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ABSTRACT: A series of new molecular hybrids with stilbene chromophore (H1—H4) are prepared by
hydrosilylation of octahydridosilsesquioxane (Tg™). All these stilbene-containing hybrid materials are
soluble in common organic solvents, such as chloroform, toluene, THF, and 1,2-dichloroethane, and possess
good film-forming properties. Their structures and properties are characterized and evaluated by FT-IR,
NMR, UV, PL, TGA, DSC, nonlinear optical (NLO), and optical limiting (OL) analyses. The results show
that the thermal decomposition temperatures (7, 5 mass % loss) of the hybrids are 20—60 °C greater than
their corresponding stilbene monomers, and the hybrids show obvious nonlinear absorption (3 up to 2.56 x
107" m/W) and optical limiting properties. The larger excited-state absorption cross sections than
corresponding ground-state absorption cross sections of the hybrids indicate that reverse saturable absorp-

tion is a major mechanism responsible for the optical limiting of the hybrids.

Introduction

m-Conjugated organic nonlinear optical (NLO) materials are
promising OL materials owing to their fast response time, high
damage threshold, and ease of structure modification.' > How-
ever, their poor processability and low thermal stability have
limited their application in optical limiting devices. Organic—
inorganic nanocomposites are of great interest because they offer
the potential to realize remarkable and complementary proper-
ties that cannot be obtained from a single material. However,
inhomogeneity of the dispersion of inorganic particles in compo-
sites often results in low transmittance and has limited their
application in optical devices.® Molecular hybrids, which contain
an inorganic phase bonded (often covalently) to an organic
phase, can effectively solve the problem of uniform dispersion
of inorganic particles in composites and have attracted great
interest.”? Nevertheless, the major challenge is how to bind an
organic compound covalently with inorganic moieties during
synthesis.

Polyhedral oligomeric silsesquoixanes (POSS) are a class of
inorganic compounds with nanoscale dimensions (0.5—3 nm)
with well-defined cubeoctameric structures with a silica-like core
(SigO1,) surrounded by eight organic corner groups (functional or
inert),"!" which makes POSS molecules excellent platforms and
blocks for nanotechnology applications and for assembly of novel
organic/inorganic hybrid nanocomposites. More importantly,
new hybrids with POSS incorporated at the molecular level can
overcome the aggregation effect which often occurs in common
hybrid composites based on a physical mixture. Thus, POSS
molecules with unique structure provide the best homogeneity,
reproducibility, predictability of hybrids, and the opportunity to

*Corresponding author: Tel +86-21-67792874, e-mail hongyaoxu@
163.com.

pubs.acs.org/Macromolecules Published on Web 02/23/2010

tailor materials’ properties. Many POSS-based hybrid nano-
comg(l)7sitle:9s with different architectz%rgs (linear or pendant,>71¢
star,™ and network structures™ ") have been prepared, and
their thermal properties and the reason for enhanced thermal
properties were investigated. Recently, researchers are shifting
their interests toward functional molecular hybrids with novel
functional properties such as low dielectric constant,”*** good
luminescence performance,® > high rigidity,” resist coatings for
lithography,*’ and so on. To the best of our knowledge, however,
the hybrids with nonlinear og)tical and optical limiting properties
have rarely been reported.’'*

Recently, we reported the design and controllable preparation
of a series of novel soluble optical limiting functional hybrids with
different architectures such as dumbbell, bead, or network-type
structures, based on the hydrosilylation reactions of octahydrido-
silsesguioxane and different azobenzene chromophore mono-
mers.’ To further explore the influence of the molecular structure
on optical limiting properties, in this paper, a series of star-type
POSS-based molecular hybrid optical limiting materials were
prepared (Scheme 1), and the relationship between molecular
structure and their optical properties and the possible mechanism
responsible for the optical limiting of hybrids were investigated.

Experimental Section

Materials. Octahydridosilsesquioxane [(HSiO s)g, Ts] was
synthesized according to the procedures described in ref 33. The
synthesis and characterization of the monomers 1-butoxy-4-(4-
ethynylstyryl)benzene (M1), 1-(decyloxy)-4-(4-ethynylstyryl)-
benzene (M2), 1-ethynyl-4-(4-(hexadecyloxy)styryl)benzene
(M3), and 1-ethynyl-4-(4-nitrostyryl)benzene (M4) are described
elsewhere.® All the chromophores link with a terminal alkynyl
bond as the reactive group. H1—H4 were prepared by hydro-
silylation between M1—M4 and multifunctional TgH, as shown
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Scheme 1. Synthesis Method for Preparation of POSS-Based Hybrids H1—H4
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in Scheme 1. The platinum dicyclopentadiene complex, [Pt(dcp)],
was synthesized by the following literature procedures®* and
used as a 2 mM solution in C,H4Cl.

