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Preface

The chemistry of organosilicon polymers is in the uprising stage of its development;
the prospects of further growth and improvement opening before it are endless. Al-
most every review or study devoted to organosilicon polymers contained this phrase
for several tens of years to date, and in every case, it reflected the real state of affairs
without fail. It is just as true for today when the chemistry of organosilicon polymers
enters yet another stage of its development.

Among the main tendencies characterizing this new stage, one can name a higher
level of directed control of organosilicon polymers’ structure, as well as implement-
ing elements of selectivity and preliminary self-organization. The new synthetic
approaches are based on modern experimental techniques and new methods of
properties investigation of the created polymers and polymer-based materials. The
unique qualities of organosilicon polymers ensure their being in high demand in
almost every aspect of human activity and serve as a powerful driving force for
further development of their synthesis. Areas of implementation, as well as the
specific characteristics of particular materials achieved by previous generations of
organosilicon scientists, are in constant need of being perfected. Further expansion
and improvement of polymers possessing useful practical properties are the natural
need of this science field, providing a steady connection between the science labs
and the real world.

One of the separate branches that have reached a qualitatively different stage of
their development are sol-gel technologies, which had come a long way from the
“black box” method to the understanding of the chemistry of the process and the or-
der of the major part of the stages that happen under various conditions. Even more
successful were the scientists who created the so-called liquid silicon — a polysilane
polymer that, under the influence of UV, transforms into polycrystalline silicon,
which allows a fundamental change in the production of integrated circuits.

The rundown of recent achievements would be inconclusive without the men-
tioning of the unique process of forming of siloxane bond via the interaction of
hydrosilane with alkoxysilane groups with the release of corresponding alkane. It
is equally impossible not to take notice of the remarkable progress of the hybrid
polymers, created by polymerization of silyl derivatives of ferrocene. It is obvious
that even the most superficial recitation of actively developing fields clearly demon-
strates the uprise of polymerization approaches which provide the most effective
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control of the forming polymers. As for condensation processes, apart from the
aforementioned unique reaction of catalytic condensation of hydro- and alkoxysi-
lanes, one must take note of the evident progress in the synthesis of dendrimers and
hyperbranched polymers that, due to the specifics of their chemical nature, are the
most fast-developing molecular systems in this particular area of polymer chemistry.

This introduction does not include all the spectacular achievements of the last
decades, just as not all of the aforementioned fields of study are present in this book.
Silicon-containing dendrimers and hyperbranched polymers are well represented
in a separate volume which has been taken notice of among polymer as well as
organosilicon scientific circles. We have also neglected the thriving area of unsatu-
rated organosilicon polymers in hopes of becoming readers of a separate specialized
paper one day. By making — and not making — certain provisos, we acknowledge
the fact that the selection of materials for this volume has been subjective, and the
volume itself is a caption of a fast moving object that does not quite allow for a
complete comprehension of this object, but enables one to feel its movement and
the main vectors of development.

The first chapter is devoted to the advances in polysilanes. The recent remark-
able progress in this field only serves to emphasize the actuality and inexhaustible
nature of silicon chemistry. This chapter may present a perfect illustration of how
the traditional and would-be thoroughly explored systems can regain our attention
due to the development of new technological methods.

In the second chapter, silicon is used as an element that does not take part in
complex conjugated structures built of aromatic subunits. Instead, due to the high re-
activity of its functional groups and stability of silicon—carbon bonds, silicon serves
as a skeleton holding those laced structures; it becomes the element via which they
interact with the surface and themselves.

The third chapter reviews the dynamic of the design of polymer structures created
using polymerization methods. The material gathered in this section convinces us
yet again that this is but a beginning for this exuberantly developing area of silicon—
carbon polymers.

The fourth chapter of this book reminds us that good things come in small pack-
ages. It is devoted to probably the most promising method of siloxane polymers
synthesis, particularly with regard to unlimited capability of designing macro-
molecules of complex architecture. This is even more remarkable, because up to
date this field lacked high selectivity of the reactions.

The concluding fifth chapter touches upon the issues and advances in construct-
ing of the most thermodynamically stable polysiloxanes built of cage-like subunits.
The chemistry of siloxane cages has a long history, but their polymer biography is
in the very beginning.

