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Abstract: We describe the precision synthesis schemes of siloxane-containing polymers, i.e., the control of their
molecular weight, stereoregularity, and higher-order structures. First, we found a new catalytic dehydrocoupling
reaction of water with bis(dimethylsilyl)benzene to give poly(phenylene-disiloxane). Together with this reaction, we
applied hetero-condensations to the synthesis of thermally stable poly(arylene-siloxane)s. The dehydrocoupling
reaction was applied to the synthesis of syndiotactic poly(methylphenylsiloxane) and poly(silsesquioxane)s, which
we also prepared by hydrolysis and deaminative condensation reactions. We discuss the tendency for loop formation
to occur in the synthesis of poly(silsesquioxane) by hydrolysis, and provide comments on the design of functionality
of the polymers produced. By taking advantage of the low energy barrier to rotation in the silicon-oxygen bond, we
designed selective oxygen-permeable membrane materials and liquid crystalline materials. The low surface free
energy of siloxane-containing systems allows surface modification of a blend film and the design of holographic

grating materials.
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Introduction

The importance of controlling the molecular weight, ste-
reoregulality, and higher order structure of the polymers has
become well-recognized as necessary for developing the
most desirable properties of polymers. This is also true for
silicon-containing polymers. Although silicon compounds
are often used as protective or activating groups in organic
and polymer syntheses,"” the silicon moiety is not contained
in the resulting products in many cases. If the silicon com-
ponents remain in the products, new characteristic function
will appear as silicon-containing polymers.

Silicon-containing polymers,’ such as poly(siloxane),® poly
(carbosilane),’ and poly(silylene)® have practical importance
in the applications for rubber, gas separation and pervapora-
tion membrane, precursor of silicon carbide, photo- and
electroactive polymers, but they have been insufficiently
studied in relation to their chemical structure, such as
molecular weight, stereoregularity, and higher order structure.
If the reactions for the polymerizations of silicon com-
pounds are controlled, the resulting polymers are expected
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to exhibit unique properties reflecting the controlled structure
of the polymers. In this review, application of dehydrocou-
pling reaction to the synthesis of poly(phenylene-disiloxane)
is described first, and the application of the reaction together
with hetero-coupling condensation reactions are described
to synthesize variety of the controlled structure of siloxane-
containing systems. Finally, functional designs of siloxane-
containing polymers based on dynamic and surface active
properties are described.

Polymers Containing Silphenylene Moiety via
Catalytic Dehydrocoupling Polymerization

Silarylene-containing polymers, which exhibit a wide range
of physical properties depending on their composition and
structure, have received considerable academic and industrial
interests over the past 40 years.” One of the prominent pro-
perties of silarylene-siloxane polymers is their excellen:
thermal stability. Most of the methods employed for the
synthesis of silarylene-siloxane polymers up till now are the
self-polycondensation of arylenedisilanols or the copoly-
condensation of arylenedisilanols with other bifunctional
compounds.® However, the preparation of arylenedisilanols
requires many tedious procedures, and no industrially fea-
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sible synthetic pathway to the arylenedisilanols has yet been
found. This obstacle still stands in the way to the commer-
cialization of these useful polymers although they were first
prepared in laboratory as early as in 1960s.

We found the construction of Si-O linkage by catalytic
dehydrocoupling reaction of organosilanes with water or
labile hydrogen containing compounds as shown in Scheme
1.° It was found that the easily accessible 1,4-bis(dimethyl-
silyl) benzene (p-BSB) could react with water in the presence
of a catalytic amount of transition metal (Pd, Pt, Rh, etc)
compounds at room temperature to afford high molecular
weight poly[(oxydimethylsilylene)(1,4-phenylene)(dimeth-
ylsilylene)] with evolution of H, as the only by-product. We
extended the reaction to the polymerization of p-BSB with
other labile-hydrogen-containing compounds, such as ammo-
nia, disilanol, aliphatic and aromatic diols, and dicarboxylic
acids to prepare a series of silphenylene-containing polymers,
including polycarbosilazane, polycarbosiloxanes, poly(silyl
ether)s, and poly(silyl ester)s. The Si-O (Si-O-Si or Si-O-C)
and Si-N linkages could modify the chemical and physical
properties of polymers and render some useful functionality,
such as excellent low temperature properties (low 7,s),
chemo- and biological degradability. Pd,(dba); is an excel-
lent catalyst for the polymerization of p-BSB with water to
give a high molecular weight polymer (M, = 16,300) at room
temperature in a short time (2 h), showing a high catalytic
activity for both the hydrolysis of Si-H and the Si-O-Si bond
formation steps. Several attempts made by other research
groups to prepare polysilazanes by the dehydrocoupling
reaction of organosilanes with ammonia or amines in the
presence of Ru;(CO);,;, Rhs(CO),, or dimethyltitanocene
(Cp,TiMe,) resulted in the formation of rather low molecular
weight products (M, < 3,000)." In our case, when an
ammonia solution in 1,4-dioxane (0.5 M) was used to poly-
merize with p-BSB in the presence of Pd,(dba); at room
temperature, a polymer with a relatively high molecular
weight (M, = 7,100) in 76.1% yield (confirmed by the size-
exclusion chromatography (SEC) curve of the reaction mix-
ture) was formed after reacting for 72 h.

H,
Me Me Pd,(dba)s Me l\'/Ie
e N ey
Me

Me Me Me |,

Scheme 1

The Pd,(dba); was not a proper catalyst for the polymer-
ization of p-BSB with aliphatic diols like ethylene glycol
and 1,3-propanediol, and rather low molecular weight poly
(silylether)s were obtained (M, = 1,000~3,000). On the other
hand, 10% Pd/C was an efficient catalyst to afford higher
molecular weight (M, = 9,400 and 12,400, respectively) at
an elevated temperature (50°C) in 3 h. Poly(silyl ester)s
containing -Si-OCO- linkages, as a new class of degradable
polymers with variable and predictable degradation behavior,
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have a potential application for controlled drug release sys-
tems. These polymers were only successfully approached by
transsilylation reactions between o, a-bis(trimethylsilyl) esters
and o, w-dichlorosilanes. The cross-dehydrocoupling poly-
merization of p-BSB with adipic acid could afford a poly
(silyl ester) (M, = 4,400) under a mild condition (50°C, 20 h),
demonstrating that this is an efficient alternative route to poly
(silyl ester)s. An aromatic dicarboxylic acid, terephthalic acid,
was also used to react with p-BSB under the same conditions.

