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The objectives of this work are to demonstrate facile routes to 3-D star materials with octa- and
hexadecafunctionality to provide new nanoconstruction tools for the synthesis of new types of stars,
dendrimers, and hyperbranched molecules or for the assembly of novel nanocomposites. A further objective
is to identify novel properties inherent in the resulting new compounds. Octavinylsilsesquioxane (OVS,
[VinylSiOj 5]s) with perfect 3-D or cubic symmetry is elaborated through metathesis with substituted
styrenes to produce a series of RStyrenylOS compounds. The p-BrStyrenylOS compound is then further
reacted with other sets of p-substituted styrenes via Heck coupling to produce a set of R'VinylStilbeneOS
compounds. The R' = NH, compound is then reacted with 3,5-dibromo or dinitrobenzoyl chloride to
produce hexadecafunctional 3-D stars. These synthetic methods provide perfect single core and then
core—shell 3-D stars including in the third generation branch points such that these molecules can be
used for the synthesis of new dendrimers or hyperbranched molecules. Further, the first sets of materials
are fully conjugated. Investigation of the UV—vis absorption, photoluminescence, and two-photon
absorption properties of the R"VinylStilbeneOS compounds, especially where R' = NH,, reveals exceptional
red-shifts (120 nm), charge-transfer behavior, and excellent two-photon absorption properties that may
suggest that the silica core serves the role of electron acceptor in the system and interacts equally with
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all eight organic moieties. This observation may imply 3-D conjugation through the core.

Introduction

There is widespread interest in developing building blocks
for constructing materials with architectures tailored at
nanometer length scales.' > The motivation is multifold in
that the ability to assemble materials at such length scales
should provide high reproducibility of global properties and
the opportunity to precisely predict and fine-tune those
properties.®”'% Still another motivation is the potential to
identify new properties in nanoscale building blocks not
available in the bulk but that can then be used to create
entirely new materials by ordering these nanocomponents
over large length scales or simply using them as is.'®!!

In principle, nanometer-sized molecules with high sym-
metry, functionality, and a means to modify that functionality
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at will to aid in assembling 1-, 2-, or 3-D structures
nanometer by nanometer would seem to offer the best
potential for complete control of properties over all length
scales. To this end, molecules with cubic symmetry could
be exceptional candidates to develop routes to well-defined,
molecular nanobuilding blocks.

To date, only the cubane family of compounds and cubic
silsesquioxanes, Qg (ROSiO, 5)s and Ts (RSi0O; s5)s, offer the
requisite symmetry.®*'?742 Of these, only the silsesquiox-
anes are easily prepared in large quantities and readily
octafunctionalized. For example, the Qg compound
[HMe,SiOSiO;s]s (OHS) has been functionalized by
hydrosilylation to introduce alkyl, vinyl, epoxy, alcohol,
isocyanate, and acrylate groups.? > Sets of silsesquioxanes
based on OHS have recently been used to synthesize novel
luminescent molecules.*>~*> OHS has also been transformed
into bifunctional “Janus” compounds including one that melts
and then self-condenses.*

Polyfunctional Ts and even T, systems have also been
made including R = R'Phenyl derivatives where R' = amine,

(10) Morin, J.-F.; Shirai, Y.; Tour, J. M. Org. Lett. 2006, 8, 1713.

(11) Sasaki, T.; Osgood, A. J.; Alemany, L. B.; Kelly, K. F.; Tour, J. M.
Org. Lett. 2008, 10, 229.

(12) Detken, A.; Zimmerman, H.; Haeberlen, U.; Poupko, R.; Luz, Z. J.
Phys. Chem. 1996, 100, 9598.

(13) Yildrim, T.; Gehring, P. M.; Neumann, D. A.; Eaton, P. E.; Emrick,
T. Carbon 1998, 36, 809.

[0 2008 American Chemical Society

Published on Web 08/15/2008



5564 Chem. Mater., Vol. 20, No. 17, 2008

Sulaiman et al.

R\ R
N/ \/;
o Si/O\Si/; /» R R\ - O~ =~
e ’ $ N Si Si
o~ o b -G
cl N 2t O O = T | X
Y H,O/EtOH SRS 7 LR /S/P/Oo\Si\O/; >R
—_0Gj _— >
/ QerSim -8\ — Grubbs' 1st Gen Catalyst . \ /
J N\ -HCI P 2/_.0 = R=-H, pMe, p-MeO, p-Cl, R\\@/O\\BS'\ PSR
-t fola |\= p_Bry rr'_N()2 Si\O/SI‘ ,/‘

Figure 1. Synthesis of OVS (30—40% yield) and RStyrenylOS.

PCY3
Cl U, H
'Ru{
o T Ph
PCy3

Figure 2. Grubbs type 1 catalyst.

halogen, methacrylate, vinyl, alkynyl, arenyl, and so
forth.?!-323638740 Combinations of Qg and Tg epoxy/amine
systems provide materials with physical properties that can
be tailored by modifying functionalization at nanometer
length scales.”->?3940

A further advantage is the single crystal silica core, which
provides the heat capacity of silica making these systems
unusually robust.>® The 3-D symmetry also provides materi-
als that are very soluble and therefore easily purified by
standard methods.