To my regret, it was not possible for this book to include the earlier planned
chapters on the progress of the basics of silicon chemistry, namely the methods of
production of organosilicon monomers, particularly chloride-free and bioinspired
methods of silicon polymers synthesis. I hope, however, that in view of the attention
that the Springer publishing house pays to this branch of chemistry, those materials
will appear in the journal Silicon if not in another collected volume.
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I am convinced that this book will be of interest not only to those working with
silicones, but also to the whole polymer community and material science specialists,
as it contains a lot of new and fascinating data. I would be particularly pleased
with the attention of young researchers who are bound to find the spirit of constant
renewal in this old but highly dynamic area of chemistry contagious.

In conclusion, I would like to thank all the authors who accepted the invitation to
participate in this volume and Springer publishing house for providing an opportu-
nity to work on this book, as well as for their patience and cooperation.

Moscow, Russia Aziz M. Muzafarov
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Modern Synthetic and Application Aspects
of Polysilanes: An Underestimated Class
of Materials?

A. Feigl, A. Bockholt, J. Weis, and B. Rieger

Abstract Polysilanes can be synthesized by various methods still lacking satisfac-
tory product control in respect to quality and purity. Nonetheless polysilanes are
promising in a number of applications like e.g. organic electronic devices. This
review summarizes recent progress in the synthesis and possible applications of
polysilanes.

Keywords Dehydocoupling - Masked disilenes - OLEDs - OFEDs - Polysilanes -
Polysilane synthesis - Wurtz-Coupling
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1 Introduction

Even though polysilanes as a type of polymer with a backbone consisting exclu-
sively of silicon have been a known class of substance since the early 1920s [1, 2],
the scientific efforts to find a route towards structurally controlled, high molecular
weight polysilanes have been of limited success.

In contrast to the well known chemistry of forming Si-O, Si-N or Si—C bonds,
the formation of Si—Si bonds to yield polymeric species still needs further develop-
ment.

All common methods of synthesis are either unable to yield high molecular
weights while guaranteeing narrow or monomodal mass distributions, or they are
intolerant towards some functional groups. This limits the spectrum of available
polysilanes.

Additionally, silane monomers containing Si—Cl or Si—H bonds are moisture and
air sensitive or even pyrophoric while oligomeric precursors containing Si—Si-bonds
can be slightly sensitive. The preparation of polysilanes is challenging and difficult
to transfer to an industrial scale and application.

This might be the reason why polysilanes are still not as commonly used as,
for example, silicones, though their electro- and photochemical properties resulting
from a 6-conjugation along the Si—Si-chain nominate them as promising candidates
for technical applications [3].

The last comprehensive review of polysilanes was given 20 years ago by Miller
and Michl [3]. Since then, considerable work has been carried out to find a ‘perfect’
method for their synthesis. Special interest has also been directed to the characteri-
zation of polysilanes to explain their special physical properties.

The purpose of this review is to summarize the more recent progress in the syn-
thesis of polysilanes, to give an updated overview about applications and to point
out that polysilanes hold great potential once their synthesis can be improved. Many
methods describing the synthesis of polysilanes are similar to the routes towards
oligosilanes. To keep the scope of this review, the latter will not be discussed here.

2 Synthesis

As polysilanes can bear different substituents R along the Si-backbone, they can be
distinguished from inorganic polysilanes, with R being only H, and organic polysi-
lanes, R being a functional group and/or H (Fig. 1).

| T
H % Si 5— H H % Si 9— H
K K
H R
Fig. 1 Inorganic and organic

polysilane inorganic polysilane organic polysilane
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The synthetic routes towards inorganic and organic polysilanes differ and will
thus be described in separate sections.

2.1 Inorganic Polysilanes: Polyhydrosilanes Si,H3,, Si,H3, .,

After the fundamental work of Stock between 1916 and 1926 [4], in which he
established silane chemistry and characterized mono- to octasilanes, Fehér and co-
workers tried to find a reliable route to synthesize silanes and polyhydrosilanes in
the early 1970s.