Synthesis of the Molecular Hybrids. The hydrosilylation
reaction for preparing starlike hybrid was carried out under
nitrogen using a vacuum-line system. A typical reaction is shown
as the general reaction: 5SmL of CoH4Cl,, 21.2 mg (0.05 mmol) of
octahydridosilsesquioxane (Tg"), 1.0 mg of Pt(dcp), and 0.11 g
(0.40 mmol) of 1-butoxy-4-(4-ethynylstyryl)benzene (M1) were
added into 20 mL Schlenk tube with a side arm. The reaction
mixture was stirred at 80 °C for 10 h. The mixture was then
poured into excess hexane, with vigorous agitation to dis-
solve the unreacted POSS and precipitate the desired hybrid.
The precipitate was centrifuged and redissolved in minimal THF
(ca. 3 mL). Then the THF solution was added dropwise into
200 mL of hexane to precipitate the product. The dissolution—
precipitation process was repeated three times, and the finally
isolated precipitant was dried in vacuum at 80 °C to a constant
weight and to get a pale powder (H1).

Instruments. FTIR spectra of KBr disks were measured with a
Nicolet NEXUS 870 FTIR spectrophotometer at room tem-
perature; 32 scans were collected at a resolution of 1 em™ L 'H
NMR (300 MHz), *C NMR (100 MHz), and **Si NMR (79.49
MHz) spectra were recorded on a Bruker DMX-400 spectro-
meter utilizing tetramethylsilane (TMS, 0.00 ppm) as the inter-
nal standard in chloroform-d (CDCl3) at room temperature.
Weight-average (M,,) and number-average (M,) molecular
weights and polydispersity index (PDI, M,,/M,) were deter-
mined by a gel permeation chromatograph (GPC) using a
Waters 510 HPLC equipped with a Rheodyne 7725i injector
with a stand kit, a set of Styragel columns (HT3, HT4, and HT6;
molecular weight range 10°—107), a column temperature con-
troller, a Waters 486 wavelength-tunable UV—vis detector, a
Waters 410 differential refractometer, and a system DMM/
scanner possessing an eight-channel scanner option. All hybrid
solutions were prepared in THF (ca. 2 mg/mL) and filtered
through 0.45 um PTFE syringe-type filters before injected into
the GPC system. THF was used as the eluent at a flow rate of
1.0 mL/min. The column temperature was maintained at 30 °C,
and the working wavelength of the UV detector was set at
254 nm. A set of monodisperse polystyrene standards (Waters)
was used for calibration purposes. Differential scanning calo-
rimetry (DSC) was performed on a TA Instruments DSC 9000
equipped with a liquid nitrogen cooling accessory (LNCA) unit
under a continuous nitrogen purge (50 mL/min). The scan rate
was 10 °C/min within the temperature range 30—250 °C.
Samples (4—6 mg) were weighed and sealed in aluminum pans.
Thermogravimetric analysis (TGA) was carried out using a TA
Instruments TGA 2050 thermogravimetric analyzer with a
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heating rate of 10 °C/min from 30 to 700 °C under a continuous
nitrogen purge (100 mL/min). Samples (15—25 mg) were loaded
in alumina pans. The thermal degradation temperature (74) was
defined as the temperature of 5% mass loss. UV spectra of the
hybrids were investigated in THF (ca. 2 x 10~° M) at room
temperature in 1 cm quartz cell using a Shimadzu UV-265
spectrometer.

The nonlinear absorption properties of the samples were
performed by open Z-scan technique with a frequency doubled,
Q-switched, mode-locked Continuum ns/ps Nd:YAG laser
system, which provides linearly polarized 4 ns optical pulses at
532 nm wavelength with a repetition of 1 Hz. The experiment
was set up as in the literature.®® The spatial distribution of the
pulse is nearly a Gaussian profile. The THF solution of the
hybrid (concentration: ¢ =0.005 M) was contained in a quartz
cell with the thickness of 2 mm. The samples were placed on a
translation stage controlled by a computer and moved along the
z-axis with respect to the focal point of a 300 mm focal len. The
input energy was 62 uJ. The radius w, at beam waist was 50 mm.
The input laser pulses adjusted by an attenuator (Newport) were
split into two beams. The two beams were simultaneously
measured by using two energy detectors, D1 and D2 (Rjp-735
energy probes, Laser Precision).

