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ABSTRACT:

Vinyl-functionalized cubic silsesquioxanes were prepared from octakis(dimethylsiloxy)octasilses-

quioxane via hydrosilylation with 6, 5, and 4 equiv. of allylbenzene followed by the reaction with excess 1,5-hexadiene.
The content of hexenyl groups in the silsesquioxanes was determined by 'HNMR and MALDI-TOF MS. Polyaddition
by hydrosilylation of these compounds with bis(dimethylsilyl)benzene afforded polymers with moderate molecular
weight soluble in common organic solvents. Chemical structure and thermal stability of the polymers were character-

ized by NMR, IR, and TGA. [DOI 10.1295/polym;j.36.422]
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Organic-inorganic hybrid materials with well-de-
fined structure have attracted a great deal of attention
as they show not only synergistic properties, but can
also be tailored for specific technical applications.
Polyhedral oligomeric silsesquioxane (POSS), partic-
ularly the cubic silsesquioxane is an interesting class
of inorganic component. It has nanometer-size cubic
structure with wide surface area and controlled poros-
ity, and can be functionalized with a wide variety of
organic groups as monomer in a typical polymeriza-
tion. Use of POSS derivatives as monomer has been
demonstrated to be an efficient method in the design
of nanocomposite materials'™'> as well as in designing
various hybrid polymers with POSS as side
groups'®28 or as chain end,?*! which exhibit desira-
ble unique properties. Laine et al. reported the synthe-
sis of multi-functinal POSS as precursors of nanocom-
posite materials from commercially available typical
silane-functionalized cubic silsesquioxane, octakis(di-
methylsiloxy)octasilsesquioxane (QgMsH) by hydrosi-
lylation 67911

Although many POSS-based nanocomposite mate-
rials or hybrid polymers have been prepared, only
few papers have reported the synthesis of soluble
polymer with POSS in main chain,>*>¢ since cubic
silsesquioxane has eight corners, and it is difficult to
control the number and position of the functional
groups to be introduced. Even efforts to directly intro-
duce two functional groups selectively to POSS suc-
ceeded insufficiently.

In this paper, we studied selective introduction of
two polymerizable vinyl groups to QsMg! via hydro-

silylation with allylbenzene as capping reagent, fol-
lowed by reaction of unreacted SiH groups with 1,5-
hexadiene to introduce polymerizable groups. Copoly-
merization of the products with bis(dimethylsilyl)-
benzene was also investigated to obtain soluble hybrid
polymer with POSS in main chain.

EXPERIMENTAL

General

NMR ('H, 500MHz; 3C, 125.5MHz; *°Si, 99.5
MHz) spectra were obtained in CDCl; on a Varian
Unity INOVA. Chemical shifts are reported in ppm
relative to internal CHCl; (7.26, 'H), CDCl; (77.00,
130), and external tetramethylsilane (0.00, 2°Si). Ana-
lytical and preparative size exclusion chromatography
(SEC) were performed on a JASCO chromatograph,
model Gulliver 900. Combinations of Shodex KF-
801 and KF-802 (exclusion limit M, = 5.0 x 10°),
KF-803L and KF-804 (exclusion limit M, = 4.0 x
10%), and KF-805L and KF-806L (exclusion limit
M, = 2.0 x 107) columns were used for molecular
weight analyses, and two KF-2001 and KF-2002 (ex-
clusion limit M, = 5.0 x 10*) columns for isolation
of the products. THF was used as an eluent at a flow
rate of 1 mL/min for analysis and 2 mL/min for isola-
tion of the products. IR spectra were obtained on a
JASCO VALOR-III spectrophotometer. Matrix-assist-
ed laser desorption/ionization time-of-flight mass
spectra (MALDI-TOF MS) were taken on a Shimadzu
Kratos Kompact MALDI III. The matrix 2,5-dihy-
droxybenzoic acid (DHBA) was dissolved in THF
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(50mg/mL), and mixed with the sample solution
(1 mg/mL in THF) in 1:1 v/v ratio. The samples were
spotted onto the target and dried in air. The measure-
ments were done in linear mode. Spectra were cali-
brated by the use of external calibration reagent, Bra-
dykinin and Insulin B chain were used. The
thermogravimetric analyses (TGA) were performed
on a Seiko SSC/5200H instrument at a heating rate
of 5°C/min under nitrogen.