As the yields were very low, Fehér and co-workers set up a technical apparatus to
produce oligomeric raw silanes on a larger scale from magnesia silicide [5] (Fig. 2).

Decomposing Mg, Si with phosphoric acid at elevated temperatures yields a mix-
ture of silanes ((SiHy),; n = 1 — 15) which can be trapped at —70°C. To handle
the pyrophoric and explosive products, techniques using special valves and storage
vessels had to be developed [6]. Thus in 1971, Fehér and co-workers were able to
synthesize SijsHs;, the polyhydrosilane with the longest silicon chain known until
then. Analysis of the obtained silane fractions was accomplished by GC [5, 7].

Publications on this type of approach towards silanes, and polysilanes in partic-
ular, ceased after 1985 [8]. This can be explained by the great practical effort that
had to be applied to obtain the desired products.

In 2008, a new synthetic method for the production of polysilanes was published.
SiCly and H; are reacted in a plasma process to yield perhalogenated polysilanes,
which can then be transformed by hydrogenation with LiAlHy, as proposed by
Auner et al., to yield a high molecular weight polyhydrosilane (HPS) (Fig. 3).

The reported plasma process is highly sophisticated. The plasma is continually
stimulated, pulsed, directed through electromagnetic fields and a microwave reso-
nance chamber to ensure a homogenous mixture and thus a more uniform range of
products.

The obtained mixture still contains low molecular weight silanes such as Si,Clg
and Si3Clg, oligosilanes containing more than three silicon atoms and high molec-
ular weight polysilanes. The products were distilled and identified by cryoscopy
energy dispersive X-ray spectroscopy (EDX) and nuclear magnetic resonance spec-
troscopy (NMR) for further use in the hydrogenation to HPS [9].

Fig. 2 Decomposition of o .
magnesia silicide MgoSi — (SiHy),

(plasma) LiAIH,
SiCl; — > Si,Cly, + Si,Clyp,o + HOl — > HPS

Fig. 3 Plasma process for the synthesis of HPS (high molecular weight polysilane)
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The advantage of this method over the decomposition of Mg, Si with acids is that
by removal of low molecular weight products before hydrogenation, production of
pyrophoric SiH4 can be avoided.

Nonetheless, this method is not quite suited for easy laboratory application as it
utilizes complex plasma techniques.

2.2 Organic Polysilanes: Poly(organosilane)s Si,R3,, SiyR2, 2

Unlike the limited synthetic routes towards hydrogenated polysilanes, a relatively
broad spectrum of methods is available for alkyl and aryl substituted polysilanes.
The first compound containing a silicon—silicon bond and bearing organic sub-
stituents was hexaethyldisilane described by Friedel and Ladenburg in 1869 who
reacted SirIg with ZnEt, [10].

2.2.1 Waurtz-Type Coupling of Chlorosilanes

The so-called Wurtz-type reductive dehalogenative coupling reaction was first ob-
served by Kipping [1, 11] and is the most common method for the synthesis of
polysilanes. A dichlorodiorganosilane is reacted with a slight stoichiometric excess
of dispersed sodium in an inert, high-boiling solvent by refluxing to yield the desired
polysilane (Fig. 4).

Until now, the solvent most commonly used is toluene [3]. Due to the harsh
reducing conditions, functionalities that can be introduced via the monomer are
limited. Generally, aryl, alkyl, silyl [3] and other intrinsically stable groups like
ferrocenyl [12] or fluoroalkyl groups [13] can be used. The only way to introduce
more sensitive functionalities is to use protecting groups which can withstand the
reaction conditions and be removed after the polymerization [14—17].

Depending on the substituents on the silicon, the polymerization can achieve
conversions up to 90% [18, 19]. Additionally, there is no control over the product
molecular weight, which varies from below 1,000 to several million grams per mole,
having polydispersities from 1.5 up to 10 for the separated fractions [19].

The polysilanes synthesized usually show a trimodal mass distribution containing
alow molecular weight cyclic and a medium and a high molecular weight fraction of
linear polymer. The oligomeric fraction can easily be separated from the other two
by solvent extraction, whereas the fractionation of the medium and high molecular
weight products requires more effort.