Differential scanning calorimetry (DSC) analyses of poly-
mers indicate that as the constitutional unit (X group)
between silphenylenes was varied from -O- to -O(CH,),0-
and -O(CH,);0-, the glass transition temperature (7,)
decreased markedly from -19.1 to -38.0 and -43.7°C, res-
pectively. On the other hand, introducing -OSi(Ph),O- and
-O(0-C¢H,)O- groups increased the T, to -3.3 and 2.7°C,
respectively, indicating that incorporating aromatic groups
in both side chain or main chain increased the batrier of the
longitudinal motion of the polymer chains. While polycar-
bosilazane with X = NH and poly(silyl ester) with X = -OCO
{CH,),COO- showed similar or a little higher T,s (-10.5 and
-14.2°C, respectively). In addition to a glass transition tem-
perature, polymers from p-BSB with H,O and NH,; also
exhibited a melting point T,, (123.5 and 92.5°C) and a crysta-
llization temperature 7, (34.0 and 37.6°C). A well-developed
spherulite texture was observed for polymer (X =-0O-), and
nematic schlieren structure for polymer (X = -NH-) (Fig-
ure 1).

The influence of the structure of X groups on the thermal
stability of polymers was studied by thermogravimetric
analysis (TGA) and the results were represented in Figure 2.
Polymer having X=-O-, a well-known thermally stable
polymer, showed an on-set decomposition temperature at
475°C and a residue of 28.3% at 600°C (at a heating rate
of 5°C min™ in nitrogen). As the X groups were changed to
-NH- and -OSi(Ph),0-, no obvious changes were observed
in their on-set decomposition temperatures (7,=480°C
{X =-NH-) and 469°C (X =-0Si(Ph),0-), respectively),

Figure 1. Crystalline textures of (a) the polymer from p-BSB
with H,O (X=-0-), and (b) the polymer from p-BSB with NH;
(X=-NH-).
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Figure 2. TGA curves of polymers at a heating rate of 5°C min™
under nitrogen (50 mL min™).

while the residual weight of the latter polymer was remark-
ably increased (64.9%) comparing to that of the polymer
having X =-O-. On the other hand, incorporating -O(CH,),O-,
-O(CH,);0-, -O(0-C¢H4)0O-, and -OCO(CH,),COO0- groups
into main chain greatly decreased the thermal stability of
these polymers.

However, when application of these polymers is considered
as highly temperature-resistant insulating materials in demand
in computer chip fabrication technology, the materials require
not only high thermal stability but also high mechanical
strength and low crystallinity.

At first, copolymers from p- and m-BSB and water in var-
ious isomeric ratios were prepared (Scheme II)."'

it was found that there is a tendency for the molecular
weight of the polymer to become small as the feed ratio of
m-BSB increased, because of the formation of cyclic oligo-
mers."”

'H NMR spectra of the polymers from p-BSB or m-BSB
and water showed simple signals reflecting their regular
structures, while those of the polymer from the mixture of
p- and m-BSB with water showed splitting signals. To esti-
mate the reactivity of each isomer, it is necessary to estimate
the sequence regularity of the polymer. The split methyl
proton signals seem to be overlapped, and it is difficult to
estimate the definite sequence regularity of the polymer.
Contrary to this, signals of aromatic protons split and can be
reasonably considered to reflect the triad regularity of the
monomer sequence in the polymer. The relative intensity of
the signals changed linearly with the change of the feed
ratio. By considering the amounts of monomers consumed

pmm ppp | ppm

770 7.60 756 752 7.48
ppm

7.78 774

Figure 3. Influence of triad regularity on NMR spectra of poly-
mers.

in oligomer formation, the real probability of the triad can
be calculated from the polymer composition, which coin-
cided well with the measured values. This result strongly
supports the equal reactivity of p- and m-BSB in the dehy-
drocoupling reaction with water.

Thermal properties of these polymers were investigated
by DSC and TGA. With the increase of m-BSB unit, the 7,
decreased from -23 to -49°C. Crystallinity observed in the
polymer obtained from p-BSB and water was removed by
incorporating a small amount of m-BSB unit. T, was not
changed so much by the difference of the isomeric chemical
strocture.

We also investigated the further modification of the poly-
mer structure by the introduction of rigid aromatic moieties.
Among them, the polymer obtained from the cardo-type
9,9"-bis[4-(dimethylsilyl)phenyl}fluorene with water (PBSF)

. o
Me Me Me Me Pdy(dbaly Me Me Me Me

m H-ésa‘@——#i-fs + n H—ée~©—$@—u + (men) HO o] -:Si~©~§i ran—0—Si S
Me Me Me Me Me Me \ Me te

Scheme I1
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Table 1. Dehydrocoupling Polymerization of Isomeric BSB*

Isomer Ratio”

— Yield [%]” M, MM T, T, T, T,
Feed Composition”
100/0 100/0 87 34,800 1.66 -23 15,95 127 505
70/30 74126 76 30,400 1.65 -33 - - 505
50/50 57/43 72 26,800 1.66 -38 - - 506
30/70 38/62 62 24,200 1.68 -44 - - 505
0/100 0/100 50 16,800 1.72 -49 - - 505

“reaction conditions: 10 mmol of isometric BSB and 10 mmol of water in 4 mL of THF; 25 pmol of metal; 3 h in room temperature.

*[p-BSB/m-BSB].

showed the highest thermal stability, and it showed much
superior thermal and mechanical properties to commonly
used polyimide and epoxy resins."”

For further improvement of thermal properties of the
polymer, some functional groups such as vinyl, hydride,
hydroxy, and epoxy groups, instead of methyl group on
silylene unit were introduced into the polymer structure.
Polycondensation of 1,4-bis(V,N-dimethylaminomethylvinyl-
silyl)benzene (VSB) or 1,4-(N,N-dimethylaminomethylsilyl)
benzene (HSB) with 1,4-bis(dimethylhydroxysilyl)benzene
(HOSB) gave the alternating polymers (Scheme III). From
the 'H, '*C, and ’Si NMR data, these polymers have exactly
alternating structures. When the oligomer having hydroxy
groups on its terminal (0HOSB, M, = 2,800, M,/M, =1.03)
which was prepared by the dehydrogenative coupling of p-
BSB and water in the presence of palladium catalyst was
used instead of HOSB, the polymer which has BSB unit as
a main component and vinyl or hydride group in the rest of
the units was also obtained.