Materials

Solvents were dried by standard procedures and dis-
tilled before use. Allylbenzene and 1,5-hexadiene
were purchased from Aldrich Chemical Co., Inc.
and distilled from calcium hydride. Platinum 1,3-di-
vinyl-1,1,3,3-tetramethyldisiloxane complex solution
in xylene (2.1-2.4 wt%-Pt) [Pt(dvs)] and octakis(di-
methylsiloxy)octasilsesquioxane (QsM;sH) were pur-
chased from AZmax Co., Ltd. 1,4-Bis(dimethylsilyl)-
benzene (BSB) was prepared from 1,4-dibromo-
benzene and dimethylchlorosilane by Grignard reac-
tion. 2,5-Dihydroxybenzoic acid (DHBA) was pur-
chased from Aldrich Chemical Co., Inc.

Synthesis of Phenylpropyldimethylsiloxy- and Hexenyl-
dimethylsiloxy-substituted Cubic Silsesquioxane (1a)

To a 15mL Schlenk flask were added QgMg"
(0.305 g, 0.3 mmol), allybenzene (0.213 g, 1.8 mmol),
and toluene (3mL) under Argon. Pt(dvs) (10uL)
was added, and the mixture was stirred at room tem-
perature for 12 h. After 1,5-hexadiene (2 mL) was add-
ed, the mixture was stirred for additional 24 h. The
products were filtered through a short Florisil® col-
umn (Et,O eluent), and isolated by preparative SEC.
Removal of the solvent gave a viscous colorless liquid
la (0.370g, yield 65%). 'HNMR: § 0.08-0.13 (m,
48H, SiCH3), 0.56-0.60 (m, 4H, CH,=CH(CH,)3-
CH,Si), 0.61-0.67 (m, 12H, Ph(CH,),CH,Si), 1.30—
1.42 (m, 8H, CH,=CHCH,(CH,),CH,Si), 1.61-1.69
(m, 12H, PhCH,CH,CH,Si), 2.02 (q, 4H, CH,=CH-
CH,(CH,)3Si, J = 7.5Hz), 2.60 (sext, 12H, PhCH,-
(CH),Si, J = 7.5 Hz), 4.91-4.99 (m, 4H, H,C=CH),
5.74-5.83 (m, 2H, CH,=CHCH,), 7.13-7.17 (m, Ph,
18H), 7.23-7.27 (m, Ph, 12H). 3CNMR: § —0.33,
17.46, 22.44, 2499, 32.51, 33.49, 39.52, 114.20,
125.60, 128.21, 128.46, 138.97, 142.48. SiNMR: §
—108.84, 12.67, 12.78. IR (neat, cm™'): 3064, 3028,
2958, 2926, 2860, 1642, 1605, 1497, 1455, 1410,
1346, 1254, 1171, 1090, 841, 795, 764, 746, 698.
MALDI-TOF MS (m/e): 1960, 1925, 1890, 1856,
1819, 1784, 1753.

1b (0.300 g, yield 54%) ([allylbenzene]/[QsMg!] =
5) and 1lc (0.234g, yield 42%) ([allylbenzene]/
[QsMsH] = 4) were prepared similarly. Their NMR
and IR Data were similar to 1la. MALDI-TOF MS
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(m/e) for 1b: 1961, 1926, 1889, 1854, 1819, 1784,
1747, 1712, 1674; for 1c: 1960, 1925, 1889, 1853,
1817, 1780, 1733, 1698, 1662.

