition temperatures (7,) measured by DSC for
uncured and cured T,/Q, samples are reported in Fig. 5. Only
one T, is observed in the temperature range from 20 to 100 °C.

For both uncured and cured samples, T, is shifted to higher
values with increasing amounts of TMOS. For a given composi-
tion, T, values increase upon curing. This behaviour can be
related to the increase in the degree of condensation and cross-
linking of the polymers which lead to restricted segmental
mobility in T, /Q, hybrid systems.

Increase of T, in T,/Q, xerogels with the TMOS content
implies that these hybrids are not an immiscible two-phase
system.>® If TSDP/TMOS systems were miscible blends, then
extrapolation of data reported in Fig. 5 by using the Gordon—
Taylor or Fox expressions*>*! would lead to a T, value for the
Ty /Qio0 xerogel of the order of 160°C which is in strong
disagreement with the T, of silica estimated around 1200 °C*
and the T, of silica containing 20 ppm of residual OH groups
estimated at around 950 °C.** From these data the T, of silica
xerogel containing a large amount of hydroxy groups could
be estimated as between 500 and 900°C.** Therefore,
TSDP/TMOS xerogels are two-phase partially miscible
blends*® and the T, measured by DSC refers only to the
polysiloxane network (i.e. the network made from T units).

The variations of the heat capacity AC, (per gram of
polysiloxane) at T, is plotted vs. the TMOS mass content in
Fig. 6 (full line). If all the T units were participating in the
glass transition, whatever the TMOS content, the corrected
AC, should be the same (dashed line in Fig. 6). However, the
corrected AC, decreases with TMOS content, indicating that
the amount of T units which do not participate in the glass

20 T T T T
0 20 40 60 80 100
TMOS molar content (%)

Fig.5 T, values vs. TMOS molar content in T,/Q, hybrid coatings
(<, uncured; #, cured)
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Fig. 6 Variation of the heat capacity AC, at T, in T,/Q, hybrid
coatings vs. TMOS mass content. The full line fit shows the average
behaviour or the AC, vs. TMOS mass content. Open and filled
diamonds refer to different samples.
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transition increases with the TMOS content. The relative
amount of T units which do not participate in the polysiloxane
glass transition has been estimated from the difference between
the theoretical and experimental AC, curves (dashed and full
lines, respectively) and is reported in Fig. 6. The number of T
units that participate in the polysiloxane glass transition for
T,/Q, systems containing more than 50% by mass of TMOS
is very low. T units that do not participate in glass transition
are probably too constrained. They probably belong to smaller
(T—T), segments trapped in silica domains.

Dynamics of polarization transfer in 2Si NMR experiments

The dynamics of magnetization transfer during cross-
polarization is governed by the proton bath. It is sensitive to
the number of protons, the silicon—proton and proton—proton
distances and the proton mobility.** This technique allows one
to investigate the homogeneity of a sample.*

Fig. 7 shows the intensity of the 2°Si magnetization for T3,
Q? and Q* units in Tg,/Q, and T,/Q, xerogels as a function
of the cross-polarization contact time under the Hartmann—
Hahn condition in a single-contact experiment.*® The initial
rise and the later decline of the 2°Si magnetization observed
for each plot are due to the cross-polarization by the closest
protons, spin diffusion and the manifestation of the relaxation
of the spin-locked 'H magnetization.**

For the xerogels containing siloxane units, all T units have
similar dynamics of magnetization transfer. In this case, the
magnetization transfer is mainly provided by the protons of
the 2,4-dinitrophenylaminopropyl group which are at relatively
small distances from the 2°Si nuclei of interest.

For the Ty/Qio0 xerogel, the initial rise on the left side
observed for Q3 and Q* units is slower than the initial rise of
the T units. Such a difference is due to the longer *°Si—'H
distance of neighbouring protons which are responsible for the
magnetization transfer. For Q® units, the magnetization transfer
is provided by protons in hydroxy or residual methoxy groups
attached to silicon nuclei, while for Q* units, magnetization
transfer is provided by more distant protons, typically from
hydroxy or residual methoxy groups of Q* or Q? linked to Q*
silicon nuclei. The different distances of neighbouring protons
for Q* and Q* are also responsible for the faster decay observed
at long contact times for the Q? units as compared with the
Q* units.

