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ABSTRACT:

Hyperbranched poly(dimethylsiloxane)s (HPDMSs) were synthesized by the self polycondensation of

an AB; monomer, [bis(diethylaminodimethylsiloxy)methylsiloxy]dimethylsilanol that was generated in sifu from a pre-

cursor compound, [bis(phenyldimethylsiloxy)methylsiloxy]dimethylsilanol, with bromine and diethylamine. The poly-

merization was carried out at 80°C without any catalysts. The molecular weight (M,,) of HPDMSs increased with elaps-
ing of the reaction time from 5700 to 11500, where HPDMSs turned from liquid to solid with increasing M,,. HPDMSs
with lower M,, showed good solubility from nonpolar solvents to methanol, while higher M,, ones dissolved in ethyl

ether and tetrahydrofurane. Dimethylphenylsilyl group was introduced as an end group by adding dimethylphenylsilanol
at the end of the polymerization. As the end silane-phenyl bond is cleaved with irradiation of UV light, the properties of
HPDMSs with phenylsilyl end group such as viscosity, solubility and 7, were changed after UV irradiation.

KEY WORDS

Linear poly(dimethylsiloxane)s (PDMSs) are widely
used in commercial applications' > such as adhesion,
coating, dielectric fluids, antifoams, medical, and phar-
maceutical applications, because of their outstand-
ing properties.>*!® Recently, the interest of hyper-
branched polymers has been increasing at an amaz-
ing rate because they> ’ are the nearest analogs of
dendrimers having specific rheological properties com-
ing from their globular shape and high functionalities
caused by a number of terminals. Although dendrimers
are usually synthesized by complicated multi-step re-
actions,'? the preparation of hyperbranched polymers
consists of a simpler one-step self polycondensation
of ABx type monomers.”® The study of siloxy-type
hyperbranched polymers must be an especially appeal-
ing target, if one considers the wide-spread applications
of linear poly(siloxane)s® ! as mentioned above. Ac-
cording to the literatures, hyperbranched polysiloxanes,
such as poly(siloxysilane)s'>~ !4 poly(alkoxysilane)s!?
and poly(carbosiloxane)s'® obtained by continuous hy-
drosilylation reaction starting from monomers con-
taining silylhydride and alkene functionalities,!” have
been reported. In these cases, the repeating units
are always composed of silane-carbon moiety as well
as silane-oxygen one. Although we reported step-
wise synthesis of poly(dimethylsiloxane) dendrimers'®
consisted of only silane-oxygen main frame, hyper-
branched poly(dimethylsiloxane)s (HPDMSs) prepared
by one step synthesis have not been reported so far.
HPDMSs, which is supposed to have features useful in
various areas such as catalysts, adhesives, and surface
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active materials,'” would be readily modified and mod-
ulated by the introduction of the tunable end groups.

In this work, we report the synthesis of novel
HPDMSs by continuous formation of siloxane bond
starting from an AB; monomer.

EXPERIMENTAL

Measurements

'H, 3C NMR, and #’Si NMR measurements were
carried out by a JEOL JNM-AL 300 MHz spectrome-
ter in CDCl3 without TMS. Infrared (IR) spectra were
obtained using a Shimadzu FT-IR 8100 Fourier trans-
form infrared spectrophotometer. Gel permeation chro-
matography (GPC) measurements were performed with
tetrahydrofuran (THF) as an eluent using a JASCO
HPLC 880PU with a Shodex KF-802.5 column. Va-
por pressure osmometry (VPO) measurements were
performed in benzene using a Corona Electric VPO
at 40°C. Thermo gravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) were carried out
with a Seiko TGA 6200 and a Seiko DSC 6200 with a
heating rate 10°C min~! under N». Inherent viscosities
(ninns) were measured by use of an Ostwald-type cap-
illary viscometer in THF at 30°C at a concentration of
0.05gdL"".

Materials

N,N-diethylamine and bromobezene were purified
by distillation. Dichlorodimethylsilane and trichloro-
methylsilane were purchased from Aldrich chemical
company and used without further purification. The

275



K.M. KiM, M. JIKEI, and M. KAKIMOTO

solvents such as THF, diethyl ether, and hexane were
dried by distillation over sodium benzophenone ketyl.
Carbon tetrachloride was distilled over CaCl,.

