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ABSTRACT: The synthesis and study of a novel thermosetting, blue photoluminescent, cyclolinear
polycarbosilane (CLPCS) are reported. This cyclolinear polycarbosilane, in which disilacyclobutane (DSCB)
rings alternate with trans-stilbene units (i.e., [—{cyclo-Si(CH3)(CH,),Si(CH3)} —CsH4—CH=CH—-CzH,4—],
(S-CLPCS), was prepared by via acyclic diene metathesis (ADMET) polymerization. The polymer showed
excellent solubility in common organic solvents and blue photoemission with a high emission quantum yield
(@ ~ 0.65). Spin-coated polymer films were thermally or photochemically cross-linked to yield tough,
insoluble films, which showed no significant decrease in photoluminescence intensity relative to that of the
initial polymer film prior to cross-linking. The effect of the DSCB spacers on the processability and optical
properties of the polymers was investigated by preparing a series of alkylene-spaced polycarbosilane

analogues and model compounds.

Introduction

Organosilicon polymers with well-defined fluorophores in
their backbone have received considerable attention as conduct-
ing polymers and also as electroluminescent materials for poten-
tial use in light-emitting diodes.'~” The photophysical properties
of these polymers are determined by the choice of the fluoro-
phores and by the spacers that separate the fluorophores, which,
in the case of certain silylenes and unsaturated organic groups,
can extend the conjugation length through o— conjugation and
become part of the light-absorbing and -emitting chromophore.
This can lead to thermally and/or photoinduced charge deloca-
lization along the polymer backbone as well as appreciable red
shifts in the emission spectra.®~'* Although the extent of o—x
conjugation in these polymers is generally agreed to be slight,
some of these polymers have exhibited significant electrical
conductivity when doped with acceptors such as FeCl; and
SbFs. The introduction of silylene spacers, especially dialkylsily-
lenes, has also been shown to improve the solubility and proces-
sability of such typically rigid-rod-like, fluorophore-containing
polymers.*!1~13

Condensation-based strategies'* and hydrosilylation reac-
tions'** are some of the most common synthetic routes
to fluorophore-containing organosilicon polymers; however,
recently, acyclic diene metathesis polymerization (ADMET)
has been reported by Peetz et al. to provide a convenient route
to silylene- and siloxane-containing photoluminescent poly-
mers and macrocycles.® This work, which employed distyryl-
functional silylenes and siloxanes to produce linear polymers
containing alternating trans-stilbene and silylene linkages and
macrocyclic oligomers, extended the original studies of Wagener
and co-workers, who employed ADMET to develop a variety of
novel organosilicon polymers.>’~*

In 2004, we reported the synthesis of a unique class of
thermally cross-linkable organosilicon polymers, i.e., cyclolinear
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polycarbosilanes (CLPCS), using the ADMET route.”' ~** These
polymers, which contain four-membered 1,3-disilacyclobutane
(DSCB) rings linked by alkylene chains, i.e., [—{cyclo-Si(CH3)
(CH»),Si(CH3)}—(CH»),—1,, are soluble in common organic
solvents and undergo ring-opening at above ca. 200 °C to form
thermally stable, insoluble cross-linked films.>*~*7 The resultant
hydrophobic, low-permittivity (k = 2.4) films were found to have
excellent thermomechanical properties and have been suggested
for use as low-k dielectric materials in electronics processing.

We report here the further extension of the ADMET strategy
to the preparation of fluorophore-containing CLPCS in which
the alkylene {(CH,),} bridges are replaced by trans-stilbene
linking groups. The incorporation of this fluorophore between
the DSCB rings results in a processable photoluminescent poly-
mer that can be spin-coated and thermally or photochemically
cross-linked to yield insoluble, thermally stable thin films. Start-
ing from a distyryl-substituted DSCB, blue-photoluminescent,
trans-stilbene-bridged oligomeric and polymeric cyclolinear car-
bosilanes (S-CLPCS) were obtained in high yield. In addition, we
have prepared stilbene-containing, alkylene-spaced {(CH,), n =
1, 2}, carbosilane oligomers and model compounds and studied
their optical and photoluminescent properties.