Vinyl and hydride groups can be converted to hydroxy

Me i
Me,N- Sn Sl NMe, + H*[O S|~©-31+ +O Sl—@—&—(O Si
Me

‘estimated by '"H NMR. “after 3 reprecipitations in methanol. “estimated by SEC with polystyrene standard.

[Me Me Me Me T
At A7

OOy
-0

n

Figure 4. Silarylene-siloxane polymer having cardo-type arylene
unit (PBSF).

and epoxy groups by the hydroboration using 9-BBN (9-
bora-[3.3.1]-bicyclononane) and following oxidation reac-
tion of vinyl group and hydrosilylation of hydride group
with allyl glycidyl ether by platinum catalyst, respectively
(Scheme 1V).

Among them, it was found that the polymer prepared
from VSB and HOSB showed the highest thermal stability
(Tgonser = 498 °C, Tspt. yeigne = >800°C, residual weight at 800
°C = 67%). It suggests that the introduction of vinyl group

H,

HNMe;

R
VSB : R = CH=CH, HOSB:m=1
HSB:R=H oHOSB: m=m
Scheme 111
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Scheme IV
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Table II. Comparison of Thermal Properties of PBSF with
Those of Conventional Resins

Coefficient of Thermal Expansion

Polymers Tg [OC] [ X 105/0c]
PBSF 161 9
Polyimide Resin 400 66
Epoxy Resin 150 6

improves the thermal properties of the polymer most effi-
ciently. Further introduction of vinyl group into the polymer
structure was also investigated (Scheme V). By changing
the polymerization method, the vinyl content of the polymer
was controlled from 25 to 100%. The glass-transition tem-
peratures of these polymers are still not high (-50 to -30°C),
but their thermal degradation temperatures become much
higher than the other polymers prepared previously. Among
them, all-vinyl substituted polymer showed the highest ther-
mal stability, and its residual weight at 1000°C was 90%.

Poly(silsesquioxane)s

Dehydrogenative polycondensation reaction can be applied
to the synthesis of poly(silsesquioxane), having the empirical
formula RSiO, s (R= Ph, Me, H etc) by using trifunctional
RSiH; as a monomer."* Generally, poly(silsesquioxane) is
prepared by hydrolysis and condensation of trichlorosilane or
trialkoxysilane in the presence of acid or base as a catalyst.'®
The reaction usually gives high molecular weight products,
but control of chemical structure of the formed polymer is
not easy because of the occurrence of Si-O bond cleavage
and recombination processes.

Pd,(dba);, reported® as an efficient catalyst for the dehy-
drocoupling polymerization, gave high molecular weight
product with apparently broad and roughly bimodal distri-
bution after 42 h (Figure 5(b), M,./M, = 21,400/1,750). The
lower molecular weight fraction could be removed by repre-
cipitation into ethanol/hexane. The insoluble fraction was
proved to be a high molecular weight polymer (Figure 5(b),
M, /M, = 62,200/25,400). '"H NMR spectrum of the polymer
showed two broad signals at around 2.70~3.60, and 6.40~
7.80 ppm, which are ascribed to hydroxyl and phenyl pro-
tons. Si NMR spectrum exhibited main signals at -79.1~

!\IAe hIAe
MezN—S|i‘®—Sli~NMe2 +

R R

VSB : R = CH=CH,
ASB . R=Me

Me n-hexylamine-
1

Me Hz0., buffer
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@

i i v i
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Figure 5. (a) Abbreviation of siloxane structure, (b) SEC, and (c)
¥Si NMR of the polymerization products.

70.45, and -67.97 ppm, which are assigned to PhSi(O-),
(T%), PhSi(0-),0H (T?) and PhSi(O-)(OH), (T") structure,'’
respectively (Figure 5(c)). The area ratio is roughly 60 : 31 :
9. The fact that the polymer is soluble in common organic
solvent strongly suggests that the polymer has only small
amounts of cross-linking even with about 60% of T° structure.

To obtain the insights of the polymerization at initial stage;,
the polymerization was stopped after 30 sec by capping the
products with trimethylchlorosilane (Me;SiCl). Some of the
peaks in SEC chromatogram were separated and character-
ized. These are PhSi(Me;SiO);, PhSiH(Me;SiO)-,
(Me;Si0),PhSiOSiPhH(OSiMes), {(Me;Si0),PhSi},0, and
{(Me;Si0)PhSiO};. These compounds should be formed
from phenylsilanetriol {PhSi(OH);} and phenylsilanedicl
{PhSiH(OH),}. It should be stressed that no phenylsilanz
(PhSiH;), nor phenylsilanol (PhSiH,OH) was detected in

HOii—< >—§Si’OH _—252 O-Zie—< >—-glii0—8i—< >“\SI A
N N + R RN NG

n-hexylamine-

Scheme V
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the reaction system. This fact suggests that hydrolysis of
SiH function with water by Pd catalyst is fast in the very
early stage of the reaction, and that not only the first but also
the second silane functions are more reactive than the third
silane function toward hydrolysis. Dehydration reaction of
{PhSi(OH),} is a relatively slower process compared with
the reactions which consume SiH function.* This inference
is in accordance with hydrogen evolution from the system,'
where a violent evolution of hydrogen corresponding to about
70% of calculated amounts occurred in the initial 10 sec,
and almost quantitative amount of hydrogen was generated
{16.5 mL (the calculated amount, 16.8 mL)} after 60 sec.