Polymerization

To a 15mL Schlenk flask were added 1a (0.370 g,
0.195 mmol), BSB (0.036 g, 0.187 mmol), and toluene
(1.9 mL) under Argon. Pt(dvs) (10 uL) was added, and
the mixture was stirred for 18 h. The products were fil-
tered through a short Florisil® column (Et,O eluent).
Removal of the solvent gave a yellowish materials
P1 [0.389 g, yield 96%, SEC (exclusion limit M, =
4.0 x 10°): M, /M, = 12900/3300]. The higher mo-
lecular weight fraction was isolated by reprecipitation
from Et,O into methanol [0.180¢g, yield 44%, SEC
(exclusion limit M, = 4.0 x 10°): M, /M, = 16800/
6000]. 'THNMR: § 0.06-0.15 (br, 48H, —OSi(CH3),-
CH,-), 0.23 (s, 12H, —C¢H4Si(CH3),CHy—), 0.57
(br, 4H, —-OSiMe,CH,CH,-), 0.64 (br, 12H, Ph-
(CH,),CH,Si), 0.72 (br, 4H, —C¢H4SiMe,CH,CH,—),
1.29 (br, 16H, —-C¢H4SiMe,CH,(CH;)sCH,SiMe,0-),
1.66 (br, 12H, PhCH,CH,CH,Si), 2.61 (br, 12H,
PhCH,(CH,),Si), 7.12-7.19 (br, Ph, 18H), 7.23-7.30
(br, Ph, 12H), 7.47 (s, C¢H;, 4H). BCNMR: §
—3.06, —0.32, 15.64, 17.45, 17.71, 22.93, 23.90,
24.99, 33.17, 33.44, 39.51, 125.60, 128.21, 128.47,
13278, 140.19, 142.48. *SiNMR: § —108.75,
—3.26, 12.75, 12.89. IR (neat, cm~!): 3063, 3028,
2957, 2923, 2857, 1605, 1497, 1455, 1409, 1379,
1346, 1253, 1171, 1090, 839, 796, 765, 746, 698.

P2 were prepared from 1b (0.300g, 0.161 mmol),
BSB (0.043 g, 0.221 mmol), and toluene (2.2 mL) sim-
ilarly [0.325g, yield 95%, SEC (exclusion limit
M, =2.0x10"): M,/M, = 165000/6500]. The
higher molecular weight fraction was also isolated
by reprecipitation [0.118 g, yield 34%, SEC (exclu-
sion limit M, =2.0 x 107): M, /M, = 384700/
15300]. Their NMR and IR Data were similar to P1.

RESULTS AND DISCUSSION

The POSS monomers with different content of vi-
nyl groups (la—c) were synthesized by two step hy-
drosilylation as shown in Scheme 1. In order to cap
a part of the SiH groups, QsMs! were reacted with
6, 5, and 4 equiv. of allylbenzene in toluene for 12h
with Pt(dvs) as catalysts. Subsequently, unreacted
SiH groups were reacted with excess 1,5-hexadiene
for 24 h for vinyl functionalization. The size exclusion
chromatograms (SEC) of the products are shown in
Figure 1.

In the chromatograms, the peaks of desired product
la—c were observed accompanied by oligomeric prod-
ucts depending on the feed ratio of allylbenzene to
QsMg!. 1a—¢ was isolated by preparative SEC. With
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Scheme 1. Synthesis of vinyl-functionalized POSS monomers 1a (X = 6), 1b (X = 5) and 1¢ (X = 4).* *The position of substituents

are not specified.

1 1
10 15
elution time (min)

Figure 1. Change in SEC of the products with the feed ratio
of allylbenzene to QgMg! (X): (a) X =6, (b) X =5, (c) X = 4.

the decrease of allylbenzene in the feed ratio, the oli-
gomeric fractions increased. It is considered that
oligomers are easily formed when higher concentra-
tion of unreacted SiH groups remains, where hexa-
diene acts as bi-functional compound to connect
POSS groups.