The investigation of the optical limiting properties of the
samples was carried out by using the same laser system as in the
nonlinear absorption experiment. The exg)erimental arrange-
ment is similar to that in the literature.’® The samples were
housed in quartz cells with a thickness of 2 mm and positioned at
the focal point.

Results and Discussion

Synthesis. [t is reported that substituted stilbenes are well-
known mr-conjugated NLO chromophores and possess good
optical limiting properties under high transmittance.>” How-
ever, the inherent drawbacks of small molecules, such as
poor processability and low thermal stability, often limited
their application. POSS core not only provides the heat
capacity of silica but also acts as electron acceptor.*® There-
fore, introduction of POSS into stilbene chromophores will
be expected to combine the advantages of both POSS and
stilbenes. Simultaneously, the terminal flexible alkoxyl-
substituted groups were incorporated into the stilbene to
improve the solubility and film-forming properties of the
resultant hybrids and explore the influence of molecular
structure on their optical properties.”® These resultant
H1—H4 hybrids were prepared by hydrosilylation between
organic stilbene chromophore monomers M1—M4 and Tg"



2842  Macromolecules, Vol. 43, No. 6, 2010

T T T T T T T T T T T T g
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 1. IR spectra of Tg", M2, and H2.
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Figure 2. "H NMR spectra of Tg", M2, and H2.

(feed ratio in 8:1) using Pt(dcp) as a catalyst, as shown in
Scheme 1.

Solubilities and Film-Forming Properties. All the hybrids
are readily soluble in various organic solvents such as chloro-
form, toluene, THF, and 1,2-dichloroethane. Solutions of
the hybrids in THF (ca. 0.1 mg/mL) can be easily cast into
films, whereas films of the monomers cannot be obtai-
ned under the same conditions, indicating incorporation
of POSS endowed the resultant hybrids with good film
formability.

Structural Characterization. Figure 1 shows the FTIR
spectra of TSH, M2, and H2. The absorption band of M2
at 3289 cm™ ! originating from the =C—H stretching vibra-
tion completely disappears in the spectrum of H2, and the
strong characteristic absorption of Si—O—Si at 1110 cm ™!
emerges in the spectrum of H2, suggesting that the POSS
cage is incorporated into the NLO chromophores forming
new hybrid H2. Similar results are also found in the spectra
of H1, H3, and H4.

Figure 2 shows the '"H NMR spectra of Tg", M2, and H2
in chloroform-d. The absorption of the acetylene proton in
the "H NMR spectrum of M2 which appears at 3.12 ppm as a
singlet peak completely disappears in the 'H NMR spectrum
of the resulting hybrid H2. Meanwhile, new broad peaks at
ca. 6.0—6.4 ppm are found, which are ascribed to olefin
proton absorption of o- and S-adducts, indicating that the
chromophores are covalently attached to the POSS core to
form the molecular dispersed organic—inorganic hybrids.
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Figure 3. UV—vis absorption spectra of the hybrids (solid line) and
corresponding monomers (dashed line) in THF solutions. (a) M1 and
H1; (b) M2 and H2; (c) M3 and H3; (d) M4 and H4.

The *C NMR and ?’Si NMR spectra can be found in the
Supporting Information (Figures S1 and S2). The signals at
ca. 77 and 84 ppm corresponding to the acetylenic carbons in
M2 completely disappear in the '*C NMR spectrum of H2,
further proving the POSS cages are successfully introduced
into stilbene chromophores. Simultaneously, the —OCH,—
group displays doublet peaks (67.6 and 67.5 ppm) in the °C
NMR spectrum of H2, and the *’Si NMR spectrum of H2
shows new peaks at ca. —81.03 and —78.08 ppm, confirming
the resulting hybrids are the mixture of a- and S-addition
products. Integration of the *°Si NMR signals yields the
mixture ratios (o/f adducts) of 39/61, 43/57, 42/58, and 42/
58 for H1—H4, respectively. In addition, on the basis of the
integration of the >°Si NMR signals, we also found that
approximate seven chromophores in average were incorpo-
rated into one POSS molecule in the hybrids.

Linear Optical Properties. As can be seen from
Figure 3a—d, the THF solutions of H1—H4 show strong
absorption peaks located at 336, 339, 335, and 360 nm,
respectively, and display high transparency in the visible
region. Simultaneously, it is also found that alkoxy chain
length exerts little influence on the UV absorption spectra of
H1—H3 (the absorption profiles of HI—H3 are similar).
However, the absorption peak of H4 is red-shifted, which
may attribute to stronger intramolecular charge transfer
(ICT) in the excited state.***' Although the hybrids and
their corresponding monomers show nearly the same Ay,
broader absorption bands are observed in the UV spectra of
the hybrids, which may originate from the “o— conjugation
effect” of Si—C=C— in the hybrids.*?