»Si NMR analysis was carried out to detect the progress
of the polymerization (Figure 5(c)). In *Si NMR after 15
min, basically five kinds of signals were observed at around
-784, -70.5, -67.4; -65.9, -62.8; -60.7, and -47.5 ppm. The
signal at -78.4 ppm is assigned to T*, and that at -70.5 to T".
The signals at -67.4; -65.9 ppm are assigned mainly as T'
(may include the signal of SiOEt, since it was later found that
the stabilizer ethanol in chloroform is reacting with the SiH
function when the reaction system was diluted), respectively.
Sharp signals at -62.8; -60.7 ppm are reasonably considered
to originate from T? of low molecular weight products, for
example, cyclic structure like cyclotrisiloxane. The multi-
plicity of the signals is considered to reflect stereochemical
structures of the cyclic compounds. The signal at -47.5 ppm
might be assigned to PhSi(0-),H (DY), by referring the
chemical shift of (Me;Si0),PhSiH (-49.38 ppm) as in the
case of the signal at 30 sec. In the signal after 30 sec, the
major peaks are observed at -78.5, -70.2, and -47.4 ppm. It
should be stressed that in the very early stage of the poly-
merization, the species present in the system are, T°, T°, and
D* and only small amounts of T' present. After 15 min, the
signal of D" almost disappeared, and instead, the signals of
T? and T' (-70.5, -62.8; -60.7 and -67.4; -65.9 ppm) and T
(-78.4 ppm) became stronger. The signals at -62.8; -60.7
and -67.4; -65.9 ppm assignable to T* and T' decreased
gradually with reaction time after taking maximum, and
became weak after 42 h. Especially the change of T? assign-
able to low molecular weight products is notable. The signal
of T? at -70.5 ppm became stronger and broader with reac-
tion time, and that of T® also became stronger. After 42 h,
the peak of T* became the strongest. The major structure of
polymer is consisted of T* and T* structure.

The results of SEC and *Si NMR indicated that the basic
reactions occurring in this polymerization are (1) fast
hydrolysis of SiH functions of phenylsilane with water, and
(2) cross-dehydrocoupling reaction between SiH and SiOH,
followed by (3) slow condensation of SiOH functions.
Intramolecular cyclization between SiH and SiOH functions
are also occurring in the early stage of the polymerization.
The reactions to give oligomers might be depicted as
Scheme VI

The solubility in organic solvent and the ratio of T', T
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and T° strongly suggest non cross-linked structure of the
polymer having cyclic moiety as shown in Scheme VI
Judging from the structures of initial oligomers, it will be
reasonable to assume that the principal chemical structure
of the polymer is poly{oxy(phenylhydroxysilylene)} with
branched SiH(OH), Si(O-)OH or Si(OH), functions. In the
early stage of the polymerization, when higher concentration
of SiH functions present compared to later stage of the poly-
merization, branching and cyclization should occur more
frequently. Cyclization of D" functions in the branches, or
reaction of {Ph(OH)SiO},(PhHSiO) with T' or T? functions
of the main chain or branches is quite plausible to reduce
the amounts of D", T' or T? relatively to T structure, and
result in 2:3 (T' + T%) and T° ratio in the polymer. Cross-
linking through the condensation of SiOH groups of T2
units seems quite slow.

Interests have been given to the formation of cage shape
poly(silsesquioxane), especially to octa-functional cubic
octasilsesquioxane, octa functional pentacyclo[9.5.1.1*°.
13'° 17¥octasiloxane, or Sg derivatives, such as hydride

Hydrolysis of phenylsilane (PhSiH,)

Ph Ph Ph Ph

i H0 N N 1,
H-5i-H - H-Si-OH + H—SII—OH + HO-S||-OH

f i OH OH

1 2 3 4

Cross-dehydrocoupling of 1, 2, 3, and 4

Dimers Trimers
Ph  Ph ™
H'SIi'O':J?i'H Ph  Ph  Ph
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Scheme V1. Plausible mechanism of dehydrogenative coupling
polymerization between phenyislane and water. “Not isolated.
"Concentration of SiH is very low.
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functionalized Sg-H, or dimethylsilyloxy functionalized Sg-
OMe,SiH as a component to construct nano-structured
composite systems.'” Such Sg systems act not simply as con-
stituents of nano-hybrid systems, but can function in
advanced display technology as a support for amorphous
and functional dye dispersant system, when the radial direc-
tion of attachment of functional groups is considered. To
realize such a system, it is essential to establish a method io
obtain aromatic-substituted cubic Sg systems.

There is a competition during the condensation process
between “intermolecular condensation” to give randomly
branched polymers, and ladder polymers,” and “intramolecu-
lar condensation” to give loop structure, which eventually
forms cyclic polyhedral cage products.”’ Both types of con-
densation products were observed in the system,” and the
products usually contain unreacted silanol groups depending
on their structures. These unreacted silanols have a great
influence on the reactivity, viscosity, and solubility of the
polymer in subsequent processing step.

Recently, Wallace et al.®® reported that high resolution
matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF) could be applied to iden-
tify the products with loop structure formed by intramolecu-
lar condensation of silanols from »n-propyl-, n-decyl-, and 3-
methacryloxypropyltrimethoxysilane. It was pointed out
that there is a significant substituent effect on intramolecular
condensation. The benzene-soluble components in hydrolysis
and condensation reactions of (4-substituted phenyl)tri-
methoxysilane was analyzed by MALDI-TOF MS.*

After 4 h refluxing, precipitates were formed in the systems
of (4-dimethylamino-phenyl)-, phenyltrimethoxysilane and
4-trimethoxysilylbiphenyl. The oligo(silsesquioxane) was
obtained from benzene solution as sticky white to pale yellow
solid. (4-Methoxyphenyl)trimethoxysilane gave only ben-
zene-soluble fraction after hydrolysis and condensation.

QMe o~
R—©-§i-0Me —_ R—O—g-q
OMe Ot

Scheme VII

SEC indicates that products of molecular weight higher
than 1,500 but not higher than 3,000 (polystyrene) were
mainly produced in the benzene-soluble fraction. By *Si
NMR, it was found that all benzene-soluble oligo(silsesqui-
oxane)s showed 2 principal peaks in the range of 6 =-69~-72,
and -78~-81 ppm, assignable to well-known T*> and T
structure.” No T' signal was observed.

When hydrolysis of methoxy groups attached to silicon
atoms occurs, formation and condensation of silanol func-
tions will proceed. The structure and reactivity of the silanol
groups of the initially formed oligo(silsesquioxane) will
basically determine the structure of the products, and even-
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tually the loop structure produced by condensation of silano:
groups. If hydrolysis of the one methoxy group is slower
than the other two methoxy groups, and than condensation
between two silanol groups, linear or low branched struc-
ture will basically be formed as the initial products. SEC
results showed that the condensation of initially formed oligo
(silsesquioxane) proceeds to a stage of formation of oligo
(silsesquioxane) with maximum 8 to 10 silicon atoms. The
aromatic moiety might have functioned to differentiate the
reactivity of three methoxy groups (two methoxy groups of
higher and one with lower reactivity) in the hydrolysis process,
and possibly to give linear like structure soluble in benzene
among many possible condensed oligomeric intermediate.