In this paper, motivated by work by Marciniec et a
Feher et al.,*” and Sellinger et al.*® on octavinylsilsesqui-
oxane (OVS, [vinylSiO; s]g), our efforts target the develop-
ment of nanobuilding blocks for nanoconstruction but also
access to perfect and perfectly symmetrical 3-D stars built
on OVS cores. We report here, as illustrated in Figures 1—4
functionalization of OVS with functionalized styrenes via
cross-metathesis reactions, forming the first generation star
materials, octa(RStyrenyl)silsesquioxane (RStyrenylOS). A
variety of R groups are used to demonstrate the versatility
of this reaction.

Octa(p-bromostyrenyl)silsesquioxane (BrStyrenylOS) is
further functionalized via Heck reactions with functionalized
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styrenes to give perfectly symmetrical and perfect octa-
(R'vinylstilbene)silsesquioxane (R'VinylStilbeneOS), second
generation stars. A further goal of the work initiated here is
to methodically explore the luminescence properties of these
materials based on the initial findings of Sellinger et al.,**
who are the only researchers to examine the luminescence
properties of silsesquioxanes where the cage is conjugated
to the organic lumiphore. Finally, octa(p-aminovinylstilben-
e)silsesquioxane (NH,VinylStilbeneOS) is reacted with di-
functional benzoylchlorides to give octa(R",-benzamidevi-
nylstilbene)silsesquioxane (R" ,-BenzamideOS), third generation
molecules with increased functional group density and
potential for further functionalization and branching.

Experimental Section

Materials. Methylene chloride (CH,Cl,) was purchased from
Fisher and distilled from CaH, under N, prior to use. OVS was
synthesized according to procedures developed by Harrison and
Hall.*® p-Vinylstilbene was synthesized according to the literature.>'
A first generation Grubbs catalyst [RuCl,(=CHPh)(PCys3),] was
purchased from Aldrich. All other chemicals were purchased from
Aldrich or Fisher and used as received.

General Metathesis Reactions of OVS. To a dry 10 mL Schlenk
flask under N, was added 0.40 g (5.1 mmol —CH=CH,) of OVS
and 21.0 mg (0.0265 mmol, 0.5 mol %) of first generation Grubbs
catalyst. Dry CH,Cl, (6 mL) was added by syringe followed by
R-styrene (7.56 mmol). The mixture was stirred at room temperature
for 72 h and then quenched by precipitation into 200 mL of
methanol. The solution was then filtered, and the product was further
purified by column chromatography (silica, CHCly).

General Heck Reaction of BrStyrenylOS. To a dry 50 mL
Schlenk flask under N, was added 0.50 g (2.14 mmol-Br) of
BrStyrenylOS, 19 mg (0.04 mmol) of Pd[P(z-Bus)],, and 18 mg
(0.02 mmol) of Pdy(dba);. 1,4-Dioxane (10 mL) was then added
by syringe, followed by NCy,Me (2.11 mmol, 0.45 mL) and
R-styrene (6.41 mmol). The mixture was stirred at room temperature
for 72 h and then quenched by filtering through 1 cm Celite, which
was washed with 5 mL of THF. The solution was then precipitated
into 200 mL of methanol and filtered and the solid redissolved in
10 mL of THF. This solution was then filtered again through a 1
cm Celite column to remove any remaining Pd particles and
reprecipitated into 200 mL of methanol. The product was further
purified by column chromatography (silica, 1:10 THF:hexane).

Reaction of NH,VinylStilbeneOS with Difunctional Benzoyl-
chlorides. To a dry 10 mL Schlenk flask under N, was added 0.1 g
(0.37 mmol-NH;) of NH,VinylStilbeneOS dissolved in 1 mL of
THEF. A solution of 0.74 mmol of the corresponding benzoylchloride
in 1 mL of THF was then added to the flask via syringe, followed
by 0.05 mL (0.36 mmol) of triethylamine. The mixture was stirred
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Figure 3. Synthesis of R'VinylStilbeneOS from BrStyrenylOS.
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Figure 4. Synthesis of R",-BenzamideOS from NH,VinylStilbeneOS.

at room temperature for 24 h and then quenched by filtering through
1 cm Celite. The filtrate was then precipitated into 50 mL of hexane.

Analytical data for all of the synthesized compounds are given
in the Results and Discussion section below.

Analytical Methods. Gel Permeation Chromatography
(GPC). GPC analyses were done on a Waters 440 system equipped
with Waters Styragel columns (7.8 x 300, HT 0.5, 2, 3, 4) with RI
detection using Waters refractometer and THF as solvent. The
system was calibrated using polystyrene standards and toluene as
reference.