Thermal Analysis of the Hybrids. As shown in Figure 4,
H1—H4 offer the thermal decomposition temperatures (7},
5 mass % loss) at ca. 280, 320, 310, and 280 °C, which are
20—60 °C greater than their corresponding monomers,
implying that the POSS core enhances the thermal stability
of the hybrids.>* The enhancement in thermal stability
could attribute to two major reasons. First, the very uniform
dispersion of silica nanoparticles within the hybrids provides
significant added heat capacity, thereby limiting degrada-
tion. Second, as organic segment is decomposed away from
the surface, the remaining residue becomes enriched in silica
and provides a barrier to further heat attack.****** Simulta-
neously, no crystallization peaks and glass transition tem-
perature are detectable when the hybrids are heated to 250 °C
in the DSC measurements. The amorphous character may
result from the rigid Si—vinyl-linked moieties projecting off the
spherical POSS core in three dimensions, thus minimizing intra
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Figure 4. TGA thermograms of HI—H4 at a ramp rate of 20 °C/min in
nitrogen flow.
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Figure 5. Normalized open-aperture Z-scan transmittance of (A) H1,
(B) H2, (C) H3, and (D) H4 in THF using 4 ns pulses at 532 nm. The
curves have been vertically shifted for clarity. Solid lines represent
theoretical fits.

or inter z— interactions.*® This structure will effectively
prevent intermolecular stacking resulting from joule heating
during device operation.***’

Nonlinear Absorption Properties. The nonlinear absorp-
tion behavior of HI—-H4 in THF was evaluated by the
Z-scan technique under an open aperture configuration.
As shown in Figure 5, the linear absorption spectra of
H1—H4 show nearly no linear absorption at 532 nm, which
promises low intensity loss and little temperature change
by photon absorption during the NLO measurements. In
theory, the normalized transmittance for the open aperture
configuration can be written as®

T(z,s =1) = iM

. forlgl <1 (1)
m=0 (m+1)3/2

where ¢o(z) = BIy(t)Let/(1 + 2%/z¢%), B is the nonlinear
absorption coefficient, Iy(7) is the intensity of laser beam at
focus (z = 0), Lo = [1 — exp(—oy L)]/oy is the effective
thickness with o, the linear absorption coefficient, L is the
sample thickness, z is the diffraction length of the beam, and
z is the sample position. The results from the Z-scan experi-
ments are demonstrated in Figure 5. The solid lines in
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Figure 6. Optical limiting responses to 4 ns, 1 Hz pulses of 532 nm laser
light in THF solutions of H1—H4 with a linear transmittance of 68 %.

Figure 5 are theoretical curves from eq 1. The data collected
under the open-aperture configuration indicate that they all
exhibit good nonlinear absorption properties with effective 8
values of 1.81 x 107" m W' (H1), 1.90 x 107" m W'
(H2), 1.85 x 107" m W' (H3), and 2.56 x 10" "' m W™!
(H4). These 8 values are in the same order of magnitude as
the 8 value for 4,4'-bis(di-n-butylamino)stilbene.’’ Under
the same experimental conditions, the nonlinear absorption
performance () of M1—M4 are evaluated to be 1.64 x
107", 171 x 107", 1.68 x 107", and 2.26 x 107" m
W !, respectively. The enhanced effect of nonlinear absorp-
tion performance () in the hybrids may originate from the
“o—um conjugation effect” of Si—C=C— in the hybrids. H4
exhibits the strongest NLO absorption effect, which may be
assigned to the larger s-electron delocalization of molecules
and stronger intramolecular charge transfer (ICT) in the
excited state.*® This is consistent with the analysis of the
linear absorption and emission spectra.

Optical Limiting Properties. As discussed in the previous
sections, H1—H4 possess obvious nonlinear absorption;
therefore, an optical limiting of nanosecond laser pulses is
expected from these hybrids. To demonstrate this, optical
limiting measurements were conducted at 532 nm using 4 ns
laser pulses. Figure 6 shows the optical limiting behaviors of
H1 (concentration ¢ = 1.85 mg/mL), H2 (¢ = 2.16 mg/mL),
H3 (¢ =2.60 mg/mL), and H4 (¢ =2.12 mg/mL) at the same
linear transmittance (7'=68%) in THF. At very low incident
fluence, the output fluence of the solutions increases linearly
with the incident fluence obeying Beer’s law. However, at
high incident fluence, the transmittance of the solutions
decreases with the increase of input fluence, and a nonlinear
relationship is observed between the output and input flu-
ence, with a further increase in the incident fluence; the
output fluence of the solutions reaches a plateau, suggesting
the occurrence of the optical limiting effect.