'H, 13C, and ¥SiNMR spectra of la—c exhibited
clean signals reflecting chemical structure of the pro-
duced POSS derivatives. The spectra of 1a are shown
in Figure 2. In "THNMR (Figure 2a), vinyl protons
were observed at 4.91-4.99 and 5.74-5.83 ppm. Ali-
phatic protons of 5-hexenyl groups were observed at
0.56-0.60, 1.30-1.42, and 2.02 ppm, and those of 3-
phenylpropyl groups at 0.61-0.67, 1.61-1.69, and
2.60 ppm, respectively. Methyl proton of SiCH; ap-
peared as complicated signals at 0.08-0.13 ppm, be-
cause la is a mixture of POSS with the two substitu-
ents of various compositions at different positions.
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Figure 2. 'H (a), '3C (b), and ?°Si (c) NMR spectra of 1a.

The content of hexenyl groups was estimated by inte-
gral ratio of methylene protons at 2.02 ppm (hexenyl
groups) and those at 2.60 ppm (phenylpropyl groups).
Average molecular weights of 1a—c were calculated as
1894 (1a), 1865 (1b), and 1840 (1¢) by Eq 1. The con-
tents of hexenyl groups, yields, and average molecular
weights of 1la—c¢ are summarized in Table 1. The con-
tent of hexenyl groups almost agrees with the feed ra-
tio. When the feed ratio of allylbenzene was decreas-
ed, the content of hexenyl groups became smaller than

Polym. J., Vol. 36, No. 5, 2004
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Table I. Compositions of substituents on POSS monomers (1la—c)

a Ratio of hexenyl/phenylpropyl Average Yield!
Monomer X (An/Ap)P° molecular weight® (%)
la 6 1.92/6.08 1894 65
1b 5 2.74/5.26 1865 54
1c 4 3.42/4.58 1840 42

2[allylbenzene]/[QsMs!]. "Determined by 'H NMR. ¢Calculated value by Eq 1. “Isolated yield by

preparative SEC.

the theoretical value. It is probably caused by con-
sumption of hexenyl groups in the formation of oligo-
mers. The decrease in yield was similar.

Molecular Weight (MW) of 1
= 1009.91 + 119.18 A, + 83.15 Ay,

1009.91: MW of QgMg

83.15: MW of Ce¢Hy;

A,: relative integral area of PhC3Hg
Ap: relative integral area of C¢Hj;
Ap + A, =38

ey

The '3C NMR spectrum showed clear signals (Fig-
ure 2b). The signals at 114.20 and 138.97 ppm are vi-
nyl carbon, and 17.46, 22.44, 32.51, and 33.49 ppm
are aliphatic carbon of hexenyl groups. The signals
of phenylpropyl groups were observed at 17.46,
24.99, 39.52, 125.60, 128.21, 128.46, and 142.48
ppm. Carbons of SiCH, of hexenyl groups appeared
at 17.46 ppm as overlapped signal with those in phen-
ylpropyl groups. The signal at —0.33 ppm is methyl
carbon of SiCH;. The DEPT spectrum did not show
the existence of CH-carbon arisen from «-addition, in-
dicating that hydrosilylation proceeded selectively via
B-addition. The 2°Si NMR spectrum exhibited three
signals (Figure 2c). The signals at 12.78 and 12.67
ppm are ascribed to CgH;;SiMe,(O-) and PhCs;Hg-
SiMe,(O-), and that at —108.84 ppm to silicon atom
of cubic structure Si(O—)y.

In addition to spectral investigations, la—c were
characterized by MALDI-TOF MS, which has be-
come an extremely valuable tool for the investigation
and characterization of silsesquioxane in the last few
years.’’#® Figure 3 shows the mass spectra in the
1500-2100 m/z range, using DHBA as matrix. la—c
gave spectra corresponding to their [M + H]" ions.
In all case, several peaks were observed and could
be ascribed to general formula of QgMg(CgHyp),-
(C3HgPh),. In the spectrum of la (Figure 3a), al-
though seven components (m = 0-6) were observed,
those with one or two hexenyl (C¢H;;) groups (m =
1, 2) were formed as major components. The compo-
nent with m = 1 was observed as the highest peak for
1a. The intensity of the peak became weaker with the
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Figure 3. MALDI-TOF MS of 1la-c: (a) 1a, (b) 1b, (¢) 1c.

decrease of the feed of allylbenzene, and the peaks
with m = 2-8 became stronger. In the spectra of 1b
and 1c (Figure 3b, c), components with m = 1-4 were
formed in similar concentration as major products.
The assignments of the peaks are summarized in
Table II. Agreement between calculated and experi-
mental values was excellent and comprised within ex-
perimental error. These results indicated that intramo-
lecular cyclization of SiH group and hexenyl group
was not involved in the reaction. The change of the
peak intensity of the products also agreed with the
change in integral area of 'HNMR.