Results and Discussion

Synthesis and Characterization of trans-Stilbene Cyclo-
linear Polycarbosilane {S-CLPCS (2a)}. 1,3-Disilacyclo-
butanes, [SiRR'CH,],, are strained 4-membered ring
compounds that undergo facile, thermally induced or transi-
tion metal-catalyzed ring-opening polymerization gROP) to
form poly(silylenemethylene)s, e.g., [SIRR'CH5],.*> There-
fore, the incorporation of such species in a cyclolinear
polymer by ADMET polymerization provides a challenge
so as to avoid significant ring-opening during polymeriza-
tion. We have found that the typical Grubbs (Ru) and
Schrock (Mo) metathesis catalysts can be used effectively
for this purpose if the temperature of the reaction is
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Scheme 1. Synthesis of S-CLPCS (2a)
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controlled.>! ¥ Our prior work employed 1,3-dibutenyl-1,3-
dimethyl- and -diallyl-1,3-dimethyl-1,3-disilacyclobutane as
monomers and involved reduction with toluene sulfonhy-
drazide to yield the fully saturated [—{cyclo-Si(CH3)
(CH»),Si(CH3)}—(CH,),,—], cyclolinear polymers. The same
methodology, without the reduction step, was applied suc-
cessfully to the 1,3-distyryl-1,3-dimethyl-1,3-disilacyclobu-
tane (monomer la) (trans/cis mixture; 55/45) using the
second-generation Grubbs catalyst (Scheme 1) to yield the
corresponding  [—{cyclo-Si(CH3)(CH,),Si(CH3)} —C¢Hy—
CH=CH—-C¢H4—], S-CLPCS (2a) in high yield.

The polymerization of 1a was performed under an inert
atmosphere at 65 °C, resulting in a sticky liquid product (for
details; see the Experimental Section). Gel permeation chro-
matography (GPC) of the product (Figure Sla, Supporting
Information) indicated a broad peak with a polydispersity
index (PDI) of 1.8 (M, = 5400) and a degree of polymeriza-
tion (DP) ~ 18, which is surprisingly high considering the
rigid-rod-like frans-stilbene in the polymer backbone. Pre-
sumably, the DSCB rings impart sufficient flexibility to the
growing polymer chains, allowing them to remain in solution
with the monomer and exhibit sufficient mobility to build up
relatively high molecular weights. In fact, the final polymer
(2a) has a low T, (vide infra) and showed excellent solubility
in common organic solvents, such as chloroform, benzene,
toluene, and methylene chloride. The solubility and mole-
cular weight enhancing effect of the DSCB rings are fur-
ther demonstrated by comparison with the corresponding
alkylene-bridged oligomers (vide infra).

The '"H NMR spectrum of the product showed a peak
at 0 ~ 7.1 ppm indicative of rans-stilbene protons.”® The
3C NMR spectrum evidenced the virtual disappearance
of the signal at 114.29 ppm, attributable to the terminal
vinylic carbons, and a shift in the nonterminal vinylic
carbon signals from 6 134.2 to 6 127.4 ppm, indicating
selective formation of trans-stilbene groups (>99%).

n

The #Si NMR spectrum of 2a showed two distinct peaks
at o —1.76 and 0 —1.52 ppm, which were assigned to the cis-
and trans-DSCB isomers, respectively (Figure S2, Support-
ing Information).

Two specific oligomers (the dimer and tetramer) were
separated from this product by HPLC and were identified
by matrix-assisted laser desorption time-of-flight (MALDI-
TOF MS) using dithranol as a matrix and AgTFA as an
ionizing agent (for details; see Experimental Section). In the
case of the tetrameric oligomer, the loss of one methyl group
(caled m/z = 1300, 1298; exptl m/z = 1285, 1283) was
evidenced in the spectrum; however, the dimeric oligomer
(caled m/z = exptlm/z = 719, 721) showed no such loss of
methyl groups during MALDI-TOF analysis (Figures S3a
and S3b, Supporting Information).

Differential scanning calorimetry (DSC) and GPC analy-
sis of 2a was carried out after removal of relatively lower
molecular weight species by precipitation of the polymer
from chloroform solution using an excess of methanol. GPC
indicated a DP of ca. 27, and the DSC showed a clear second
order transition at T, &~ —27 °C (Figure la) followed by a
broad exothermic peak centered at 223 °C, which is asso-
ciated with the ring-opening and the irreversible cross-link-
ing of the polymer. The energy released during the cross-
linking process can be estimated by calculating the area
under the exotherm and was found to correspond to
~42.45 kJ/(mol of DSCB rings in the polymer), very close
to the value exhibited by the dimer and tetramer and con-
sistent with prior studies of the related polymethylene-
bridged CLPCS.*' Moreover, TGA analysis of 2b showed
no appreciable weight loss up to ~500 °C, with a significantly
higher char yield (280%) on pyrolysis to 1000 °C under N, as
compared to the char yield in air (= 50%) (Figure 1b).
Isothermal TGA plots were also recorded at 400, 450, and
500 °C under N,. A gradual weight loss of 3—8% was
observed at 400 and 450 °C over a 10 h period. At 500 °C,
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Figure 1. (a) DSC plot of S-CLPCS. (b) TGA plot of 2b under N, and
in air. (c) Isothermal TGA plots.

theisothermal TGA plot displayed a total weight loss of 30%
after 10 h (Figure 1¢).