Nuclear Magnetic Resonance. All '"H and '*C NMR were
performed in CDCl; or DMSO-d; and recorded on a Varian INOVA
400 MHz spectrometer. All ?°Si NMRs were performed in CDCl;
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or DMSO-d; and recorded on a Bruker Avance DRX-500 spec-
trometer. '"H NMR spectra were collected at 400 MHz using a 6000
Hz spectral width, a relaxation delay of 3.5 s, 30k data points, a
pulse width of 38°, and TMS (0.00 ppm) as the internal reference.
13C NMR spectra were collected at 100 MHz using a 25 000 Hz
spectral width, a relaxation delay of 1.5 s, 75k data points, a pulse
width of 40°, and TMS (0.00 ppm) as the internal reference. >°Si
NMR spectra were collected at 100 MHz using a 14 000 Hz spectral
width, a relaxation delay of 20 s, 65k data points, a pulse width of
7°, and TMS (0.00 ppm) as the internal reference.
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Thermogravimetric Analysis (TGA). TGA was run on a 2960
simultaneous DTA-TGA instrument (TA Instruments, Inc., New
Castle, DE). Samples (15—25 mg) were loaded in alumina pans
and ramped at 10 °C/min to 1000 °C under dry air with a flow rate
of 60 mL/min.

Differential Scanning Calorimetry (DSC). DSC was performed
on materials using a DSC 2910 (TA Instruments, Inc., New Castle,
DE). The N, flow rate was 60 mL/min. The sample (5—10 mg)
was placed in a pan without capping and ramped to the desired
temperature at a rate of 10 °C/min. The heat flow difference between
a blank pan and the sample pan was recorded.

Matrix-Assisted Laser Desorption/Time-of-Flight Spectrometry
(MALDI-ToF). MALDI-ToF was done on a Micromass TofSpec-
2E equipped with a 337 nm nitrogen laser in positive-ion reflectron
mode using poly(ethylene glycol) as calibration standard, dithranol
as matrix, and AgNO; as ion source. Samples were prepared by
mixing solutions of 5 parts matrix (10 mg/mL in THF), 5 parts
sample (1 mg/mL in THF), and 1 part AgNO; (2.5 mg/mL in water)
and blotting the mixture on the target plate.

UV—uvis Spectrometry. UV —vis spectra were taken on a Shi-
madzu UV-1601 UV—vis transmission spectrometer in CH,Cl,.
Samples were dissolved in CH,Cl, and diluted to a concentration
(10*—10~* M) where the absorption maximum was less than 10%
for a 1 cm path length.

Photoluminescence Spectrometry. Photoluminescent spectra were
taken on a Fluoromax-2 fluorimeter in CH,Cl, using 260 nm
excitation for R-styrenylOS and 320 nm excitation for R-vinylstil-
beneOS. Samples of RStyrenylOS from UV —vis spectroscopy were
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used without dilution, while samples of R'VinylStilbeneOS from
UV—vis spectroscopy were diluted (107> to 107° M) to avoid
excimer formation and fluorimeter detector saturation.

Photoluminescence Quantum Yields (®p;). ®p was determined
by a modification of the relative method described by Demas and
Crosby”? using anthracene® and 9,10-diphenylanthracene™ as
references. The absorption at 320 nm was determined for each
material at three different concentrations (maximum absorption of
20%). These samples were then diluted by equal amounts to avoid
fluorimeter saturation and excimer formation, and the total area of
the emission spectrum was calculated. For each solution, absorption
and emission measurements were repeated a minimum of two times
and averaged. The slope of a plot of emission versus absorption
was determined for each material and relative quantum efficiency
calculated according to the equation

AS FX n)( 2
Dy ()= A NF N\ Dy, ()

where ®p is the quantum yield, A is the absorption at the excitation
wavelength, F is the total integrated emission, and 7 is the refractive
index of the solution, which can be approximated to be the refractive
index of the solvent, considering the low concentration of the
solution. Subscripts x and s refer to the sample to be measured and
the reference, respectively.

Two-Photon Studies. a. Steady State Measurements. All com-
pounds were dissolved in tetrahydrofuran (THF) (Sigma-Aldrich,
spectrophotometric grade) for carrying out the optical measure-
ments. The absorption spectra of the molecules were measured using
an Agilent (Model No. 8341) spectrophotometer. The fluorescence
spectra were acquired using a Spex-fluorolog spectrofluorimeter.
The quantum yields of the molecules were measured using a known
procedure. Bis-MSB [p-bis(o-methyl-styryl) benzene] has been used
as the standard. The absorbance was limited to equal to or less
than 0.1. These measurements may have some error due to
sensitivity of the fluorescence spectrophotometer and other envi-
ronmental conditions.

b. Two-Photon Excited Fluorescence Measurements. To measure
the two photon absorption cross sections, we followed the two
photon excited fluorescence (TPEF) method.’” Bis-MSB dissolved
in cyclohexane (620—710 nm) and C-307 in methanol (710—800
nm) were used as references for measuring TPA cross sections at
different wavelength regions. The laser used for the measurements
was an amplified femtosecond laser (Spitfire, Spectraphysics)
pumped optical parametric amplifier (OPA-800C, Spectraphysics)
which gives tunable wavelengths from 300 to 2000 nm. The input
power from the laser was varied by using a neutral density filter.
An iris was placed prior to the neutral density filter to ensure a
circular beam. The beam was directed onto the sample cell (quartz
cuvette, 0.5 cm path length), and the resultant fluorescence was
collected in a direction perpendicular to the incident beam. A 1 in.
focal length plano-convex lens was used to direct the collected
fluorescence into a monochromator. The output from the mono-
chromator was coupled to a PMT. The photons were converted
into counts by a photon counting unit. A logarithmic plot between
collected fluorescence photons and input intensity gave a slope of
two, ensuring a quadratic dependence between the same. The
intercept enabled us to calculate the two photon absorption cross
sections at different wavelengths.
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Table 1. Characterization Data for RStyrenylOS