Preparation of ABy Monomer. [Bis(phenyldime-
thylsiloxy)methylsiloxy]dimethylsilanol(6) was pre-
pared by method as precviously reported.'®

Preparation of Hyperbranched Poly(dimethylsilox-
ane) (HPDMS), PA. To a solution of 149¢g
(0.034mol) of 6 in 500mL of carbon tetrachloride,
bromine solution of 28.3mL (3 mol L~! carbon tetra-
chloride) was added. The solution was stirred at
room temperature for 60 min. Excess of bromine was
quenched by flowing the reaction vessel with ethy-
lene gas. To the obtained colorless solution, 9.96 g
(0.14 mol) of diethylamine was dropped at room tem-
perature. After the mixture was refluxed for 24 h, 15.5¢
(0.102 mol) of dimethylphenylsilanol was added, and
refluxed for additional 24 h. The mixture was diluted
with 200 mL of ether and washed with 200 mL of wa-
ter. The organic layer was dried over anhydrous mag-
nesium sulfate, and HPDMS was obtained by precipi-
tation from THF with hexane. Yield 69%, My, /M, =
1.70. 'H NMR (CDCls, § ppm); 7.54 (m), 7.32 (m),
0.33 (s), 0.14 (t), 0.06 (d). 3C NMR (CDCl3, § ppm);
133.01, 129.16, 127.61, 0.70 (m), —2.3, —2.7. °Si
NMR (CDCls, 6 ppm); —1.76, —7.44, —16.66, —21.26,
-57.37, —=65.67. IR (KBr, cm™!); 3074, 2905, 1427,
1259, 1118, 1026, 831, 790, 700. Elemental Anal.
Calcd for C5H3,05Si5: C, 41.23; H, 7.58. Found: C,
41.13; H, 7.46

Preparation of Model Compound (9). Bis(phenyl-
dimethylsiloxy)methyl(diethylamino)silane  (5-NEt,).
The diethylamine 29.3 g (0.4 mol) in 100 mL of ether
was slowly dropped to the solution of 76.2 g (0.2 mol)
of 5 in 600 mL of ether at room temperature. After
the mixture was stirred for 1h, and filtered the di-
ethylaminehydrochloride under N,. The solution was
evaporated and distilled in vacuo to afford the pure

[Bis(phenyldimethylsiloxy)methyl(diethylamino)silane.

Yield 83%, bp 132°C (0.5mmHg) 'H NMR (CDCl;,
6 ppm); 7.42 (m,10H), 2.94 (q,4H), 0.98 (t,6H), 0.35
(s,12H), 0.25 (s,3H).

Bis(phenyldimethylsiloxy)methylsilanol (5-OH). To
150 mL of 3.1 g (0.17 mol) of water was added 71.0g
(0.17mol) of 5-NEt, at 0°C, and after the solution
was stirred for 30 min vigorously, separated the organic
layer. The extract was dried over anhydrous magne-
sium sulfate, evaporated and distilled in vacuo under
Nj. The pure [Bis(phenyldimethylsiloxy)methylsilanol
was obtained as colorless liquid. Yield 67%, bp 135°C
(0.5 mmHg) '"H NMR (CDCl3, § ppm); 7.35 (m, 10H),
0.43 (s,12H), 0.33 (s,3H).
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[Bis(diethylaminodimethylsiloxy)methylsiloxy]dime-
thylchlorosilane (8-Cl). The 91.7mL (3 M) of Br,
was added to solution of 40.3 g (0.11 mol) of 5-OH
in 150mL of carbon tetrachloride. After the mixture
was stirred for 1h at room temperature, the excess
Br, was quenched by ethylene gas. To the solution,
32.9 g (0.45 mol) of diethylamine was dropped at room
temperature and the mixture was stirred for 30 min.

The amino-substutited 5 solution was filtered under
N, and added to 14.2 g (0.11 mol) of dichlorodimethyl-
silane and 11.1 g (0.11 mol) of TEA in 200 mL of ether.
The mixture was stirred for 2 h at 20°C and filtered the
triethylaminehydrochloride. After evaporation of the
solvent, pure [Bis(diethylaminodimethylsiloxy)methyl-
siloxy]dimethylchlorosilane was obtained by distilla-
tion in vacuo. Yield 48%, bp 152°C (0.5 mmHg). 'H
NMR (CDCls, 6 ppm); 2.94 (q,4H), 0.97 (t,6H), 0.43
(s,12H), 0.21 (s,6H), 0.14 (s,3H).