Synthesis and Characterization of Model Compounds and
Oligomers. To gain better insight into the optical and
photoluminescence properties of polymer 2b, we prepared
model compounds that are structurally similar to the chro-
mophore units present in the 2b backbone. Compound A,
which employs trimethylsilyl as the terminal groups, was
prepared by the second-generation Grubbs-catalyzed AD-
MET dimerization of trimethyl(4-vinylphenyl)silane (1b)
(Scheme 2) (see Experimental Section). The '"H NMR spec-
trum of A shows an isolated single peak at 6 7.11 ppm
consistent with trans-vinylic protons (Figure S4, Supporting
Information).?® The other model compound B consists of the
trans-stilbene fluorophore bonded on both sides to 1,1,3-
trimethyl-substituted DSCB rings, thus closely resembling
the arrangement of DSCB rings around the frans-stilbene
fluorophore in the 2b backbone. Compound B was synthe-
sized by the ADMET dimerization of 1,1,3-trimethyl-3-
styryl-1,3-disilacyclobutane (1c¢) (Scheme 3); however,
around 15% (calculated by 'H NMR) of lc¢ remained
unreacted even after 48 h of stirring at 65 °C. The isolation
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Scheme 2. Preparation of (E)-1,2-Bis{4-(trimethylsilyl)phenyl}ethene
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Scheme 3. Synthesis of E-1,2-Bis{4-(1,1,3-trimethyl-1,3-disilacyclo-
butane)phenyl}ethene (B)
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of the pure B (GC purity &99%) was carried out by purifying
the crude reaction mixture by means of column chromato-
graphy (for details, see Experimental Section).

In addition, S-CLPCS oligomeric analogues having trans-
stilbene as fluorophores and alkylene units {(CH,),, n = 1,
2} as spacers were prepared to study the effects of the spacers
on the overall property profile of the stilbene-containing
polymers (Scheme 4). Oligomer mixture C {(CH,),, n = 1}
was prepared by ADMET polymerization of bis(dimethyl-
(4-vinylphenyl)silyl)methane (1d) and was isolated as an off-
white powder. The product was partially soluble in CHCI;
(=70 wt %) and cyclohexane (=60 wt %), after filtration
from undissolved solid. The partial solubility of oligomer
mixture C implies that higher molecular weight fractions
remained insoluble and could not be analyzed by "H NMR
spectroscopy or GPC. The "H NMR spectrum of C mani-
fested typical trans-vinylic proton signals (0 7.1 ppm)
(Figure S5, Supporting Information); additionally, the resi-
dual terminal-vinylic proton peaks were also observed in the
region of & 5—6 ppm. A DP ~ 7 was calculated by integrating
the terminal protons signals in the '"H NMR spectrum of
oligomer C. Also, the GPC of C showed a broad PDI of 1.7
and DP ~ 7, in agreement with the "H NMR integration
results. A similar ADMET strategy was adopted to prepare
the ethylene-bridged {(CH,),, n = 2} oligomer mixture D
using the monomer (le) [bis(dimethyl(4-vinylphenyl)silyl)
ethane]. D exhibited slightly better solubility as compared
to oligomer mixture C showing ~75 wt % solubility in
CHCI; and =70 wt % oligomer solubility in cyclohexane,
again leaving an insoluble higher molecular weight fraction.
The limited solubility of the alkylene-bridged oligomers in
contrast to the excellent solubility of 2b highlights the role of
the DSCB spacers in improving the solubility of the stilbene-
containing polymers.

Optical and Photoluminescence Properties (Solution). The
UV—vis spectra of polymer 2b, the model compounds (A, B),
and the alkylene-spaced oligomers (C, D) showed very
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Figure 2. (a) UV—vis absorbance plots. (b) Emission plots for compound A, compound B, oligomer C, oligomer D, and S-CLPCS.