These features have motivated considerable research on the improvement of the
Waurtz-type reductive coupling by tuning the reaction conditions, especially by vari-
ation of temperature and solvents [20-23].

0
Fig. 4 Wurtz-type coupling ) Na ‘
of chlorosilanes R,SiCl, ——— > (SiRy), + NaCl
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In general, the reaction temperature has two major influences on the polymers:
on the one hand it changes the yields and on the other it changes the length of the
polymer and thus the weight distribution. Lowering the temperature results in lower
yields, increased molecular weight and a narrower weight distribution [18, 19].

As the low temperature synthesis yields a more homogenous polymer with re-
spect to polydispersity and molecular weight, toluene can be exchanged by lower
boiling solvents such as, e.g. THE. Solvent effects, due to polarity and stabilization
of the active species in the polymerization, are marginal compared to the tempera-
ture effect. The results of a Wurtz-type polysilane synthesis conducted at ambient
temperature are given in Table 1, illustrating the low yields and PDI [19].

Holder and co-workers have investigated the influence of chiral solvents on the
polymerization of dichloromethylphenylsilane. Chiral solvents are expensive and
generally not available in quantities that are sufficient for other than small to medium
scale polymerizations. As an exception, optically active limonene as an inexpensive
and relatively inert solvent was found to be able to stabilize the growing polymer
chains during the reaction, thus delivering higher molecular weights than an opti-
cally inactive solvent. At a reaction temperature of 90°C, the molecular weight (and
PDI) were even twice as high as in an optically inactive solvent while broadening
the PDI as can be seen in Table 2 [24].

Table 1 Examples of final yields and molecular weight param-
eters of the isolated polysilanes obtained from the Wurtz-type
reductive couplings of dichlorodi-n-hexylsilane (DCDHS),
dichloro-n-hexylmethylsilane ~ (DCHMS), dichloromethyl-n-
propylsilane (DCMPrS), dichloromethyl-n-octylsilane (DCMOS)
and dichloromethylphenylsilane (DCMPS) in THF at 22°C
published by Holder and Jones [19]

Dichlorosilane Yield/% M, My, PDI
DCDHS 53 17,800 42,800 2.5
DCHMS 52 8,700 17,700 2.0
DCMPrS 40 13,700 33,900 2.5
DCMOS 58 11,440 49,300 4.3
DCMPS 64 25,600 61,500 24

Table 2 Average yields, molecular weights and polydispersity indices from
the synthesis of polymethylphenylsilane in optically active and racemic
limonene at various temperatures found by Holder and co-workers [24]

Temp./°C Limonene solvent Yield/% M, My, My /M,
70 Active 16 1,610 24,100 15.5
70 Racemic 17 1,600 22,000 14.3
80 Active 25 1,400 50,000 37.0
80 Racemic 25 1,100 40,800 37.0
90 Active 24 1,700 80,000 50.2

90 Racemic 17 1,700 39,200 22.9
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Apart from changing the reaction temperature and the variation of solvents, it is
also possible to influence the coupling reaction by adding sodium-ion-sequestering
species such as 15-crown-5 (acting as a phase transfer catalyst for sodium) [18] or
diglyme to improve the polymer yields [21, 25]. Additionally, activation by ultra-
sonic treatment can facilitate low-temperature polymerization and even gives access
to polysilanes with monomodal weight distributions [26, 27].

It seems that the ‘ideal” Wurtz-type coupling reaction of chlorosilanes combines
all recent scientific results, using an optical active solvent at low temperatures and
additives that increase the yield of desired polymer. To what extent the combination
of these promising synthetic methods is able to deliver a high molecular weight
monodisperse polysilane in high yields remains to be determined.

Consideration of the Reaction Mechanisms

During the last few years, considerable work has been performed to determine a
(well defined) reaction mechanism, mainly to find an explanation for the polymodal
weight distributions. In a recent review by Jones and Holder progress was reported
[19]. The reaction appears to be a condensation reaction involving a chain mecha-
nism [23, 28], suggesting various active species such as silyl radicals, silyl anions,
silyl anion radicals and disilenes [29]. It has been discussed whether the inhomogen-
ities in molecular weights result from the many different chain carriers. However,
trapping experiments could not corroborate this hypothesis [20, 28, 30].