In the discussion of the oligo(silsesquioxane) structure,
the structure was simplified by representing by dot and line
symbols. Dot indicates the silicon atom, and line siloxane
bond. The dot connected to only 1 line indicates T' struc-
ture. Dot connected to 2 and 3 lines indicates T? and T
structure, respectively.

The oligo(silsesquioxane)s consisting of 6, 7, 8, and n sil-
icon atoms are abbreviated as Sg, S5, Ss, and S,.. In the struc-
ture, T' and T2 are the silanol groups which can further
condense to form loop structure. In this paper, actual ring
size will not be discussed, because it is difficult to identify
the ring size by mass spectroscopy. Typical MALDI-TOF
MS is shown in Figure 7.

The degree of condensation (f) was defined as the extent of
intramolecular condensation of silanol groups as typically

H
(‘:)\}? ‘/:{ Fé R .OH Closed loop
A 1
O/s|\o~S‘|\o// O oH

Rea? O =

$i-oH P |

[e} R,$i/0'~8‘|-OH

OH o]
§i~OH
7N\
R OH [ J Silicon atom
— .-

Figure 6. Typical structure of oligo(silsesquioxane).

841

1049

1069
51192

Intensity [%]

822
963
1017

600 800 1000 1200 1400
Mass [Charge]

Figure 7. MALDI-TOF mass spectrum of soluble fraction in
benzene.
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shown, assuming the formation of 8-membered ring, in Fig-
ure 8 in the cases of 8 silicon atom-containing oligo(silses-
quioxane)s.

In case of 8 silicon atom-containing system, 10 silanols
can condense to form maximum 5 loops structure. There-
fore, degree of condensation by the formation of one loop
(H is 0.20. We wanted to note that there are many possible
structures of f from 0.00 to 1.00, depending on the initial
linear or low branched-structure product formed. When the
fifth loop is formed, the sixth loop is simultaneously formed
too. In case of 7 silicon atom-containing system, 8 silanols
can condense to form maximum 4 loops structure. There-
fore, the degree of condensation by the formation of one
loop (f) is 0.25.

Since one water molecule is lost on each condensation,
the molecular weight is decreased by 18 on each cyclization,
and the molecular weight of oligo(silsesquioxane) can be
calculated by adding 18 (terminal OH and H).

M=nXM,, -18t+ 18 h

where, M is the mass of the oligo(silsesquioxane) with n
silicon atoms, M,,, is the mass of the unit fraction
[0 5(RSIOH)O, 5], and ¢ is the number of loops.

The signals of MS spectra can be classified into several
groups based on the number of silicon atoms (). The number
of non-condensed OH in each compound in the group
depends on the degree of condensation, namely the number
of the loops (#). Hereafter, S,(OH), is defined as oligo(sils-
esquioxane) with n silicon atoms and x non-condensed OH
groups. S,(OH),,; is converted to S,(OH),, when one con-
densation occurs to form one loop (Figure 9).

Each peak in MS was assigned based on eq. (1), and the
degree of condensation (f) was calculated as shown in Table III.

In benzene-soluble fraction, oligo(silsesquioxane)s con-
taining 6 to 9 silicon atoms, with loops but incompletely
cyclized to cage structure, were observed as the main products.
With 4-dimethylamino substituent, Sg and S, fractions were
formed the most with small amounts of S, fraction, and the

amount of Sy was the highest among the compounds studied.
Contrary, Sy was the least for [methoxy (10%)-, non (3%)-
and phenyl (13%)-substituted]phenyltrimethoxysilane. This
seemed to indicate that the intermolecular condensation of
silanol groups in the hydrolyzate of (4-dimethylamino-phenyl)
trimethoxysilane is faster than those with other substituents.
Fractions containing 7 and 8 silicon atoms are the major
fractions of the products, irrespective of the substituent.
Definite trend in the relative rate of the intermolecular con-
densation could not be observed for the different substituents.
Solubility of the compounds and steric effect might also
have big influences on the reaction rate. § silicon atom-con-

HO\H'OH oH HO, LOH
B ®-OH ..o @ 9
W ew £=0.0 F=06 o oo 9
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Figure 8. Degree of condensation of oligo(silsesquioxane) con-
taining 8 silicon atoms.
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OH OH ow OH OH

OH
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Sg(OH)10
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Figure 9. Conversion from Sg(OH),y to Ss(OH)s.

Table ITI. MS Peak and f Values for the Products from Phenyltrimethoxysilane

Structure M, cant M, peas T Jui S I X i XSl Z(F X fun)
S«(OH); 846 841 036 0.27 0.00 0.000 0.000
Ss«(OH)4 828 822 0.09 0.25 0.022 0.061
S,(OH), 966 963 0.1 0.10 0.25 0.025 0.069
S,(OH);(OCHa), 1,022 1,017 0.08 0.25 0.020 0.055
Sy(OH), 1.050 1,049 042 0.10 0.80 0.192 0.529
Ss(OH), 1,068 1,069 0.32 0.60 0.080 0.220
So(OH); 1,188 1,192 0.03 0.03 0.80 0.024 0.066

S.: oligosilsesquioxane with n silicon atoms. f;: height of peak in mass spectrum of oligosilsesquioxane with same number of silicon atoms.
f X fu: mole fraction of oligosilsesquioxane with same number of silicon atoms.
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taining systems had f=0.6 and 0.8. 9 silicon-containing
systems had f=0.80 and 1.00. The degree of condensation
(extent of loop formation) was the highest for 9 silicon-con-
taining systems. It is worth to note that there were not much
oligomer fractions higher than Sy in hydrolysis with any kinds
of 4-substituent of oligo(silsesquioxane)s. It was believed
that the bulky aryl-substituent compared with alky] substituent
had the tendency to give low molecular weight products as
the soluble products composed of mainly S¢- Sy fractions in
weak hydrolysis system using methanolic benzyltrimethyl-
ammonium hydroxide as a basic catalyst.

Se system had little tendency to form loops for any (4-sub-
stituted phenyl)trimethoxysilane (found 9% in only phenyl
substituted system). The high mobility of the molecule might
make the molecule difficult to bring two silanols function
together. Only one loop in low silicon containing system (n
< 7) might not be able to stabilize the system. The tendency
became higher with the increase in silicon number of the
oligo(silsesquioxane), namely S; (maximum f=0.50), Sg
(maximum_ /= 0.80), and Sy (maximum f'= 1.00) formed loops
in much higher concentration. Such loop structure might
become stable when silicon number increased. This tendency
was not much affected by the difference of 4-substituent of
phenyl group.