In the Tgp/Quo xerogel, the dynamics of magnetization
transfer of Q® and Q* at short contact times shows an
intermediate behaviour between the behaviour of Q3 and Q*
units of T,/Q,0, and T units, respectively. These results indicate
that the proton baths surrounding Q* and Q* units in the
Te0/Q4o and the T, /Qqo xerogels are different. This difference
can be related to the presence of T units close to Q units in
the Tg,/Q,o xerogel. It is usually reported that magnetization
transfer in cross-polarization experiments probes distances of
the order of one nanometre. Consequently, in the binary T,/Q,
systems, Q units observed by MAS CP DD 2°Si NMR are in
the close proximity of T units.

The ?°Si—'H cross-polarization technique restricts detection
to silicon nuclei that are near protons. For the Tgy/Q4 xerogel,
the comparison between the relative amounts of Q units
determined from MAS and MAS CP DD (with a 5 ms contact
time) 2°Si NMR spectra shows that ca. 55% of the Q* units
are observed by MAS CP DD #°Si NMR. In the conclusion
derived from the DSC and solid-state 2°Si NMR experiments
reported above, this result shows a high degree of inter-
penetration for T and Q units in the Tg,/Q,4, Xerogel.

MAS CP DD *C NMR

For a given T,/Q, composition the T, measured by DSC and
the temperature of depolarization (the temperature for which
the non-linear optical response decreases) measured by the
SHG experiment are in good agreement.!® They are related to
the dynamical behaviour of the chromophores but do not
provide specific information on the local mobility in xerogels.

MAS CP DD '3C NMR experiments were carried out to
investigate the mobility of the CH, groups of the propyl chain
(i.e. chromophore spacer) (see Fig. 8).

For very short contact times, the carbon and its n strongly
coupled protons can be considered as an isolated CH,, system.
The strength of the 3C—'H dipolar coupling of such a system
can be estimated by measuring the contact time ¢,,, necessary
to obtain half of the maximum polarization M,,,. Assuming
that the C—H bond length is 1.09 A, calculated ty), values for
a rigid lattice are around 24 and 17 ps for CH and CH, groups,
respectively. Experimental t;,, values longer than these rigid-
lattice values are evidence for a reduction of the '*C-'H
dipolar coupling by motional processes whose frequencies are
higher than 10° Hz.?’

The MAS CP DD 3C NMR spectra and line assignments
of T140/Qq xerogel recorded at room temperature with contact
times of 1 ms and 20 ps are shown in Fig. 8. The intensity of
the 13C magnetization vs. contact time for the CH,(1) carbon
in the T,,,/Q, xerogel at different temperatures is shown in
Fig. 9. The t,,, values measured from the curves M (t)=f{t) at
different temperatures for the three CH, carbons of the chromo-
phore spacer in the T;y,/Q, xerogel are reported in Table 3.
At room temperature and 60 °C, the three CH, carbons have
short t;,, values corresponding to a nearby rigid-lattice behav-
iour which indicates that these carbons do not undergo any
molecular motion in the t;,, frequency domain between 25 and
60°C. At 70°C, the CH,(3) carbon which is adjacent to the
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Fig. 9 3C NMR magnetization variations of CH,(1) carbon as a
function of contact time in T,,,/Q, xerogel at 25 (+), 60 (CJ), 70 (A)
and 80°C (A)

Table 3 t,, Values measured for CH, (1), CH,(2) and CH,(3) carbons
in Ty00/Qo xerogels at different temperatures (accuracy in reported
values is 1s)