Polyaddition of 1a—c with BSB by hydrosilylation
was carried out in toluene (0.1 mol L~") at room tem-
perature for 18 h with Pt(dvs) as shown in Scheme 2.
With the higher concentration of 1a—c¢ and BSB, the
reaction mixture became insoluble. The equivalency
of BSB to 1 was calculated by Eq 2.

[BSB]/[1] = Ap/2 (2)
Ay, is the same with Table I
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Table II. Assignments of MALDI-TOF-MS of la—c
Exptl m/z ) Calcd
Ia b Ie Assignment [M + HJ*
1960 1961 1960 QsM;g(C3HgPh)g 1961
1925 1926 1925 QsM;g(CgHi1)(C3HePh); 1925
1890 1889 1889 QsMg(CgHy1)2(C3HgPh)g 1889
1856 1854 1853 QsM3(CeH1)3(C3HgPh)s 1853
1819 1819 1817 QsM3(CeH1)4(C3HgPh)y 1817
1784 1784 1780 QsM;g(CgHy)5(C3HgPh)s 1781
1753 1747 QsMg(CeH1)6(C3HgPh), 1745
1712 QsMg(CgHy1)7(C3HgPh) 1709
1674 QsMs(CeHip)g 1673
1733 QsM;s(CeHi1)6(C3HgPh),-Me 1730
1698 QsM;g(CgH1)7(C3HgPh)-Me 1694
1662 QgMg(C()H]])g-Me 1658
RMe,Si ,SiMezR
RMe;Si \ “si— O s/ “sqi@'\sqe
Me Me ’ \O\Sip//lno\Sig)L\SiMez MMe Me
! L g Pt(dvs) / o \ 0
fae + Y H '\S'AIOSII H toluene, r.t., 18 h (0] \ [¢] /
e Me MeaS{-Q:Si-~_ /,O_,SLO\ _
,Si\O/Si: SiMezR
RMesSi” “SiMesR "
P1-3

Scheme 2. Polyaddition by hydrosilylation of 1a—¢ with BSB.
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Figure 4. SEC of polymers: (a) 1a, (b) P1 as produced, (c) P1 after reprecipitation, (d) P2 as produced, (e) P2 after reprecipitation.

The SEC of the polymers are shown in Figure 4
(KF803L and KF804 columns for P1, KF805L and
KF806L for P2), and the results of polymerization
are summarized in Table III. P1 was obtained in good
yield as soluble products, but the molecular weight is
not high and polydispersity is very broad with multi-
modal distribution (M, /M, = 12900/3300, Figure
4b). Apparent monomer fraction at 19.27 min in the
product, presumably completely phenylpropyl-capped
1a, could be removed by reprecipitation into metha-
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nol, and the higher molecular weight fraction was iso-
lated (M,,/M, = 16800/6000, Figure 4c). P1 was
soluble in most common organic solvents, such as
acetone, chloroform, methylene chloride, ethyl ace-
tate, hexane, and toluene, except methanol.

P2 was also obtained in good yield. The molecular
weight and polydispersity are higher and broader than
P1 (M, /M, = 165000/6500, Figure 4d). Branching
degree might have increased with the increase in the
content of vinyl groups in 1b compared with 1a, nev-

Polym. J., Vol. 36, No. 5, 2004
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Table III. Polymerization conditions and the molecular weights

Polymer Monomer Y? Yield” M,c My© PD¢
(%)
P1 la 0.96 96 (44) 3300 (6000) 12900 (16800) 3.9 (2.8)
P2 1b 1.37 95 (34) 6500 (15300) 165000 (384700) 25.3 (25.1)
P3 1c 1.71 insoluble — — —

3[BSB]/[1] calculated by Eq 2. PIsolated yield before (after) reprecipitation. *Determined by SEC with

polystylene standerd.

ertheless the product was soluble in ethereal solvents.
The higher molecular weight fraction of P2 could be
isolated by reprecipitation (M, /M, = 384700/
15300, Figure 4e).