If the major loop is assumed as 8-membered ring, the
existence of S,(OH),, S.(OH); and almost non-existence of
S/OH), and S,(OH) might indicate easy formation of the
first 8-membered ring (n = 4) as the loop, but successive loop
formations were difficult. The maximum f value of 0.5 for
S, fraction might indicate the difficulty of the formation of
6-membered ring as the third loop. In S system, Ssg(OH),
and Sg(OH), were principal products. Formation of fused
two 8-membered loop with a sheet structure was probable. To
make one more loop, the molecule should be bent. Appar-
ently this process is not difficult, because similar amounts of
Sg(OH), with Sg(OH), were formed. The maximum value of
0.8 for S; fraction might indicate that the loop formation to
cage structure was difficult, becanse the remaining two sil-
anols were not necessary located close to each other.
Although the amounts of Sy were smaller than Sg- Sy, the ten-
dency of forming the complete loop structure was the highest.

Optically Active Polysiloxanes

Control of stereoregularity and optical activity of polymers

e Me; zpe Me; 5mol% [RhCI(cod)l, / EtsN

has been a challenging theme in the field of polymer synthesis.
Configurationally optically active polymers are interesting
as well as conformationally optically active polymers.”® We
reported the synthesis of isotactic poly{(methylphenylsilylene)
trimethylene] having asymmetric silicon centers by the
polyaddition of optically active (S)-allylmethylphenylsilane.”’
However, the optical activity itself is lost in the polymer
since the asymmetric centers of the resulting polymer are
pseudo-asymmetric. One of the practical methods to obtain
configurationally optically active polymers is to prepare
polymers containing optically active stereorepeating unit cf
the type A-X*-B (X*, optically active center; A#B). Based
on this concept, we obtained optically active and isotactic
poly[oxy-(8)-(1-naphthylphenylsilylene)ethylene(dimethyl-
silylene)] by polyaddition reaction of (1.5)-1-(1-naphthyl)-1-
phenyl-1-vinyl-3,3-dimethyl-3-hydro-1,3-disiloxane, which is
the first example of stereoregular and optically active silicon-
containing polymer.”® This polymer was also obtained by
ring-opening polymerization.” In these cases, X*, A, and B
are Si*, O, and CH,, respectively.

Polysiloxane is a class of important hydrophobic silicon-
containing polymer. Poly(dimethylsiloxane)s have been
widely used as silicone oil, silicone rubber, main chain for
liquid crystalline polymers,”® and polymer support for met-
allocene catalyst,”’ as well as other useful materials® by
taking advantage of their highly flexible structure and high
thermal stability. In spite of the existence of pseudo-asyni-
metric silicon centers in unsymmetrically substituted poly
(siloxane)s, their stereoregularity and optical activity are
relatively unexplored compared with hydrocarbon polymer
systems. If stereorgularity and optical activity are induced in
polysiloxanes, the resulting polymers are expected to exhibit
unique properties different from those of ordinary polysi-
Ioxanes without controlled stereochemistry.

Meanwhile, we recently reported the synthesis of optically
active  (S,5)-1,3-dimethyl-1,3-diphenyl-1,3-disiloxanediol
((S,5)-diol).** This (§,5)-diol is considered suitable as the
constitutional units of stereoregular and optically active
polysiloxanes.

Rh-catalyzed cross-dehydrocoupling polymerization of
optically pure (S,S)-diol with (S,S)-1,3-dihydro-1,3-dimethyl-
1,3-diphenyl-1,3-disiloxane ((S,S)-H) [(S,S):(S,R):(R,R) =
84:16:0] was carried out (Scheme VIII).** Diastereomer
mixture of meso/dl-diol and meso/dl-H was also polymer-
ized to prepare atactic PMPS. The stereoregularity of the

Qo o2

S Si_ S Sl
HO™~ 0~ H™ o

(S,S)-diol (S,S)-H
{S.9)(S.R):(R.R) =84:16:0

S| S|
60 °C, toluene, 24 hr \{\ — >~

n

Scheme VIIL. Synthesis of PMPS rich in syndiotacticity.
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Scheme IX. Synthesis of optically active polysiloxane gel.

resulting PMPS was characterized by means of 'H and "*C
NMR spectroscopy. The 'H NMR of methyl protons of atactic
PMPS showed three singlet peaks at 0.04, 0.09, and
0.14 ppm arisen from triad tacticity. From the ratio of these
peaks, singlet peak at 0.09 ppm was assigned to the hetero-
tactic triad signal (H). However, it is not clear which peak
(0.04 and 0.14 ppm) should be assigned to the syndiotactic
(S) or isotactic (/) triad signal. Methyl carbon peaks (/=-0.47,
H=-0.38, $=-0.29 ppm) and meta-carbon peaks (/=127.53,
H=127.49, §=127.43 ppm), in particular, ipso-carbon peaks
(I=137.1, H=136.9, §=136.7 ppm) showed definite splitting
patterns based on the triad tacticity (Figure 10). The triad
tacticity of PMPS prepared from optically pure (S,S)-diol
and (S,5)-H [(S,9):(S,R):(R,R) = 84:16:0] was estimated
as S:H:1=60:32:8. Some apparent decrease in syndiotac-
ticity may be due to the racemization during the polymer-
ization.

Chiral materials with chirality induced by asymmetric sil-
icon atoms in the main chain was not reported. If optical
activity is induced, the resulting poly(silsesquioxane) is
expected to find new potential applications as enantiorecog-
nitive separating membrane or chiral column packing mate-
rials.

The conceptual reaction path of racemic-diol with meth-
yltris(dimethylamino)silane is shown in Scheme IX.* It was
found that the concentration over 3 mol/L of diol is neces-
sary for obtaining insoluble product. The GPC trace and *Si
NMR analysis indicated that, in the early stage of the poly-
merization, cyclization by self-condensation of diol and oli-
gomerization occurred. The first and second amino group of
methyltris(dimethylamino)silane seems to have higher reac-
tivity than that of the third amino group. In the later part of
the polymerization, branching occurred by the reaction of

(a)

| ] I I | 1

the remaining third amino group with silanol function to
form hyperbranched structure, followed by the gradual
cross-linking to give insoluble product.