Scheme 4. Synthesis of the Methylene- and Ethylene-Bridged Oligomers C and D
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Table 1. Summary of UV Maxima (4,5, nm), Extinction Coefficient
(¢), Emission Maxima (4,,,x), and Emission Quantum Yields (®)

UV—vis  extinction coefficient’  emission quantum
entry  (Amax, NM) (e, Lmol 'em™) (Amax, nm)  yield” (@)
2b 326 1.57 x 107 395 0.65
A 321 5.19 x 10° 366 0.14
B 324 1.37 % 107 390 0.30
C 326 1.25 % 107 372 0.21
D 326 1.21 x 107 370 0.29

“Calculated on the basis of number of moles of fluorophore units
{=Si(R|R,)—CcH4—CH=CH—-CH,4—Si(R|R,)—} present in the poly-
mers or oligomers. " Measured relative to Rhodamine solution in water
(see Experimental Section).

similar absorption spectra with absorbance maxima (A,ay)
in the region of 321—326 nm (Figure 2a, Table 1).
The fluorophore —Si(R;R;)—C¢H;—CH=CH—-CsH4—Si
(R;{R»)— present in the aforementioned polymer and model
compounds showed a red shift of ~25—30 nm as compared
to the UV absorbance of frans-stilbene (Apmay ~ 295 nm). This
indicates some o—s interaction between the o-orbitals of
silicon and s-orbitals of the trans-stilbene, as was suggested
previously ®!0:26-36

The emission spectra of these species exhibited somewhat
greater differences in both peak positions and emission
quantum yields (Figure 2b). A exhibited a maximum at 366
nm and a fluorescence quantum yield of ® = 0.14. The
emission maxima of the alkylene-bridged oligomer mixtures
Cand D (C, Apax = 372 nm; D, A= 370 nm) and emission
quantum yields {®(C) = 0.21 and ®(D) = 0.29} were found
to be quite similar to one another and only slightly different

from that of A. In general, these data correspond closely
to the results obtained by Peetz et al. for their silylene-
bridged trans-stilbene polymers.?® On the other hand, the
emission spectra of a solution of 2b showed a maximum
centered at A, = 395 nm, red-shifted by ca. 20 nm relative
to these other compounds and polymers. Moreover, the
emission quantum yield of the 2b solution (® = 0.65) was
2—3-fold higher as compared to the model compounds and
oligomers. Compound B, which also contains DSCB rings,
shows a similar red shift in its emission spectra (.= 390
nm), but its emission quantum yield is apparently consider-
ably lower (® = 0.30). A comparison of the emission
quantum yields of 2b solutions with similar silicon-contain-
ing systems having fluorophores, such as paracyclophane,’’
phenylenevinylene,*** biphenylene,* and phenylene,* indi-
cates relatively higher yields for polymer 2b. It must be noted
that emission quantum yields are dependent on a number of
factors (e.g., the solvents, the standards used for the emission
measurements, the excitation wavelength, etc.) as well as the
type and arrangement of the fluorophores;*!!' 7133738 how-
ever, it appears that the incorporation of the terminal Si
atom in the _SI(R1Rz)_C6H4(CH)2C6H4_Sl(Rle)_
fluorophore into disilacyclobutane rings has a significant
effect on the emission properties of these systems, perhaps
due to the relative proximity of the second Si atom in the
DSCB ring and/or the increased flexibility in the polymer
chains.

Optical and Photoluminescent Properties (Thin Films).
As was mentioned previously, one of the interesting char-
acteristics of the CLPCS is their tendency to undergo ther-
mally induced cross-linking to yield insoluble thin films
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Figure 3. (a) UV—vis spectra of the S-CLPCS films. (b) Emission spectra of the S-CLPCS films.

Scheme 5. Illustration of the Thermal and Photochemical Cross-Linking of the S-CLPCS Films
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(Scheme 5). To evaluate the optical and photoluminescent
characteristics, spin-coated 2b thin films (2200 nm) on trans-
parent potassium bromide pellets were cured at 250 °C/1 h
under vacuum (shrinkage ~ 5%). The resultant films
remained smooth and apparently uniform with no observed
cracking. Moreover, no apparent swelling or dissolution was
observed when the coated pellets were immersed in organic
solvents, e.g., chloroform, cyclohexane, and toluene. The
curing process of the as-spun films was quantitatively mea-
sured via FT-IR spectroscopy by analyzing the intensity of
the sharp peak at 930 cm™' (C—H bending) which, upon
ring-opening, shifts to 1050 cm ™' (broad). The FT-IR spec-
trum of the thermally cured films indicated ~65% ring-
opening. UV—vis spectra of the above thermally cured films
were analyzed directly by UV—vis spectrophotometry, re-
vealing a broad UV absorbance band with a maximum at
around 330 nm (Figure 3a). These films displayed intense
blue-light emission (A,,x = 410 nm) upon excitation at 266
nm with a frequency-quadrupled neodymium-doped yttrium
aluminum garnet laser (Figure 3b). As is evident in this
figure, the films did not show any significant drop in the
emission intensity after curing at 250 °C for 1 h under vacu-
um. However, changing the curing conditions to 350 °C/1 h
under vacuum led to the complete cross-linking of the