It should be noted that in the SEC of P2 after rep-
recipitation (Figure 4e), a shoulder peak appeared in
the higher molecular weight region, and P2 became
insoluble when left for a while after reprecipitation
and drying. Few remaining vinyl and SiH groups in
P2 may have caused cross-linking. Condensation of
silanol function formed during reprecipitation might
be the most probable reason. In the case of P1, such
change in solubility was not observed.

1c, having higher concentration of vinyl groups
than 1b, was used to react BSB under the similar con-
dition, however, the reaction mixture became insolu-
ble after 1 h. These results indicated that the solubility
of the polymer is dependent on the content of vinyl
groups in the POSS monomer.

The chemical structures of polymers were charac-
terized by NMR and IR. 'H, 3C, and *SiNMR of
P1 are shown in Figure 5. The 'HNMR showed broad
signals (Figure 5a). The signals of vinyl protons of 1a
completely disappeared. The signals of methyl and
phenylene proton of BSB unit were observed at 0.23
and 7.47ppm. In the "CNMR spectrum (Figure
5b), the signal of vinyl carbons also disappeared and
the signals of addition product were observed. The
signal of methyl carbon of BSB unit was observed
at —3.06 ppm and phenylene carbon at 132.78 and
140.19 ppm. The DEPT spectrum did not show CH-
carbon signals, similarly as mentioned above. The
2SiNMR showed clear signals (Figure 5c). In addi-
tion of three signals arisen from 1a, the signal of sil-
icon of BSB unit was observed at —3.26 ppm. These
results indicated that the polymerization proceed with-
out side reaction to produce polymer as shown in
Scheme 2.

The thermal stability of monomer la—c, polymers
P1 and P2 were studied by thermogravimetric analy-
sis (TGA) and the results are represented in Figure 6.
Monomer 1a—c¢ showed on-set decomposition temper-
atures at 438, 437, and 436°C and residue of 26.9,
27.2, and 25.8% at 1000°C. Even with the different
content of hexenyl groups, no obvious difference

Polym. J., Vol. 36, No. 5, 2004
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Figure 5. 'H (a), °C (b), and ¥Si (c) NMR spectra of P1.

was observed in their on-set decomposition tempera-
tures. The thermal stability of the polymer P1 and
P2 increased by about 10°C compared to la—c. P1
and P2 exhibited on-set decomposition temperatures
at 446 and 449°C and residues of 24.4 and 19.0%.
The difference of thermal stability by the influence
of the molecular weight was hardly observed.

CONCLUSIONS

Successful synthesis of a soluble organic—inorganic
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Figure 6. TGA of la—c, P1 and P2.

hybrid polymer with POSS units in backbone was de-
scribed. The vinyl-functionalized POSS monomers
were prepared from octakis(dimethylsiloxy)octasilses-
quioxane (QgM;s!) via hydrosilylation with 6, 5, and 4
equiv. of allylbenzene, followed by reaction of un-
reacted SiH groups with excess hexadiene. The struc-
tural analysis of the monomers proved that reaction
proceeded selectively in B-addition and did not in-
volve any side reaction such as intramolecular cycli-
zation of SiH group with hexenyl group to give mono-
mers with general formula QgMg(CeHy1),,(C3HgPh),,.
The content of hexenyl groups of POSS was deter-
mined by "HNMR and MALDI-TOF MS. Polyaddti-
tion by hydrosilylation of these compounds with bis-
(dimethylsilyl)benzene afforded moderate molecular
weight polymers soluble in common organic solvents.
Thermal property of the polymers was improved a lit-
tle by the incorporation of POSS unit in the polymer
structure.
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