To obtain optically active polysiloxane gel, the polycon-
densation of optically active (R,R)-diol with methyltris(di-
methylamino)silane was carried out under similar reaction
condition with racemic-diol. Optical activity was evaluated
for the polycondensation products before the gelation
occurred. The polycondensation reaction gave the poly(sils-
esqioxane) with molecular weight (M,) 15,000 (purified by
repeated reprecipitaion into MeOH) by GPC (exclusion limit
M,=4.0X 10°), when the reaction was stopped after 2 h.
This polymer showed optical activity ((a]p” =-1.77
(c = 1.25, CHCl,)), which is considered to be induced by the
asymmetric silicon atoms of (R,R)-diol unit in the polymer
structure. The poly(silsesquioxane)s prepared from race-
mic-diol and meso-diol for comparison, did not show any
optical activity. These results strongly support that polysilox-
ane gel prepared from (R,R)-diol has asymmetric silicon
atoms in siloxane network, and is optically active. The gel
prepared from (R,R)-diol is considerd to have potential
applications as enantiorecognitive separating membrane or
chiral column packing materials.

Segmental Mobility and Functionality of Oligosi-
loxane-substituted Polymers

Oxygen Permeable Membrane Materials. In the perme-
ation of a gas through a condensed film, the gas molecules
permeate through the dynamic gaps between polymer chains,
less than 1-2 nm in size, determined by micro-Brownian
motion and interaction with permeating molecules. The per-
meation of gases is treated by Fick’s and Henry’s laws.*

(b)

I 1 | 1 ! I

137
138 3 136 ppm

7
138 13 136 ppm

Figure 10. "C NMR spectra of ipso-carbon of phenyl group of PMPS: (a) atactic and (b) rich in syndiotacticity.
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P=DXS§ )

Poly(dimethylsiloxane) (PDMS) has the highest permeabil-
ity coefficient given by large diffusion coefficient among
industrial membrane materials, since it is composed of very
flexible SiO linkages and has large free volume. However, it
also has the lowest O,/N, permeation selectivity value for
membrane polymers, i.e., &= POZ/P,\,2 = 2. Moreover, it has
only insufficient self-supporting characteristics. Polymers
consisting of dimethylsiloxane side chains, which contribute
to permeation, and a main chain component with high glass
transition temperature (7,), which lends high permeation
selectivity and gives film-forming properties, should dem-
onstrate well-balanced permeation properties. Properties of
the polymers with polystyrene as a main chain and oligo-
dimethylsiloxane as side chains (Figure 11) are listed in Table
Iv.

The polymers show only one T,, and the absolute 7, value
is lowered significantly by the introduction of the siloxane
linkages. PSnS showed the highest permeability coefficient
maintaining reasonable selectivity and self-supporting pro-
perty.

It can be seen from the table that the permeability coeffi-
cient is mainly controlled by the diffusion coefficient. Thus,
permeation behavior of a gas through polymeric membrane
must be closely related to the nature and relaxation behavior
of the polymer segments in bulk which control the diffusi-
bility of the permeating gas.

Spin-lattice relaxation time, T} of the silicon atom directly
attached to phenyl ring (Si') in these polymers as shown in
Figure 12, reflects the rotational motion along the Si-C
bond. Accordingly, the value is considered a standard of the
mobility of the side chain. Each silicon atom in side chain of
these polymers gives not only different chemical shifts but
independent 7, as typically shown for PSi3 in Figure 13.
Thus, T, of Si' must have strong correlation with the mobil-

Table IV. Properties of Poly(p-oligodimethylsiloxanylstyrene)s
Polymer T,[°C]

MCl Po’ o Dt St

2

PSt 373 31.25 1 5.5 1 22
PS1 409 13.23 14 34 - -
PS2 309 9.97 40 3.0 18 2.2

PSi3 325 8.27 71 28 32 23
PSi4 364 2.33 74 28 35 21
PSt4 387 5.52 - - - -

PSn5 314 5.21 110 26 49 22
PSn6 256 2.76 141 2.6 64 22

“Av: half-amplitude width of the CH, signal in solid state '"H NMR
(90 MHz).

b10y10 3 . 2, . c10y? 2 103 3
10"%cm’(STP) - c/(em” - sec - emHg).  “107'cm®/sec.“107cm’(STP)/
(cm® - cmHg).
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ity of the side chain as a whole. However, since the therma_
relaxation process varies among polymers with different:
T.s, it is sometimes meaningless to directly compare 7, of
polymers with different 7s.

The dependence of 7, on temperature is shown in Figures
14 and 15. T, of Si' showed a tendency to decrease sharply
with the elevation of the temperature for these polymers
with disiloxane linkage and having T, at a little higher tem-
perature than room temperature. T; of Si*also decreased
with increasing temperature, but the change was not so
sharp. Decrease in T; can be taken to mean higher mobility
of the side chains in this temperature region. 7, of Si*of PS3
(see Figure 12) even increased with increasing temperature.
This silicon atom has apparently high enough mobility even
at -60°C, and relaxation of this silicon atom by the contact
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Figure 11. Structure of poly(p-oligodimethylsiloxanylstyrene)s.
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Figure 12. Si', S, and Si® in poly(p-oligodimethylsiloxanylsty-
rene)s.
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Figure 13. Change of T, of Si' and Si® of PSi3 estimated by
79.6MHz *Si solid state NMR.
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Figure 14. Change of T, of Si' of poly(p-oligodimethylsiloxanyl-
styrene)s with temperature.
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loxanylstyrene)s with temperature.
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with lattice becomes inefficient by raising the temperature
because the thermal motion of trimethylsilyl group con-
nected through Si-O-Si-O (two siloxane linkages) becomes
too fast. It can be said that silicon atom apart from main chain
has higher mobility compared with that close to main chain.
Side-Chain Liquid Crystalline Polymers. We reported
liquid crystalline polydiene with a siloxane linkage in the
spacer.”’ The polydiene with cyanobiphenyl as a mesogenic
group linked through the siloxane linkage (Figure 16)
shows a well-organized smectic phase. The reason for the
formation of the well-developed smectic structure of these
polymers is considered not only because of the polar tail
group, but also because of the flexibility of the polydiene
main chain, and the very mobile disiloxane unit in the
spacer which also spaces the mesogenic groups apart from
each other along the polymer main chain, compared with
ordinary vinyl polymers. The transition temperatures of the
polymers range from room temperature to around 115°C.
This might be an advantage when certain applications are
considered. The benzoate mesogen gave a nematic phase.