A proposed mechanism for the Wurtz-type reductive coupling reaction is de-
picted in Fig.5. After initiation via a silyl anion radical to a silyl radical, a four
stage propagation step occurs to form the polymeric species.'

2.2.2 Masked Disilenes

The lack of sufficient control of molecular weight distributions, molecular weight
and polymer structure of polysilanes via a Wurtz-type coupling reaction led
Sakurai and co-workers to develop an alternative method for polysilane synthe-
sis in 1989 [31].

Because disilenes are not stable enough to be isolated unless they have very bulky
substituents, a route to polysilanes analogous to the olefin polymerization (Fig. 6) is
not possible [32].

To overcome this stability problem, the high reactivity of disilenes can temporar-
ily be masked by adding a suitable auxiliary group. Roark and Peddle found that an
adduct can be formed from dichlorodisilane and a biphenyl anion radical yielding
the masked disilene (Fig.7) [33].

! For a more detailed and comprehensive description of the mechanism see also the review of Jones
and Holder [18].
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Fig. 5 Proposed chain mechanism for the Wurtz-type reductive coupling of dichlorodiorgano-

silanes

Fig. 6 Olefin polymerization
compared to a hypothetical
silylene polymerization

Fig. 7 Masking of a disilene
[33]

Fig. 8 Anionic
polymerization of masked
disilenes [31]
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These monomers can be polymerized with a catalytic amount of anionic initiator,
such as organolithium compounds or alkali metal alkoxides. Termination is accom-
plished by adding an alcohol (Fig. 8) [31].

Other molecules such as anthracene, naphthalene or benzene have also been used
as masking agents [33], but the biphenyl system has proved to be best with respect to
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stability and product quality for polymerizations. The phenyl group in the 1-position
provides a regiochemical centre, which determines a strict head-to-tail polymer-
ization for asymmetric monomers (proven by 'H and >°Si NMR), giving a highly
ordered polysilane product [34].

This anionic polymerization is evidently of a living type as the unterminated
polymer can be co-polymerized with either other masked disilenes bearing different
functional groups or methylmethacrylate (MMA) to yield a block co-polymer [35].
Furthermore, it was found that the relationship between molecular weight and the
degree of monomer conversion is linear, which is a necessary condition for a living
polymerization [36].

Varying the initiator can increase the yields and accelerate the reaction. Thus,
nearly quantitative conversion can be reached in a few minutes, for example by
additionally using potassium-cryptand [2.2.2] [36].

The molecular weights achieved range from 5,000 [37] to 27,000 gmol ™! with
almost constant narrow PDIs of around 1.5 determined by SEC [38].

As the reaction conditions for the preparation of the masked disilenes are as harsh
as those of the Wurtz-type reductive coupling reaction, the introduction of functional
groups is not trivial. An elegant way to introduce at least some diversity is via the
transformation of amine-functionalized polysilanes [39] to the chloro substituted
derivatives. These can be converted to alkyl and aryl groups using the corresponding
Grignard compounds (Fig. 9) [35].

This (RRSi-SiRR’), substitution pattern is characteristic of polysilanes syn-
thesized by the anionic living polymerization of masked disilenes. For synthetic
reasons, the substituents only vary on one of the two silicon atoms in the masked
monomer.

Starting from readily available chlorodisilane compound (a) and one equivalent
of a reactive compound, e.g. a Grignard (X = MgCl, MgBr) or lithium organic

Me._..Me _
Si NR
Me-g*NR,  1.[Bui] Me NR,
n _— Bu-—Sli—Sli H
7 // 2. ROH | Me Me
Ph
Me NR, CH,COCI Me Cl
Bu--Si—Si H ————— BuTSi—Si—TH
Me Me Me Me
L n - “n
Me Cl RMgCI Me R
Bu--Si—Si H ———— BuTSi—Si—TH
Fig. 9 Transformation of an Me Me Me Me
L n - “n

amine-substituted polysilane
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reactant (X = Li), the corresponding precursor for functionalized masked disilenes

(b) can be generated bearing the typical pattern of substitution (Fig. 10).