Heat (> 200 °C) or UV-irradiation

=
&
-
- - O-""'
— (o VY
- - -

polymer and a total loss of emission for the resultant films.
We also investigated the photochemical cross-linking of 2b
films (200 nm) on potassium bromide pellets under an inert
atmosphere. To study the FT-IT spectra of the photochemi-
cally cross-linked films, as-spun films (200 nm) on potassium
bromide pellets were cured for 2 h under an argon atmo-
sphere in a UV chamber equipped with an ultraviolet ozone-
free lamp (254 nm wavelength). The FT-IR analysis of the
photochemically cured films indicated partial cross-linking
~60% (shrinkage ~4%), and the films were found to be
adherent to the pellets (Figure S6, Supporting Information).
The UV—vis and emission profile of the partially UV cured
films were found to be essentially identical to that of the
thermally cured films.

Conclusions

We have reported an efficient, ADMET-based route to fluor-
ophore-containing organosilicon polymers (S-CLPCS) that
showed excellent solubility in common organic solvents and
could be processed into thin films by spin-coating from solution.
The S-CLPCS solutions displayed blue emission with high
emission quantum yields (® = 0.65) as compared to model
compounds, polymers, and oligomers containing similar fluor-
ophore units. The polymer films were thermally and photoche-
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mically cross-linked to yield solid, blue-photoluminescent films.
No appreciable drop in the emission intensity was noted for
the thermally or photochemically cured films. Moreover, the
effect of the DSCB as spacers in improving the processability
of the polymer was evidenced by preparing alkylene-spaced
oligomers.

Experimental Section

Materials. 4-Bromostyrene, Rhodamine B solution, and
magnesium powder were purchased from Sigma-Aldrich Che-
mical Co. and were used as received. 1,3-Diisopropoxy-1,3-
dimethyl-1,3-disilacyclobutane was procured from Starfire
Systems, Inc., Malta, NY, and was chlorinated using previously
reported procedure.®® The second-generation Grubbs catalyst
(Ru) was obtained from Strem Chemical Co. Trimethylsilyl
chloride and bis(chlorodimethylsilyl)ethane were purchased
from the Gelest Chemical Co. and used without further pur-
ification.

Instrumentation. All of the NMR spectra were recorded on a
Varian Unity-500 MHz NMR instrument. 'H and '*C NMR
sgectra were referenced internally to the solvent peak, and the
2Si spectra were referenced externally to TMS. The molecular
weight of the polymers was measured on a Waters GPC system
equipped with a refractive index detector (Waters 2410) and
three Styragel columns packed with 5 um particles (HRI:
effective molecular weight 100—5000; HR 3: effective molecular
weight 500—30000; HR4: effective molecular weight 5000—
500000) using THF as the eluent at a flow rate of 1.0 mL/min.
The column temperature was set at 30 °C. Molecular weights
were reported relative to polystyrene standards, and a third-
order calibration curve was used to measure the molecular
weight of unknown samples. The HPLC apparatus consists of
a dual piston pump (Knauer, K-501), a six-port sample injector
(Rheodyne, 7125) equipped with a 100 4L injection loop, and
a variable wavelength UV/vis absorption detector (Spectra-
Physics, SP 8480) and operated at a wavelength of 260 nm.
FT-IR experiments were performed on Thermo Electron Corp.
Nicolet 4700 instruments. Thermogravimetric analysis (TGA)
was conducted on a Mettler Toledo TGA/SDTAS851¢ instru-
ment (ramping rate = 20 °C/min). DSC measurements were
carried out with a TA 2920 instrument from —120 to 430 °C
(heating rate 10 °C/min). The UV absorption spectra were
recorded using a Jasco v-530 UV/vis spectrophotometer. The
UV chamber used for photochemical curing is equipped with an
ultraviolet ozone-free lamp (254) nm wavelength (300 W/inch),
Jelight Co., Model 42. Typically, the UV chamber was placed
inside a glovebox, and the films were cured in the UV chamber
under an argon atmosphere with UV dose of 300 J/s for 2 h.
FT-IR spectra were obtained on liquid samples sandwiched
between sodium chloride IR crystal windows using a Nicolet
4700 infrared spectrophotometer. MALDI mass spectra were
obtained using a Bruker Daltonik Ultraflex III MALDI-TOF
mass spectrometer (Bruker Daltonik, Bremen, Germany). Ioni-
zation was performed by a Nd:YAG “smart” laser beam.
Dithranol was used as the matrix. Ionization was performed
by using AgTFA as an ionizing agent. Calibration of the mass
range in linear mode was performed using a protein standard
mixture. All the emission spectra were recorded by excitation
with a frequency-quadrupled neodymium-doped yttrium alu-
minum garnet laser with emission wavelength of 266 nm at room
temperature.