Polysiloxane Macromonomers and Graft Copolymers

Macromonomers. Living polymerization created the idea
of Macromer® (proposed by R. Milkovich, generic term is
macromonomer) for synthesizing a graft copolymer of well-
controlled structure.”™ A polymerizable group is usually intro-
duced into a macromolecule of well-controlled molecular
weight by initiating or terminating the living polymerization
of a monomer with a compound having the polymerizable
functional group. We reported the synthesis of PDMS mac-
romonomers."’

In order to obtain a graft copolymer of well-controlled
structure, control of the copolymerization reaction of a mac-
romonomer with a comonomer is crucial. Caution must be
given to the fact that macromonomer is a polymeric com-
pound. In dilute solution, the concentration of the polymeri-

CH, H
J[r\(le I\‘/Ie

CH, ?i—o—?i—(CHz)goz
|n Me Me

CH, H

Ly v ava
/

ch, ?i—O—?i—{CHz-)-;O‘@—C\\

In Me Me o]

Figure 16. Polybutadienes having mesogens linked through a
disiloxane spacer.
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Diffraction Efficiency [%] = I/1,x100 3)
By Kogelnik’s coupled wave theory,* maximum diffraction
efficiency for the unslanted transmission hologram is given:*’

T] = Sinzg (4)
E=n-m An- T/[A(n* = sin’6)""] (5

where 1, n, 6, T, and A are the maximum diffraction effi-
ciency, average refractive index of the recording media, an
angle within the recording medium between the probe radi-
ation and a line perpendicular to the plane of the medium,
the film thickness, and the recording wavelength, respec-
tively. An is the modulation of refractive index, which is
very important to determine the diffractive efficiency. In our
experiment, 7, 6, A were fixed and » is varied by chemical
structure of recording materials. Therefore, diffraction effi-
ciency was mainly controlled by # and An.

Generally, n values become large when refractive index
contrast of photopolymerizable solution and liquid crystal is
large if there is no chemical affinity between the polymer
and liquid crystal. When the chemical affinity is large or
rigidity of the cross-linked system is high to resist phase
separation, the 1) values will be small due to poor phase sep-
aration during the grating formation, even if their refractive
index contrast was large. Therefore, it can be expected that a
further enhancement of 1 can be achieved by molecular
design of photopolymerizable monomer or oligomer having
high refractive index contrast and low chemical affinity
leading to good phase separation by enhancing An. The
refractive index and diffractive efficiency of starting and
recorded materials used in this study were summarized in
Table V.

Table V also shows the diffraction efficiency according to

the chemical structures of bis(cyclohexene oxide). Diffraction
efficiency increased in the order of EPCX-C4 < EPCX-C1
< EPCX-Si2, with the order of refractive index contrast
EPCX-Si2 < EPCX-C4 < EPCX-C1. EPCX-C1 has larger
refractive index contrast than EPCX-C4, thus has larger dif-
fraction efficiency than EPCX-C4.

In case of EPCX-Si2, diffraction efficiency was pro-
nouncedly higher than those of EPCX-C1 and EPCX-C4,
although its refractive index contrast was the smallest among
them. This can be considered that flexible and incompatible
siloxane materials have strongly influenced the phase sepa-
ration of LC from the irradiated areas. The more coalescence
of LC droplets was induced by the flexible chain of EPCX-
Si2 resulting in good phase separation and effective grating
formation.

Holographic gratings with clearly phase-separated mor-
phologies of periodic polymer rich layers (bright region)
and LC rich layers (dark region) could be observed by SEM
shown in Figare 19. The grating spacings of all ROP system
(Figure 19(b), (c), and (d)) increased due to improved volume
shrinkage than the case where only acrylate system (Figure
19(a)) was used. Especially, as shown in Figure 19(c) and
(d), grating spacings of EPCX-C1 and EPCX-Si2 with
cyclohexene oxide function were larger than those of Gled-
Sil (Figure 19(b)) with glycidyl ether function. Steric
requirement of more bulky cyclohexene oxide function
seems to have caused less volume shrinkage than glycidyl
ether function.

Compared with EPCX-C1, EPCX-Si2 with siloxane
component had more clear phase separation of liquid crystal
as shown in Figure 19(c) and (d). LC drop sizes are also
much larger for EPCX-Si2. This is because of the incom-
patibility with LC and flexibility of siloxane component.
This can also be discussed from the viewpoint of polymeri-

Table V. Refractive Index and Diffraction Efficiency of Starting and Recorded Materials

. 20 Refractive Index Diffraction
Momomer Structure Refractive Index (n™) Contrast with LC Efficiency [%]
CHz0COGH=CH,  GH,0COCH=CH,
DPAc* H2C=HCCOOCH, =G =CH,—0—CH,=(=CH,0R 1.4900 0.1282 45
CH,OCOCH=CH, CH,0COCH=CH,
(R =H or COCH=CH;)
QMe
Gled-Sil Or>-CH2-O-(CH2)3-SIi-OMe 1.4290 0.0572 76
OMe
Q o}
EPCX-C1 C-0-CH 1.4980 0.1262 71
Lo Y
Q o]
EPCX-C4 OOCH;—O-‘E-(CHZ),.-C—O—CH;O 1.4930 0.1212 68
I\Ille A(Ae 0
EPCX-Si2 A Yore=g-o-simomge Y ~1.435 0.0632 77
O Me Me ’

*mixture of dipentaerythritol pentaacrylate and dipentaerythritol hexaacrylate.
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(b)

x40 K

x10K

Figure 19. SEM images of holographic gratings prepared from
(a) DPAc, (b) Gled-Sil, (¢c) EPCX-C1, and (d) EPCX-Si2.

zation rate. J.V. Crivello et al. reported that EPCX-Si2 is
much more reactive than EPCX-C1 in photoinitiated cai-
ionic polymerization despite of the apparent closely related
structures.* Generally, in holographic PDLC systems, there
is an optimum polymerization rate to obtain good phase
separation. It can be expected that higher reactivity will form
cross-linking fast, and cause more clear phase separation by
pushing out LC fast from the polymerized system.

When Gled-Sil is compared with EPCX-Si2 with silicon
component although their silicon number is different, the
phase separation shown in Figure 19(b) and (d) is quite dif-
ferent. The reason seems similar to the discussion already
made.
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