Bis[Bis(phenyldimethylsiloxy)methylsiloxy]-di-dime-
thylsiloxy methylsiloxydimethylsilanol (9). The solu-
tion which have 22.7 g (0.05mol) of 8-Cl and 46.1¢g
(0.11mol) of 6 in 350mL of carbon tetrachloride
was stirred for 8 h at 80°C. After the solution was
cooled at room temperature, added 1.3 g (0.07 mol)
of water and was stirred for 30 min. The organic
layer was separated and the extract was dried over
anhydrous magnesium sulfate. The pure compound 9
was obtained by evaporation of solvent and distillation
in vacuo. Yield 54%, bp 195°(0.01 mmHg).'"H NMR
(CDCl3, ¢ ppm); 7.47(m, 20H), 0.14(s, 30H), 0.43 (s,
24H), 0.06(s, 6H)

RESULTS AND DISCUSSION

Monomer Synthesis

The AB; monomer was designed to have one nucle-
ophilic silanol and two electrophilic silane atom (Si*
species), that was diethylaminosilane unit. In the pre-
vious paper'® for the preparation of dimethylsiloxane
dendrimers, we showed that diethylaminosilane groups
generated from phenylsilane were highly reactive
forward silanol units to form siloxane bonds. Due
to the high reactivity, the diethylaminosilane groups
were prepared in situ by the addition of diethylamine
to the corresponding silylbromide solution which
was also prepared from the corresponding phenyl-
silanes and bromine without isolation. This unique
synthetic method was employed as a propagation
reaction for the synthesis of HPDMSs in the present
study. Thus, the AB, monomer possessing diethy-
laminosilanes as the Si* species was obtained by in
situ operation starting from the precursor compound
having phenylsilane. Preparation of the precursor,
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Scheme 1.
[bis(dimethylphenylsiloxy)methylsiloxy]dimethylsilanol Table I. Results of polymerizaion
6, is shown in eq 1. me® M4 T, Yield
’ q Entry State z > My /M £
x10 K %
CHa _ THG tI?Ha <I:H3 P1? 8 lig. 3.2 1.83 — 48
L i) . s L P2 16  liq 6.3 146  — 74
CI// \CI CI// \N(CHQCHS)Z Ph / N(CH,CHy), Ph// ~ P32 24 SOl. 98 1.69 168 53
HaC HaC HaC HaC
1 2 3 P4° 48 sol. 10.2 1.42 181 69
CH, cH, 3(P1-P3) polymers before the endcapping. ®A polymer hav-
iv) & ——osiMem v ——OSiMe,Ph ing dimethylphenylsilyl terminal. °Polymerization was pro-
. - ' /S'\ A (1) ;! . d .
PhSiMe,0 cl PhSiMe,0 0SiMe, 01 ceeded underdry N, in CCly at 80°C. “Determined by VPO
5 6 in benzene and calculated based on polystyrene standard.

i) (CH,CHs), ii) PhLi iii) H,O iv) SiCl; v) (CHs),(OH)SiOLi

Dimethylphenylsilanol 4 was prepared by hy-
drolysis of compound 3 that was prepared from
dichlorodimethylsilane via diethylamination and the
following reaction with phenyllithium. The precur-
sor 6 was synthesized by the reaction between 4 and
methyltrichlorosilane, then the subsequent addition of
dimethylsilanediol. ~As shown in Scheme 1, AB;
monomer 8 that was not isolated because of instabil-
ity against moisture was prepared by the treatment of
precursor 6 in carbon tetrachloride with bromine to pro-
duce silylbromide 7, and then with diethyl amine.

Polymerization

Polymerization of AB, monomer 8 that was gener-
ated from the precursor 6 in sifu was proceeded through
the formation of siloxane bond. The obtained HPDMSs
had the diethylaminosilyl terminal group. When the
polymerization was carried out at room temperature
for 24 h, a clear liquid was isolated. GC-mass mea-
surement of the liquid only showed the unreacted AB,
monomer which was substituted trimethylsilyl group.
Therefore, the reaction was increased to 80°C. The re-
sults of the polymerization are summarized in Table I.
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*Determined by GPC with THF as eluent.
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Figure 1.
model compound 9 (B), and polymer (C).