Emission Quantum Yield Measurement. Emission quantum
yields were measured by using Rhodamine B solution as the
standard. The quantum yield of an unknown is related to that of
a standard by eq 1. The subscript u refers to the unknown and s
to the standard, and the other symbols have the following
meanings: @ is the quantum yield, 4 is the UV—vis absorption
at the excitation wavelength, F is the integrated emission area
across the band, and # is the index of refraction of the solvent
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containing the unknown (7, chloroform for unknown) and the
standard (79, water for known) at the sodium D line and the
temperature of the emission measurement.

Dy = AFy/AuFs(n/19) Ds (1)

Synthetic Procedures (Multiple)/,3-Distyryl-1,3-dimethyl-
1,3-disilacyclobutane (1a). Monomer 1a was prepared by the
Grignard reaction of freshly prepared styrylmagnesium
bromide (0.1 mol, 0.5 M) with 1,3-dichloro-1,3-dimethyl-
1,3-disilacyclobutane (0.05 mol, 9.2 g). To prepare styryl-
magnesium bromide solution, magnesium powder (0.5 mol,
12 g) was added to THF (150 mL) under nitrogen, and the
mixture was refluxed for 30 min to activate the magnesium
powder. 4-Bromostyrene solution (0.11 mol, 15 g; in 50 mL
of THF) was then added dropwise to the refluxing mixture.
After 2 min, the temperature of the mixture was brought
down and maintained between 1 and 4 °C with the help of an
ice bath. After the addition of 4-bromostyrene solution,
stirring was continued at room temperature for 6 h. After
analyzing the yield of styrylmagnesium bromide with GC
(yield &~ 95%), 1,3-dichloro-1,3-dimethyl-1,3-disilacyclobu-
tane solution (0.1 mol in 50 mL of THF) was added slowly to
the above Grignard solution at room temperature, and the
mixture was stirred for 12 h, which was followed by over-
night refluxing. Dry methanol (50 mL) was then added to
neutralize the unreacted Grignard reagent. After the separa-
tion of the solution from the precipitated magnesium salt, the
product was extracted with the hexane (50 mL). Evaporation
of hexane at low pressure yielded the product (la) as a
viscous liquid (5.04 g). Yield 55%; GC purity ~ 95%. 'H
NMR (CDCl;, ppm): 0.22 (m, Si—CHj;, 6H); 0.44 (m, Si—
CH,—Si, 4H); 5.18 (m, 2H); 5.72 (m, 2H); 6.66 (m, 2H);
7.17—7.54 (m; aryl CH, 8H). *C NMR (CDCl;, ppm):
—0.15, 2.08, 4.2 (broad), 8.3 (m), 114.29 (d), 125.53 (m),
133.53 (m), 136.65, 138.15, 139.16. ??Si NMR (CDCls, ppm):
—1.52, —1.76.

ADMET Polymerization (Typical Procedure). The AD-
MET polymerization of the monomers was performed in an
inert atmosphere inside a glovebox equipped with a vacuum
outlet for removal of the ethylene. Typically, the reaction
was carried out on neat monomers in a one-necked RB
(equipped with a three-way connector) using the Grubbs
second-generation catalyst (catalyst/monomer; 1:100) at
65 °C. After the RB was introduced into an inert atmosphere
glovebox, the monomer and second-generation Grubb’s
catalyst (100:1 monomer:catalyst) were added, and the mix-
ture was stirred under vacuum at 65 °C. After 6 h, an
additional aliquot of catalyst was added to the mixture.
The catalyst was added periodically (after 6 h) until no
further increase in molecular weight was noted. Removal
of ethylene was performed periodically using the three-way
connector to shift the reaction equilibrium toward the poly-
mer. Once the reaction reaches optimum viscosity, i.e., no
more stirring was possible, the reaction was terminated by
exposing to air. The polymer was then precipitated by adding
methanol (100 mL). The polymer was subsequently washed
with methanol (50 mL) three times to remove the catalyst
residues. The isolated polymer 2a (0.2 g) was then purified
by dissolution in chloroform (1.0 mL) and then gradually
adding methanol (30 mL) to the polymer solution. The
precipitated polymer 2b was isolated and characterized by
multinuclear NMR, GPC, and DSC. S-CLPCS (2a): GPC:
M, = 5400, M,, = 9729, PDI = 1.8. '"H NMR (CDCl;,
ppm): 0.22 (br, Si—CHs;); 0.59 (br, Si—CH,—Si, 4H); 7.17
(br, —CH=CH-); 7.41-7.62 (br, aryl-H). 3C NMR
(CDCls, ppm): 1.1 (br), 4.2 (br), 8.28 (br), 127.21 (br),
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125.12 (br), 130.65 (br), 135.32 (br), 139.3 (br). ?Si NMR
(CDCls, ppm): —1.76, —1.52. S-CLPCS (2b): GPC: M,, =
8100, M,, = 12960, PDI = 1.6. '"H NMR (CDCls, ppm):
0.18 (br, Si—CH3); 0.59 (br, Si—CH,—Si, 4H); 7.1 (br,
—CH=CH-); 7.41-7.62 (br, aryl—H). '3C NMR (CDCl;,
ppm): 1.1 (br), 4.2 (br), 8.28 (br), 127.21 (br), 125.12 (br),
130.65 (br), 135.32 (br), 139.3 (br). *Si NMR (CDCls, ppm):
—1.81, —1.58.