Experiments with THF solvent alone afforded no detect-
able OL effect, indicating that the solvent contribution is
negligible. The limiting threshold (incident fluence at which
the output fluence starts to deviate from linearity) and
amplitude (maximum output fluence) are summarized in
Table 1. Simultaneously, it is also found that the optical
limiting characteristics of these hybrids are influenced by
different substituents of stilbene chromophores. H4 with a
NO, group clearly exhibits the lowest limiting threshold
(0.24 J/cm?) and limiting amplitude (0.51 J/cm?) among
these four hybrids. Their optical limiting properties appears
the trend of H4 > H2 > H3 > HI. This is agreement with
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Table 1. Optical Limiting and Nonlinear Absorption Properties of

H1-H4
limiting threshold®  limiting amglitude”
hybrid (J/em?) (J/em?) B¢ (m/W)
H1 0.40 0.78 1.81x 107!
H2 0.35 0.61 1.90 x 10711
H3 0.38 0.69 1.85 x 107!
H4 0.24 0.51 2.56x 107!

“Incident fluence at which the output fluence starts to deviate from
linearity. ® Maximum output fluence. ¢ Measured by the Z-scan techni-
que withan4ns Nd:YAG laser system at | Hzrepetition rate and 532 nm
wavelength.
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Figure 7. Optical limiting responses to 4 ns, 1 Hz pulses of 532 nm laser
light in THF solutions of H4 with different linear transmittances.

the nonlinear absorbance results obtained from Z-scan
measurement. In addition, we measured the UV —vis absorp-
tion spectra of these hybrids before and after the laser
irradiation and found that the pattern and intensity of
UV—vis absorption spectra have almost no change, hinting
that the hybrids possess good photostability.

Figure 7 shows the optical limiting performances of H4 in
THEF at different concentrations. It can be found that higher
concentration (lower transmittance) solution exhibits better
performances. Similar results were also found by Kojima’s*
and our previous publications.*” Solution with higher con-
centration has more molecules per unit volume, thereby
absorbing the energy of the harsh laser more efficiently.

Reverse saturable absorption (RSA) or two-photon ab-
sorption (TPA) mechanism is often proposed for optical
limiting of organic compounds. Generally, TPA occurs
under the laser irradiation of picosecond or shorter pulses.
RSA occurs under nanosecond or longer pulses, rather than
a picosecond time scale, because of the different excited-state
lifetimes involved in a multilevel energy process.”® In this
work, the hybrids are excited by the laser with 4 ns pulse
width at 532 nm. Therefore, we consider that RSA could be
major mechanism for the optical limiting of these hybrids.

The optical limiting property of RSA molecules can be
also evaluated by the ratio of the excited-state absorption
cross section (0.c) to the ground-state absorption cross
section (0y) of molecules, which was defined as o0../0g = In
Tsai/In Ty Ty, is the saturated transmittance for high degrees
of excitation.”’ The larger the value of /0y is, the better
the optical limiting performance is. In our experimental
setup, although we are unable to reach the saturable trans-
mittance for these compounds, we can use the transmittance
at 1.42 J/cm2 to calculate the lowest bound for g.y/0y. On
the basis of the experiment data illustrated in Figure 6,
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the calculated values of o0../0y for HI—H4 are 1.5, 1.8, 2.2,
and 2.8, respectively, further confirming that their optical
limiting mechanisms are mainly originated from reverse
saturable absorption resulting from the large excited-state
absorption cross section.

Conclusions

In conclusion, four starlike stilbene-containing silsesquioxanes
organic—inorganic hybrid materials were successfully synthe-
sized and characterized. It is found that the combination of
inorganic POSS core with stilbene NLO chromophores endows
the resulting hybrids with novel optical limiting properties, good
film formability, and enhanced thermal stability. In addition, it is
also found that nitro-substituted H4 exhibits better performances
than alkoxy-substituted hybrids (H1, H2, and H3), which may be
attributed to the larger m-electron delocalization and charge
transfer ability of the nitro group than that of the alkoxy group.
The work provides a novel path for designing new optical
materials with high thermal stability and good optical limiting

property.
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