CH, 25°C 60°C 70°C 80°C
1 21 21 26 42
22 22 26 40
3 20 21 19 30

2,4-dinitrophenylamino group has t,,,=19 us, characteristic of
a rigid-lattice behaviour. On the other hand, CH,(1) and
CH,(2) carbons have longer t,,, values of 26 ps which indicate
the existence of molecular motions involving the *C-'H
internuclear vector. At 80 °C the three CH, carbons have t,,,
longer than rigid-lattice t,,, values. We have also measured the
t;» value for the CH(9) carbon as a function of temperature
in order to investigate the mobility of the phenyl group. At 25
and 60°C, the CH(9) carbon in the Ty4/Q, xerogel has a
t1=22 ps characteristic of a rigid-lattice CH t;,, value. Above
60 °C peaks due to aromatic carbons become broader and
overlap which renders it impossible to measure CH(9) carbon
ty, values. A significant decrease of the signal to noise ratio
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Fig. 10 Schematic of the microstructure of the hybrid TSDP/TMOS
coatings

was also observed at 70 °C. The decrease of the signal to noise
ratio and line broadening indicate motion of aromatic carbons.

It should be noted that there is a difference of 30 °C between
the glass-transition temperature (33 +2°C) measured by DSC
and the temperature (> 60 °C) for which the amplitude of local
motions as observed by NMR begins to increase for CH,(1)
and CH,(2) carbons. This difference is due to the fact that ¢, ,
values are sensitive to relatively high frequency modes
(>10° Hz) while DSC is sensitive to lower frequency modes
(ca. 1 Hz). By taking into account the temperature shift between
T, measured by DSC and T, observed by NMR in the ¢,
frequency domain, one is led to the conclusion that, for the
T100/Qo xerogel, the increase in the amplitude and/or frequency
of CH,(1) and CH,(2) carbons motions at 7,+30°C can be
assigned to the increase in mobility associated with the glass-
transition phenomenon of the polysiloxane network. The
amplitude and/or frequency of CH,(1) and CH,(2) carbons
motions increase at somewhat lower temperatures because
these CH, carbons are closest to the polysiloxane main chain.
The fact that the amplitude and/or frequency of CH,(3)
carbon motions start to increase above 70 °C indicates that
chromophores are constrained in the matrix.

Conclusion

The present work deals with the structural and dynamical
investigation of hybrid siloxane-silica coatings constructed
by hydrolysis and condensation from TSDP and TMOS
precursors. These hybrid materials were reported to have
second-order NLO properties.'®

FTIR, 70 and **Si NMR experiments pointed out the
existence of linear and cyclic siloxane (T—T), oligomers and
silica (Q—Q), units linked through stable T—O—Q bridges
formed in the early stages of the process.

The degrees of condensation of T and Q units are higher in
xerogels than in the sols and this difference demonstrates that
a large amount of condensation and cross-linking reactions
still occur upon solvent removal.

The glass-transition phenomenon observed by DSC in these
hybrid materials corresponds to the glass transition of the
polysiloxane network. The glass-transition temperature
increases with the TMOS content while the apparent variation
of heat capacity at T, decreases. These results, as well as the
analysis of the polarization transfer in MAS CP DD 2°Si NMR
experiments, are consistent with the relatively high degree of
interpenetration of T and Q units. Therefore, these hybrid
TSDP/TMOS coatings can be described as nanocomposites
made of silica-rich domains and siloxane-rich domains. Many
Q and T species are mutually sequestered at the nanometre
scale. Their microstructure is schematically pictured in Fig. 10.
The white part corresponds to the silica-rich phase inside
which some T units (black dots) are sequestered. The black
spheres correspond to the polysiloxane-rich phase which par-
ticipates in the glass-transition phenomenon and contains Q
units (white dots). The size of the polysiloxane and silica



domains depends not only on the chemical composition but
also on the drying procedure and consequently on the solvent
and sample thickness. Results reported in this paper were
obtained on 50—100 um thick coatings whereas NLO optical
characterizations are usually performed on 1-3 um thick films.
Future structural investigations should also be performed on
thin coatings.

The mobility of the NLO chromophores, as observed by
high-resolution solid-state '3C NMR, is correlated with the
glass-transition phenomenon of the matrix. Dielectric relax-
ation experiments in a large frequency range are in progress
in order to improve the understanding of the relationships
between the structure and the dynamical behaviour of NLO
chromophores in these hybrid systems.

The authors would like to thank Roland Hierle for the DSC
measurements. DRET and CNRS are also acknowledged for
the financial support.
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