3C NMR sepectra of monomer, precusor 6 (A),

The molecular weights increased gradually with in-
creasing reaction time, where polymers P1 and P2 were
obtained as colorless liquid while P3 with 24 h reaction
time and P4 endcapped with dimethylphenylsilyl group
were solid.

The degree of branching of HPDMSs was deter-
mined by '*C NMR spectroscopy (Figure 1). Methyl
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groups at the branching silicon atom (Si(CH3)) in the
polymers must exist in one of three possible local en-
vironments as illustrated in scheme 1. The model com-

Table I1.
poly(dimethylsiloxane)s

Polymer* CCl; Hexane Benzene Et,0 THF MeOH

Solubility of Hyperbranched

pound 9 was prepared as shown in eq 2. From these P1 © © © © 0 ©
spectral data, the ratio of D:L: T in P4 is calculated P2 © © © © o ©
as 1:2.02:0.93. Using the equations derived by Frey P3 o o o © © O

P4 [ [ ] @) © © O

and co-workers,?? we obtained the degree of branching
(DB) was calculated to be 0.49. However, if consider-
ing unusually high integration of the D compared with
other units (L, T), P4 is regarded that might contain the
cyclic dimethylsiloxane structures.

Physical Properties of HPDMSs.  Table 1 shows
glass transition temperature (7;) of HPDMSs. The
polymer having diethyl amine terminal groups, P3 ex-
hibited relatively higher T, of 168 K compared with
146 K of linear PDMS that reflects the curvature struc-
ture of the HPDMS. The fact that P4 possessed a 13 K
higher 7y compared with that of P3 suggested that in-
troduction of the bulky terminal group, 4 increased the
Ty of HPDMSs.

As shown in Table II, solubility of HPDMSs de-
pended on their molecular weight. P1 and P2 were sol-
uble in variety of solvents including the less polar or-
ganic solvents and methanol. The solubility of P3 was
restricted in comparison with those of P1 and P2. Poly-
mer P4, which has dimethylphenylsilyl terminal group,
was soluble in benzene and methanol as well as ether
type solvents. That is, the solubility of HPDMSs was
much better than that of linear PDMSs that are only
soluble in less polar solvent such as toluene. The wide
range of solubility of HPDMSs is caused by highly
branched chemical structure.

Figure 2 presents the change of the UV-visible ab-
sorption spectra of the P4 film before and after the irra-
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Figure 2. UV-Vis. absorption spectra of HPDMS(P4) with ir-
radiation of UV light.

diation of UV light. Due to the unique terminal group,
P4 showed a medium strength of absorption caused
by the m—x* transition of phenyl group in the phenyl-
silane. With elapsing of the UV irradiation time, the ab-
sorption decreased, which was caused by the cleavage
of silane-phenyl bond. As shown in Table III, change
of some properties such as the increase of 7, and vis-
cosities, and the decrease of solubility in solvents was
observed after UV irradiation to P4. As it? is known
that phenyl-silane bond can be cleaved by UV irradia-
tion to afford silyl and phenyl radicals, the crosslinking
reaction between terminal silyl radicals might produced

Polym. J., Vol. 34, No. 4, 2002
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Table I1l. Changes of properties of HPDMSs after UV
irradiation
M, /M, Tlinh T, Solubility
x10* dLg' K Ep,O THF MeOH
P4 1.05/0.74 0.045 181 O © O

P4a 2.45/1.76 0.133 197 ] O [
P4; before irradiation of UV light. P4a; after irradiation of
UV light.

higher molecular weight of HPDMSs.
CONCLUSION

HPDMSs were prepared by the self polycondensa-
tion of a new AB, monomer containing one silanol and
two diethylaminosilyl groups. These hyperbranched
polymers exhibited high solubility and low viscosities,
and showed slightly higher 7's than those of the linear
PDMSs. The Tgs depended on the terminal chemical
structure. In the case of P4 possessing phenyl-silane
terminal group, crosslinking reaction was observed by
UV irradiation. The UV induced crosslinking might be
used for interesting applications, such as photoresist in-
troducing block copolymer system.
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