mlz (Ag" adduct) GPC ceramic yield (%)
R group MALDI caled M, M, FW PDI actual caled Tas% (°C) Tm (°C, Ny)
H 1349.2 1349.7 1025 1034 1241.8 1.01 38.6 38.7 395 270
p-Me (octamer) 1461.6 1461.9 1257 1278 1354.0 1.02 335 355 283 315
p-MeO 1589.1 1589.9 1262 1283 1482.0 1.02 33.6 324 323 345
p-Cl 1626.8 1625.2 1387 1403 1517.4 1.01 315 31.7 362 310
p-Br 1981.3 1980.8 1321 1350 1872.0 1.02 25.7 25.6 318 330
m-NO» 1710.1 1709.7 1561 1607 1601.8 1.03 29.8 30.0 331 n.a.
Table 2. Characterization Data for R'VinylStilbeneOS
mlz (Ag" adduct) GPC ceramic yield (%)

R' group MALDI caled M, M, FW PDI caled actual Tasq (°C)

H 2162.7 2166.7 1511 1597 2058.9 1.06 23.4 23.8 400

p-Me 2279.9 2279.0 1775 1876 2171.1 1.06 22.1 21.1 390

p-MeO 2404.6 2406.9 1880 2096 2299.1 1.12 20.9 22.6 315

p-NH» 2287.6 2286.9 1374 1549 2179.0 1.13 22.1 20.1 345

Results and Discussion

The objectives of the work undertaken here were (1) to
explore the utility of combining methathesis and Heck
chemistry to produce perfect, conjugated core—shell stars
from OVS; (2) to realize functionality in the first and second
shells for further elaboration; (3) to develop general synthetic
routes to branch points providing access to octa- and
hexadeca-functional 3-D cores as starting points for the
synthesis of more complex stars, dendrimers, or hyper-
branched molecules and nanostructured materials therefrom;
and (4) to investigate the photoluminescence properties of
these novel system for comparison with more highly
conjugated appended aromatics as described by Sellinger et
al.*®

In the following sections we discuss the synthesis and
characterization of these materials and their photolumines-
cence properties in order of their complexity starting with
the styrenylgTs systems, going to the vinylstilbenes, and
ending with hexadecafunctionalized stars.

Synthesis Methods. Cross-metathesis reactions were car-
ried out using commercially available functionalized styrenes
and a first generation Grubbs catalyst.** The reaction mixture
was stirred for 72 h to ensure complete conversion of the
vinyl groups. Since metathesis is an equilibrium reaction,
the reaction can be driven to >99% conversion of OVS to
RStyrenylOS by blowing a gentle stream of N, above the
reaction mixture to remove ethylene formed.

Heck coupling was run using R-styrenes having functional
groups with different electron-donor groups using a 2:1 molar
mixture of Pd[P(#-Bus)], and Pdy(dba); as the catalyst
system.”®

The amino derivative, NH,VinylStilbenOS, was acylated
with 3,5-difunctional (NO,- or Br-) benzoyl chloride using
a standard procedure to provide the first examples of a branch
point at the ends of the star arms. The nitro derivative can
be reduced to the amino derivative, which then introduces
16 functional groups as a first generation 3-D dendrimer as
will be reported later. The bromo derivatives should permit
further functionalization via various coupling reactions. These
compounds also may serve as 3-D cores for forming
dendrimers.

(56) Littke, A. F.; Fu, G. C. J. Am. Chem. Soc. 2001, 123, 6989.

Solubilities. The RStyrenylOS and R'VinylStilbeneOS
compounds are soluble in various organic solvents such as
THF, toluene, dioxane, CH,Cl,, and CHCl;. The R"»-
BenzamideOS compounds (third generation) are soluble in
polar solvents such as THF and DMSO.

Characterization of (RStyrenyl)OS, (R'VinylStilbene)-
0OS, and R",;BenzamideOS. MALDI-ToF Data. MALDI-
ToF data for first and second generation stars are given in
Tables 1 (RStyrenylOS) and 2 (R"VinylStilbeneOS). Figure
5 provides representative spectra for RStyrenylOS. With the
exception of the MeStyrenylOS compound, all the RStyre-
nylOS compounds are perfectly octa-substituted. For the
second generation compounds, no double Heck reactions on
BrStyrenylOS akin to those targeted by Sellinger et al.*® are
observed, due to the large excess of R-styrene used. We were
not able to obtain MALDI-ToF data for R",BenzamideOS,
but 'H- and '*C NMR spectra of these compounds confirm
their complete conversion from their parent material
(NH,VinylStilbeneOS).

298i NMR. *°Si NMR data for selected compound can be
found in the Supporting Information (Tables S-3, S-6, and
S-9). All of the decoupled spectra show a single resonance
at ~ —78 ppm, which indicates that (a) all of the silicon
atoms in each silsesquioxane core are magnetically equivalent
and (b) the magnetic environment around the silicon atoms
does not change from the first generation compounds to the
second and third generation compounds. This is expected

R= CH3
7
N \
1200 1400 1600 1800 2000
R=Br
1200 1400 1600 1800 2000

Figure 5. MALDI-ToF spectra for (RStyrenyl)OS. Octa-substitution was
observed for all RStyrenylOS compounds except (a) MeStyrenylOS; (b)
BrStyrenylOS shown for comparison.