Dimer and Tetramer Oligomer Separation by HPLC.
Separation of the dimer and tetramer oligomers was per-
formed by using reversed-phase liquid chromatography. A
C18-bonded silica column (C18, 100 A pore, 70 x 22 mm)
and a mixture of methylene chloride/acetonitrile (36/64, v/v)
were used as the stationary and the mobile phase, respec-
tively. The temperature of the column was controlled by
circulating fluid from a programmable bath/circulator
(NESLAB, RTE-111) and maintained at 20 °C. The injection
sample concentration of polymer 2a was about 100 mg/mL,
and the flow rate of the mobile phase was 1.0 mL/min. The
dimer and tetramer were separated from polymer 2a and
were characterized by NMR and MALDI-TOF. Dimer: 'H
NMR (CDCls, ppm): 0.12 (Si—CHs;); 0.53 (Si—CH,—Si);
5.18—6.63 (aryl—-CH=CH,); 7.11 (—SiCH=CHSi—); 7.28—
7.43 (aryl—H). *Si NMR (CDCls, ppm): —1.63. MALDI-
TOF: (m/z) = 719, 721. Tetramer: '"H NMR (CDCl;, ppm):
0.16 (Si—CH;); 0.53 (Si—CH,—Si); 5.19—6.67 (aryl—
CH=CH,); 7.10 (=SiCH=CHSi—); 7.3—7.48 (aryl—H).
Si NMR (CDCls, ppm): —1.63, —1.78. MALDI-TOF:
(m/z) = 1285, 1283.

(E)-1,2-Bis(4-(trimethylsilyl)phenyl)ethene (A). Tri-
methylchlorosilane (0.1 mol, 10.8 g) solution in THF
(50 mL) was added dropwise to a freshly prepared solution
of styrylmagnesium bromide (0.1 mol, 0.5 M) in a 250 mL
RB flask, and the reaction mixture was stirred at room
temperature. Stirring was continued for 12 h followed by
overnight reflux. Dry methanol (50 mL) was added dropwise
to the vigorously stirred reaction mixture. The solution
was removed by slowly decanting the supernatant liquid
from the precipitate. The solvents were removed from
the mixture under reduced pressure, and pure trimethyl-
(4-vinylphenyl)silane (GC purity >99%) was finally isolated
by vacuum distillation (yield 90%). Neat trimethyl(4-vinyl-
phenyl)silane (10 g) was ADMET dimerized by the second-
generation Grubbs catalyst in a 100 mL RB under an inert
atmosphere in a glovebox. White crystals were observed
within 2 h of stirring; no further stirring was possible after
6 h owing to the solidification of the reaction mixture. To
isolate the pure A, the white crystals were washed with dry
methanol three times (20 mL), and the residual solvent was
evaporated under reduced pressure. Yield ~ 99%. Melting
point = 155 °C. "H NMR (CDCl;, ppm): 0.26 {Si(CH3)s};
7.11 (2H); 7.24(2H); 7.49 (2H). '*C NMR (CDCls, ppm): —
0.3, 125.67, 127.4, 130, 132.1, 139.21. Si NMR (CDCl;,
ppm): —9.87, —8.71.