Using two equivalents would lead to the necessity of undesired separation steps

for purification and thus is avoided.

Table 3 shows examples of synthesized polysilanes with different substituents
R!, R? (Fig. 11) and molecular weights obtained [35, 38].
As the anionic living polymerization of masked disilenes can be controlled to
occur in a strict head to tail fashion, Sakurai and co-workers were able to synthesize
the first regiochemically regular ‘polysilastyrene’ (Fig. 12) via the amine function-

alization route mentioned above [38].

Q' F} MelLi Me B
MeCl,Si-SiCl,Me + RX T» Cl— S.i_ Sli—CI % Cl _S.i - Sli—CI
Me Me ) Me Me
_XClI -LiCl
a
/nasking
Me.
©-gj-Me
e-gi+R
Me R polymerization Si
S.i - S.i ~—— /1
Me Me n Ph
Fig. 10 Polymer synthesis starting from a dichlorodisilane
Table 3 Examples of
functionalized polysilanes (R',R?) My,
prepared from masked n-Bu, Me 110,000
disilenes n-Pr, n-Pr Insoluble
n-Hex, n-Hex 61,000
i-Bu, Me 110,000
Pr;N, Me Insoluble
EtN, Me Insoluble
Bu;N, Me 27,000
n-Hex,; N, Me Insoluble
Ph, Me 15,000
Me R’
Fig. 11 Substitution pattern | Sli _ Sli-—
of polysilanes prepared from I\I/I hz
masked disilenes Lvie Rodq
H H Me Me
Fig. 12 Comparison of (':_ CI) vs — éi _ Sli 1
poly(styrene) and I5h Ill Fl’h I\I/Ie

“polysilastyrene”
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This route towards polysilanes seems to be of high potential concerning PDI and
molecular weight. Few recent publications concerning polymerization of masked
disilenes can be found containing scientific results with respect to further improve-
ment of synthesis [35, 38, 39].

This method has also been used for the synthesis of defined polysilanes in some
applications. For example, Li et al. applied the polymerization of masked disilenes
to synthesize an aryl substituted diazene chromophore functionalized polysilane
with nonlinear optical properties [40].

Mechanistical Considerations

Investigations on masked disilenes bearing bulky substituents gave access to tran-
sient species existing during the reaction, as sterical hindrance inhibits polymeriza-
tion and allows isolation and description of the intermediates involved. By reaction
of a masked di-iso-butyldimethyldisilene with one equivalent of methyl lithium fol-
lowed by quenching with methanol, Sakurai and co-workers were able to investigate
the polymerization mechanism [41].

Initiation and propagation both proceed via the attack of an anionic species at
the silicon atom at the 3-position of the masked disilene, because the 2-position is
sterically hindered. Figure 13 shows a proposed mechanism [35].

Sakurai and Yoshida investigated the mechanism of the anionic living polymer-
ization of masked disilenes and more detailed information can be obtained from
their comprehensive review [35].

Initiation R\ _/RI
R, .R R—Sll
R- S'_S'/_\ R-siy
) " R ®
+ R'Li —> Li
Ph
Ph-Ph
R-SiR,-SiRY ||®
Propagation n-1 Monomers

e

R-SiR,-SiIRY 1® =% R"-(SiR,-SiR,)PL®

Termination
e ROH

R-(SiR,-SiR,)2 L1® %» R"-(SiR,-SiR,)s-H
ROLi

Fig. 13 Proposed mechanism for the anionic polymerization of masked disilenes
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2.2.3 Ring Opening Polymerization of Silacycles

Strained silacycles can be used in a ring opening polymerization (ROP) to yield
linear polysilanes.

Silacycles are coupling products of the reaction of dichlorodiorganosilanes with
alkali metals [42]. This resembles the Wurtz-type coupling reaction of chlorosilanes
in educts and reaction conditions and thus tolerates the same narrow range of func-
tional groups. For this reason, it is mainly the methyl and phenyl substituted silanes
which have been investigated.