5568 Chem. Mater., Vol. 20, No. 17, 2008

Table 3. Characterization Data for R";BenzamideOS

GPC ceramic yield (%)
R" group M, My, FW  PDI  caled actual  Tysq (°C)
NO, 2003 2089 3087.8 1.04 12.9 10.5 170
Br 2178 2533 31556 1.16 112 10.5 335

since the different functional groups on the styrenyl moieties
of the first generation compounds are too far away from the
silicon atoms to influence their magnetic environments. The
different functional groups on the second and the third
generation compounds are even farther away from the silicon
atoms and as such do not have any influence either.

Gel-Permeation Chromatographic (GPCs) Analyses. GPC
data are presented in Tables 1—3. These materials exhibit
narrow molecular weight distributions, indicating that they
retain their silica cube structures. The values of M, and M,,
as measured by GPC are smaller than the molecular weight
measured by MALDI-ToF but expected from GPC charac-
terization of rigid, spherical molecules using flexible, linear
standards, based on previous results.3°

TGA. TGA was run in air at heating rates of 10 °C/min.
Figures 6—8 show the TGA traces for RStyrenylOS,
R'VinylStilbeneOS, and R",BenzamideOS, respectively. All
of the RStyrenylOS compounds are stable in air to >300
°C, with the exception of MeStyrenylOS, due to the presence
of the
p-methyl group which should readily oxidize given its
benzylic structure. HStyrenylOS has the highest thermal
stability, as expected from its completely aromatic structure.

120

100 -
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~—R =p-Me

| —R = p-MeO
80 —R =m-NO2
—R =p-Cl
—R=p-Br
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Figure 6. TGA data in air (10 °C/min) for RStyrenylOS.
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Figure 7. TGA data in air (10 °C/min) for R'VinylStilbeneOS.
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Figure 8. TGA data in air (10 °C/min) for R",genzamideOS.
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Figure 9. DSC thermogram of HStyrenylOS.

(NO,),BenzamideOS exhibits a lower onset of mass loss,
330 °C, likely because of loss of the nitro groups. Table 3
summarizes the decomposition temperatures and ceramic
yields for R"”,BenzamideOS. As can be seen from the
calculated and actual ceramic yields, the compositions of the
compounds are in keeping with the MALDI-ToF and GPC
data.

The same trend in thermal decomposition is also observed
with the second generation materials. With the exception of
the amino derivative, the rest of the R'VinylStilbeneOS
compounds are air stable to >300 °C. The amino derivative
exhibits a mass gain at ~250 °C, which might arise from
oxidation of the amino groups.

Thermal Behavior of StyrenylOS. It occurred to us that
having a silica core with pendant styrene groups might permit
the polymerization of these groups to form a very novel,
highly cross-linked polystyrene with perfectly dispersed,
monosized nanosilica particles within the polystyrene matrix
in considerable contrast to every other type of filled
polystyrene.>”8

The first step in these studies was to run DSCs as
illustrated in Figure 9 for StyrenylOS. The first heating cycle
traces for HStyrenylOS show endotherms near 210 and 260

(57) Lee, J.; Hong, C. K.; Choe, S.; Shim, S. E. J. Colloid Interface Sci.
2007, 310, 112.

(58) Bachmann, S.; Wang, H.; Albert, K.; Partch, R. J. Colloid Interface
Sci. 2007, 309, 169.
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Figure 10. XRD pattern of HStyrenylOS before and after heating to 300
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Figure 11. FTIR spectra of HStyrenylOS before and after heating to 300
°C.

°C but no exotherms on cooling. These endotherms disappear
in a second cycle. Hot stage optical microscopy shows that
these materials melt over a range of 240—280 °C.

X-ray diffraction (XRD) patterns of HStyrenylOS before
and after heating to 300 °C show that the molten material
does not crystallize on cooling leading to the essentially
amorphous XRD (Figure 10). This also explains the absence
of any exotherms in the cooling cycle and the endotherms
in the second heating cycle in the DSC. FTIR spectra (Figure
11) of the material before and after heating to 300 °C do
not show any distinct differences. However, after heating
the material is no longer soluble, indicating that polymeri-
zation occurs at some stage above the melt temperature. The
exact polymerization process remains unknown to us;
however, it is difficult to envision polymerization of the
internal double bonds as being a facile process. As such the
second endotherm may be evidence for a very difficult uphill
process.

As seen in Figure 12, the Tysq value for polystyrene is
~290 °C, whereas that for polymerized HStyrenylOS is 400
°C. This > 100 °C increase in oxidative stability could arise
for a number of reasons. First, the very uniform dispersion
of silica nanoparticles within HStyrenylOS provides signifi-
cant added heat capacity, thereby limiting oxidative degrada-
tion. Second, as organic is oxidized away from the surface,
the remaining residue becomes enriched in silica and
provides a barrier to further oxidation. Similar observations
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Figure 12. Decomposition of HStyrenylOS and polystyrene (TGA in air,
10 °C/min).
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Figure 13. UV absorption and PL emission of RStyrenylOS in THF.

have been made for silsesquioxane enriched materials
exposed to atomic oxygen.'