(E)-1,2-Bis{4-(1,1,3-trimethyl-1,3-disilacyclobutane ) phe-
nyl}ethene (B). To prepare B, 1 M solution of methylmag-
nesium bromide (25 mL) was added slowly to the neat
1,3-dichloro-1,3-dimethyl-1,3-disilacyclobutane (0.025 mol,
4.6 g), and the reaction mixture was stirred for 10 h at
ambient temperature. 1,1,3-Trimethyl-3-chloro-1,3-disilacy-
clobutane was fractionally distilled from a mixture of di-
chloro- and monochloro-substituted DSCB monomers
(yield &~ 55%). Freshly prepared styrylmagnesium bromide
solution (0.05 mol, 0.5 M) in THF (50 mL) was slowly added
to the 1,1,3-trimethyl-3-chloro-1,3-disilacyclobutane (0.05
mol) in 50 mL of THF, and the mixture was refluxed over-
night. Evaporation of the solvent and the vacuum distillation
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of the crude mixture furnished 1,1,3-trimethyl-3-styryl-1,3-
disilacyclobutane (1c¢) (GC purity ~ 98%). The ADMET
polymerization of the monomer le¢ was performed in the
presence of the second-generation Grubbs catalyst under an
inert atmosphere as described previously. Around 15% of
the monomer remained unreacted even after 48 h stirring and
repeated evacuation of the byproduct ethylene gas. The
isolation of the pure B (GC purity ~ 99%) was carried out
by eluting the reaction mixture throufgh a silica packed
column with hexane. Yield =~ 45%. H NMR (CDCl;,
ppm): 0.22 (m, Si—CHj, 18H); 0.44 (m, Si—CH,—Si, 8H);
7.11 (2H); 7.24 (2H); 7.49 (2H). 3*C NMR (CDCls, ppm): —
0.15, 2.08, 4.2 (broad), 8.3 (m), 125.67, 127.4, 130, 132.1,
139.21. #Si NMR (CDCl;, ppm): —1.61.

Bis(dimethyl(4-vinylphenyl)silyl )methane (1d). Freshly
prepared styrylmagnesium bromide (0.08 mol, 0.5 M) was
added slowly to bis(chlorodimethylsilyl)methane (0.034 mol,
5 g) solution in THF (100 mL) and was refluxed for 24 h.
After the termination of the residual Grignard reagent with
methanol, the supernatant liquid was decanted from the
flask. The solvent was evaporated under reduced pressure,
and the final product was obtained by stirring the crude
product under vacuum for 24 h. Yield ~ 80%. 'H NMR
(CDCl;, ppm): —0.03 (SiCH;, 12H); 0.14 (SiCH,Si, 2H);
5.15 (d, 2H); 5.69 (d, 2H); 6.6 (q, 2H); 7.32 (d, 2H); 7.4
(d, 2H). >*C NMR (CDCls, ppm): —4.08; 6.88; 7.84: 114.91;
125.83; 134.12; 136.76; 138.1; 139.16. *’Si NMR (CDCl;,
ppm): —1.36.

( Methylene-Bridged) Oligomer mixture (C). GPC: M,, =
1900, M,, = 3230, PDI = 1.7. '"H NMR (CDCl;, ppm):
—0.03 (br, —SiCH3), 0.14 (br, —SiCH,Si—), 7.15, 7.32
(br, aryl—H), 7.4 (br, aryl—H). '3C NMR (CDCls, ppm):
—4.08, 6.88, 7.71, 125.23, 133.46, 137.69, 138.1, 139.16. *Si
NMR (CDCl;, ppm): —1.35.

Bis(dimethyl(4-vinylphenyl)silyl)ethane (1e). Bis(chloro-
dimethylsilyl)ethane was dissolved in 20 mL of dry THF and
added slowly to the 2-fold excess of the THF solution of the
styrylmagnesium bromide. After the addition was completed
and the exothermic reaction had subsided, the mixture was
refluxed for 24 h, cooled to room temperature, and added
slowly to 100 mL of dry methanol. The supernatant liquid
was separated by decanting and dried, and all volatiles were
removed under vacuum. Pure compound was isolated by
vacuum distillation of the crude mixture. Yield ~ 65%. GC
purity 2~ 98%. '"H NMR (CDCls, ppm): —0.03 (SiCH3, 12H);
(SiCH,Si, 4H) 0.14, 5.15 (d, 2H), 5.69 (d, 2H), 6.6 (q, 2H),
7.32 (d, 2H), 7.4 (d, 2H). '*C NMR (CDCls, ppm): —4.08,
6.88,7.84. 114.91, 125.83, 134.12, 136.76, 138.1, 139.16. *Si
NMR (CDCl;, ppm): —1.38.

( Ethylene-Bridged) Oligomer Mixture (D). M,, = 2000,
M, = 3400, PDI = 1.7. "H NMR (CDCls, ppm): —0.03 (br,
—SiCH3), 0.14 (br, —SiCH,CH,Si—), 7.17, 7.34 (br, aryl—
H), 7.45 (br, aryl—H). >*C NMR (CDCls, ppm): —4.08, 6.88,
7.71, 125.3, 133.16, 137.79, 138.16, 139.19. *’Si NMR
(CDCls, ppm): —1.36.
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