The first to investigate the ROP as a route towards polysilanes bearing organic
substituents were Matyjaszewski et al., who found that (PhMeSi)4 readily under-
goes polymerization by nucleophilic initiators such as organolithium compounds
(Fig. 14).

The molecular weights obtained were up to 100,000 gmol~" with a PDI of ~2.
However, a monomodal distribution could not be achieved [43].

This type of polymerization also works for five-membered rings that are not steri-
cally hindered, for example phenyl nonamethyl cyclopentasilane initiated by anionic
reagents [44] (Fig. 15).

West and co-workers found that the anionic species generated by the initiator
is, to some extent, stabilized by the phenyl groups of the silacycle [45]. However,
similar to the polymerization of masked disilenes, a bulky substituent will inhibit
polymerization.

Additionally, it is known that cyclic SisClg can be polymerized in an ROP via
radical species to yield an insoluble but moisture sensitive polymer with an es-
timated degree of polymerization of about 35 and a molecular weight of about
3,500gmol ™! [45]. Due to the insolubility and the high sensitivity to moisture,
there have been no further reports on a ring opening type synthesis of perchlorinated
polysilanes [42, 45]. Nevertheless, a functionalization by reaction with isopropanol
has been accomplished which led to an increased solubility and enabled a SEC-
analysis [45].

As mentioned in Sect. 2.1, perchlorinated polysilanes can be used as precursors
for HPS. However, the ROP-route using silacycles as monomers, which themselves

’\'/Ie l?h S} Ph
Ph-Si=Si-Me  Nu L
Fig. 14 Ring opening A1 — i
polymerization (ROP) of Me -Si=Si-Ph Vel
(SiMePh)4 Ph Me

Me,
M S"Si M Nu Me I\I/Ie l\{le I\I/Ie l?h
%2 sl ¥ ——= —Si-Si-Si-Si-Si
MeoSi~g; Ph <-50°C Me Me Me Me Me

Fig. 15 ROP of phenylnon-
ig of phenylnon Ve, n

amethylcyclopentasilane
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Fig. 16 Dehydrocoupling of
primary and secondary RSiH A4 SidH
silanes to polysilanes (typical 8 '
catalysts are for example LH ],
group IV metallocenes)

[cat.] 7]

[cat.] R
RoSiH,——— H~SitH
LR |

have first to be synthesized in an additional step, does not seem to be a straightfor-
ward approach towards substrates for a hydrogenation.

2.2.4 Dehydrocoupling

Catalytic reactions of silanes to give polysilanes and hydrogen, so-called dehydro-
coupling reactions, are a promising route to functionalized, high molecular weight
products.

The required monomers for this type of polymerization need to possess at least
two Si—H groups. Thus, suitable educts would be primary (RSiH3) and secondary
silanes (R,SiHy) (Fig. 16).

Nonetheless, the dehydrocoupling of secondary silanes was found to be non-
trivial with respect to finding a catalyst that is able to produce more than dimeric or
oligomeric species.

Because of apparent differences in reactivity, primary and secondary silanes will
be dealt with in separate sections.

Primary Silanes

By far the most common adduct for the preparation of polysilanes via the dehy-
drocoupling reaction is phenylsilane, PhSiH3, simply because it is readily available.
Methylsilane is also available, but due to its gaseous state, the insolubility of poly-
methylsilane and the resulting preparative difficulties, it is not as attractive a reactant
as phenylsilane and has thus not evoked the same scientific interest. Depending
on the catalyst used, polyphenylsilanes with varying chain lengths and molecular
weight distributions can be obtained. Corey et al. published an M, of 2,300, M, of
3,850 and a PDI of 1.7, [46] while Tilley et al. managed to polymerize PhSiH3 with
an M, of 2,310 and an My, of 12,030 (PDI 5.2) [47].

Other primary silanes, mainly functionalized aryl and alkyl silanes, were suc-
cessfully polymerized and some examples are listed in Table 4.