Photophysical Properties. UV —vis absorption and photo-
luminescence (PL) of RStyrenylOS and R'VinylStilbeneOS
in THF are shown above (Figures 13 and 14). Both the
absorption and emission spectra show red-shifts from the
corresponding small molecule analogues (styrene and
p-vinylstilbene) untethered to the silsesquioxane core.
RStyrenylOS compounds show smaller red-shifts than
R'VinylStilbeneOS compounds (10—40 nm shifts vs
30—80 nm shifts). This is expected because the conjuga-
tion lengths for the R'VinylStilbeneOS compounds are
twice those of the RStyrenyl-OS compounds. Within both
series of compounds, the red-shifts from the small
molecules become larger as the functional groups at the
silsesquioxane’s vertex become more electron-donating.
The photoluminescence from NH,VinylStilbeneOS is
quenched on reaction with 3,5-difunctional benzoyl
chlorides.

The silsesquioxane core, with a silicon atom attached to
three oxygen atoms, has been suggested to act as an electron-
withdrawing substituent equivalent to a CF; group.>® There-
fore, one would normally expect to observe a blue-shift for
both UV—vis and PL spectra. One possible reason for this
shift is considered below.

(59) Feher, F. J.; Budzichowski, T. A. J. Organomet. Chem. 1989, 379,
33.
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Figure 14. UV—vis and PL spectra of R'VinylStilbeneOS (a: R" = —H,
—Me, and —MeO; b: R" = —NH,) in THF.
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Figure 15. UV—vis and PL spectra of HStyrenylOS and HVinylStilbenOS.

The absorption and emission spectra of HStyrenylOS and
HVinylStilbeneOS in Figure 15 allow us to compare the
photophysical properties of the first and second generation
materials. The two sets of materials demonstrate similar
Stokes shifts of ~50 nm. Both absorption and emission
spectra for the second generation materials are red-shifted
~70 nm from those for the first generation materials. The
spectra show normal 0—O0 transitions typical for conjugated
aromatic compounds, suggesting that the silica core has little
influence other than the slight red-shifts compared with the
organic compounds alone.

The PL quantum yields (®p.’s) for RStyrenylOS are very
low, as observed from the need to characterize their PL
behavior using samples from UV —vis absorption measure-
ments without dilution. ®p’s for R'VinylStilbeneOS were
measured at 320 nm at high dilution to avoid the formation
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of aggregates in solution. ®Pp;’s were calculated using
anthracene and 9,10-diphenylanthracene as standards.’>~*
Their values are shown in Table 4. The observed ®p; for
HVinylStilbeneOS is 36%, which is comparable to that
measured for the corresponding small molecule, p-vinylstil-
bene. The measured ®p. for NH,VinylStilbeneOS is six
times lower as a result of charge transfer (CT) effects in the
solution, which partially funnel the energy away from
luminescence but greatly improve the two-photon cross
section (see Table 5 and Figure S1, Supporting Information),
which led to the two photon studies as follows.

Two-Photon Cross-Section Studies. Molecular compo-
nents assembled in a well-defined three-dimensional geom-
etry can potentially lead to novel electronic, optical, and
nonlinear optical properties. Among nonlinear optical proper-
ties, two-photon absorption (TPA, a third order optical
nonlinearity) has received tremendous research attention in
recent years because of its applications in different areas of
science.®’ Several molecular architectures such as branched,® ~**
dendritic,%® and macrocyclic topologies®”*® have shown
enhanced TPA cross-sections over their linear counterparts.
It has also been shown that when the chromophores are
decorated on silver nanoparticles, there is a strong electronic
coupling between the chromophores, thereby enhancing the
nonlinear optical properties.”” However, when the chromo-
phores are adsorbed on a nanoparticle it is difficult to judge
the orientation and geometry of chromophore on the nano-
particle. If the chromophores are covalently attached to a
known three-dimensional geometry, it is easy to understand
the influence of the molecular orientation as well as charge
transfer character on the two-photon absorption properties.
To this effect, we have investigated the two-photon ab-
sorption properties of the donor—acceptor derivatives of
selected vinyl stilbenes shown in Figure 3 using methods
described in the Experimental Section.

Steady-State Measurements. As noted above the absorp-
tion and emission spectra of the investigated systems
dissolved in THF are shown in Figure 14. The corresponding
optical properties are summarized in Table 4. It can be noted
from the figure that the absorption spectrum of the more polar
derivative (NH,VinylStilbeneOS) has shown structureless
and red-shifted absorption when compared to the less polar
ones (HVinylStilbeneOS and MeOVinylStilbeneOS), sug-
gesting the involvement of a charge transfer transition.

It can also be observed from Figure S-11, Supporting
Information, and Table 4 that the Stoke’s shift increases with
increases in the strength of donor (from HVinylStilbeneOS
to NH,VinylStilbeneOS) suggesting an increased charge
transfer character. The reduction of the quantum yield from
HVinylStilbeneOS to NH,VinylStilbeneOS is also in ac-
cordance with the increased charge transfer character of the
chromophores. It will be interesting to observe how the

(60) Albota, M.; Beljonne, D.; Bredas, J.-L.; Ehrlich, J. E.; Fu, J.-Y.; Heikal,
A. A Hess, S. E.; Kogej, T.; Levin, M. D.; Marder, S. R.; McCord-
Maughon, D.; Perry, J. W.; Rockel, H.; Rumi, M.; Subramaniam, G.;
Webb, W. W.; Wu, X.-L.; Xu, C. Science 1998, 281, 1653.

(61) (a) Chung, S.-J.; Kim, K.-S.; Lin, T.-C.; He, G. S.; Swiatkiewicz, J.;
Prasad, P. N. J. Phys. Chem. B 1999, 103, 10741. (b) Wang, Y.; He,
G. S.; Prasad, P. N.; Goodson, T., Il J. Am. Chem. Soc. 2005, 127,
10128.
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Table 4. Spectral Data of RStyrenylOS and R'VinylStilbeneOS

17, 2008 5571

compound UV Amax (nm) PL Zmax (nm) Dpp. (%) Stokes shift Av (cm™') 6 (GM) @ 780 nm d/group (GM)

HStyrenylOS 260 311 n.a.

MeStyrenylOS 265 315 n.a.

MeOStyrenylOS 275 326 n.a.

Styrene 251 304 n.a.

HVinylStilbeneOS 335 385 36 3966 25 3.1
MeVinylStilbeneOS 338 394 22

MeOVinylStilbeneOS 345 418 16 4947 110 13.8
NH,VinylStilbeneOS 358 482 6 6458 810 101
p-Vinylstilbene 329 374 24

Table 5. Spectral Data of RStyrenylOS and R'VinylStilbeneOS as a Function of Solvent and Two Photon Cross-Sections of Selected

Compounds
Absorption | Emission Dy,
Compound Max (nm) Max (nm) [ Solvent % | Ref
O
307 350 CH:CN 70
Q / Q 311 354 | CH,CN 70
A~ =)

318 375 CH:CN 70
347 379 Hexane, 71
349 407 Et,0, 71
S O \ O 352 418 BuCl, 71
348 433 EtOH 71
351 440 CH5CN 71
324 370 hexane 72
O \ O \ 329 374 | CH.Ch 24 [72
325 369 CHsCN 72
329 370 hexane 72
O \ O 50, 5 335 385 | CH.Cl 36 | 72
331 388 CH:CN 72
335 384 hexane 72
Siowl 338 394 | CH,C 22 | 72
A 334 398 CH:CN 72
339 378 hexane 72
~o O \ Q N ik 345 418 | CH,Ch 12 | 72
s 343 431 CH:CN 72
358 482 CH,Cl 6 72

HoN O \ Q \ SiOq 5
361 507 CHsCN 72

arrangement of chromophores and the charge transfer
character influence the two-photon absorption properties as
will be explored at a later date.

Two-Photon Absorption Measurements. TPA cross-
sections as a function of wavelength are plotted in Figure
S-11, Supporting Information, for all the investigated chro-
mophores. It is clear from the TPA cross-sections that the
cross-section increases with the increases in donor strength
on the chromophore. It can also be noted that the cross-
section per molecule has also increased (Table 4), and it is
increased by 35 times when the donor is changed from
HVinylStilbeneOS to NH,VinylStilbeneOS. This 35-fold
increase of TPA cross-section can be explained by increased
change in dipole-moment term (major factor responsible in
sum-over-states formalism).%> %4

Solvent Studies. The identification of the CT behavior in
NH,VinylStilbeneOS motivated efforts to explore the effects

(62) Bhaskar, A.; Ramakrishna, G.; Lu, Z.; Twieg, R. J.; Hales, J. M.;
Hagan, D. J.; Van Stryland, E.; Goodson, T., IIl J. Am. Chem. Soc.

2006, 128, 11840.

(63) Ramakrishna, G.; Bhaskar, A.; Goodson, T., Il J. Phys. Chem. B 2006,
110, 20872.

(64) Ramakrishna, G.; Goodson, T., IIl J. Phys. Chem. A 2007, 111, 993.

(65) Ramakrishna, G.; Bhaskar, A.; Bauerle, P.; Goodson, T, III J. Phys.
Chem. A 2008, 112, 2018.

(66) Varnavski, O. P.; Xan, X.; Mongin, O.; Blanchard-Desce, M.;
Goodson, T., III J. Phys. Chem. C 2007, 111, 149.

(67) Bhaskar, A.; Ramakrishna, G.; Hagedorn, K.; Varnavski, O.; Osteritz,
E. M.; Bauerle, P.; Goodson, T., IIl J. Phys. Chem. B 2007, 111, 946.

(68) Williams-Harry, M.; Bhaskar, A.; Ramakrishna, G.; Goodson, T., III;
Imamura, M.; Matawari, A.; Nakao, K.; Enozawa, H.; Nishinaga, T.;
Iyoda, M. J. Am. Chem. Soc. 2008, 130, 3252.
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Figure 16. UV—vis and emission data for MeVinylStilbeneOS in three
solvents.
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Figure 17. UV —vis and emission data for NH,VinylStilbeneOS in two good
solvents.

of solvent polarity on its emission behavior. Figure 16
provides UV —vis and emission data for MeVinylStilbeneOS
in several solvents while Figure 17 records the same type of
data for NH,VinylStilbeneOS. What is immediately apparent
is that while the red-shifts seen for MeVinylStilbeneOS are
modest with changes in solvent polarity, those of NH,-
VinylStilbeneOS are quite large by comparison. The extent
of the shift is more impressive when considered against the
shifts of all of these molecules as a function of solvent
polarity. A search of the literature provides a better perspec-
tive of the degree of shift observed. Table 5 lists sets of
representative organic molecule UV—vis and emission
properties as a function of solvent and type of substitution.

The simplest member of this system, stilbene, absorbs
(CH3CN) at 307 nm and emits at 350 nm. The addition of a
p-vinyl group shifts these values to 325 and 369 nm in the
same solvent. Attaching it to the silsesquioxane cage leads
to a red-shift (331 and 388 nm) of less than 10 nm in the
same solvent. The addition of a p-CHj causes a nominal
UV —vis red-shift of 20 nm from the parent silsesquioxane
in emission, to 398 nm with essentially no change in
luminescence quantum efficiencies. However the addition of
a p-CH;0 group shifts the UV—vis about 10 nm from the

(69) Varnavski, O. P.; Ranasinghe, M. I.; Yan, X.; Bauer, C. A.; Chuang,
S.-J.; Perry, J. W.; Marder, S. R.; Goodson, T., IlIl J. Am. Chem. Soc.
2006, 128, 10988.

(70) Samori, S.; Hara, M.; Tojo, S.; Fujitsuka, M.; Majima, T. J. Photochem.
Photobiol., A 2006, 179, 115.

(71) Letard, J.-F.; Lapouyade, R.; Rettig, W. J. Am. Chem. Soc. 1995, 115,
2441.

(72) Measured in this work.
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Figure 18. (a) HOMO and (b) HOMO of [XSiO s]s.”’

parent silsesquioxane but results in a 40 nm red-shift in the
emission maximum to 430 nm. Most surprising of all is that
addition of a p-NH, red-shifts the UV—vis by 30 nm from
the parent silsesquioxane but shifts the emission by 120 nm
from the parent in the same solvent.

If we now consider the effect of adding a N,N'-dimethy-
lamino pendant to the parent stilbene, the UV —vis maximum
is red-shifted 40 nm and the emission 90 nm in the same
solvent. Thus we see that the UV—vis red-shift in
NH,VinylStilbeneOS is smaller than N,N'-dimethylaminos-
tilbeneOS and yet the emission shift is 30 nm greater. One
might argue that this is a consequence of the slightly longer
conjugation length of NH,VinylStilbeneOS, but this should
be reflected in both ground and excited states relatively
equally. That is, the ground-state of NH,VinylStilbeneOS
could be expected to shift at least as much as seen for the
N,N'-dimethylaminostilbeneOS.

There is another explanation that may better describe this
enormous shift. There have now been more than seven
modeling studies of [RSi0;s]s (R = H, F, HO, NH,; alkyl,
etc.) done by multiple groups.”>~”® The majority of these
studies find that the [RSiO; 5]s HOMO involves the 2p lone
pair states of A, symmetry on the oxygen atoms, Figure
18a. Likewise they also find that the LUMO has 4A,
symmetry and involves contributions from all Si, oxygen
atoms, and the organic substituents, is spherical, and resides
in the core center, Figure 18b.”*7® This “core” state is highly
electrophilic and may influence emission behavior.

Indeed, Bassindale et al.””® recently synthesized silses-
quioxanes with encapsulated F~ and suggest that their
stability may be enhanced by interaction with a low lying
LUMO within the core suggesting that the idea is not novel
to us and further supporting our proposed explanation. In
contrast, Pach and Stosser®' recently studied and modeled
the behavior of H* and D™ in [HSiO; 5] and [MeSiO s]s

(73) (a) Ossadnik, C.; Veprek, S.; Marsmann, H. C.; Rikowski, E. Monat.
Chem. 1999, 130, 55. (b) Schneider, K. S.; Zhang, Z.; Banaszak-Holl,
M. M.; Orr, B. G.; Pernisz, U. C. Phys. Rev. Lett. 2000, 85, 602.

(74) (a) Ossadnik, C.; Veprek, S.; Marsmann, H. C.; Rikowski, E. Monatsh.
Chem. 1999, 130, 55. (b) Azinovic, D.; Cai, J.; Eggs, C.; Konig, H.;
Marsmann, H. C.; Veprek, S. J. Lumin. 2002, 97, 40.

(75) Anderson, S. E.; Bodzin, D. J; Haddad, T. S.; Boatz, J. A.; Mabry,
J. M.; Mitchell, C; Bowers, M. T. Chem. Mater. 2008, in press.
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Conclusions

The current work suggests that cubic silsesquioxanes offer
unique opportunities to build new types of 3-D molecular
structures around a nanometer size octafunctional core with
cubic symmetry. The chemistries explored here were meant
only to be representative of the many diverse simple and
complex molecular structures that can be created using these
simple cages as a basic starting point. It is also clear that
these compounds offer unique properties in their own rights
as witnessed by the novel luminescence properties that may
suggest 3-D conjugation in the excited state and in the
formulation of nanocomposites with important new properties
as evidenced by the polymerized styrenyl cage materials.
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