Not all publications give information about the calibration standard for the SEC-
analysis. The table shows a strong variation of molecular weights and PDIs, even
with identical monomers. This is due to different catalysts being applied for the
polymerization and will be discussed in the following section.
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Table 4 Examples of functionalized polysilanes synthe-
sized by dehydrocoupling of the corresponding hydrosi-
lanes. SEC measurements were calibrated with polystyrene
standards. Data given without any information about the cal-
ibration standard is marked with an asterisk

Arylsilanes

M,; PDI

m-MCC6H4-SiH3
p—MCC() H4—SiH3

p-MCOC6H4-SiH3

900; 2.1 [48]*
530; 1.9 [48]*
1,530; 1.5 [49]
2,330; 1.5 [49]

800; 3.5 [50]
p-FCecHy4-SiH3 3,780; 1.9 [49]
p—MezNC6H4—SiH3 400, 1.5 [49]

590; 1.7 [50]

p-(i-Pr)OC¢H4-SiH3
m-CF3CgHy-SiH3
p—CF3 C6H4—SiH3

p-MeSC6H4-SiH3
3,5-Me,CgHs-SiH3

2,150; 1.3 [49]
1,680; 1.5 [48]*
630; 2.4 [48]"

6,400; 1.4 [49]
4,450; 2.2 [50]
1,460; 1.5 [49]

3,5-(CF3),C¢H3-SiH;3 830; 1.2 [49]
CgF5-SiH3 730; 1.5 [49]
Alkylsilanes M,; PDI
MeSiH3 1,200; 5.3 [51]*
n-Octyl-SiH3 3,330; 1.1 [52]

n-Dodecyl-SiH3
n-Hexyl-SiH3
Et3Si (CHz)zsiH3

2,180; 1.1 [52]
900-1,400; n.a. [53]*
1,190; 1.8 [54]*

MePhSiH-CMeHSiH; 2,130; 1.3 [54]*
PhPhSiH-CMeHSiH3 1,730; 1.7 [54]*
(SigH;1)SiH3 4,200; 2.5 [55]

13

Catalysts for Primary Silanes

When using transition metal catalysts, a variation of the ligands usually leads to
good control of the polymerization reactions.

The most intensively studied catalysts for the promotion of dehydrogenative
Si—Si-bond formation are metallocene derivatives of group IV metals first reported
by Harrod and co-workers [53]. Their general structure can be described as Cp,MR;
(Cp = cyclopentadienyl derivative; M = metal centre; R = organic or inorganic
substituent).

Derivatization of those ‘simple’ metallocenes was then investigated by the groups
of Tilley [56], who used mixed ligand complexes (Cp/Cp*) and Corey [57], who
applied metallocene chlorides that have to be activated by n-BuLi. This has aroused
the interest of more groups and considerable data are available concerning such
catalysts. For a comprehensive listing of dehydrocoupling catalysts the reader is
referred to Corey’s review [58].
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Table S Comparison of M, and PDI with increasing
atomic number of the central metal. SEC data were
referred to polystyrene standards

Catalyst M,; PDI

Cp,TiCl, /n-BuLi 1,300; 1.1 [57]
Cp,ZrCl, /n-BuLi 1,860; 1.6 [59]
Cp,ZrCl, /n-BuLi/B(CgFs) 2,670; 1.9 [59]
Cp,HfCl, /n-BuLi/B(CgFs) 3,050; 2.8 [59]

It has been shown that a variation of the central metal, the ligands or the activation
method has a strong influence on the polymer properties.

These trends will be briefly discussed in the following section.

The reactivity of the catalysts increases with greater atomic number. An enhanced
reactivity yields a polymer with higher molecular weight, but its weight distribution
broadens. An example is given in Table 5.

Furthermore, the data from Table 5 show that the activation of the catalyst plays
an important role in controlling molecular weight and weight distributions. This will
be discussed later in more detail.

Catalysts with mixed ligands also provide higher molecular weights than sim-
ple bis-cyclopentadienyl systems, the consequences of this higher reactivity being
broader PDIs. Corey and co-workers found that polymerization of PhSiH3 with a
catalyst bearing chirally substituted Cp-ligands can increase the molecular weight
of the polymer from M, = 1,600 to 2,000 while broadening the PDI from 1.4 to 2.0
[60].

With most catalysts, an undesirably long induction period is observed. This can
be overcome with only marginal influence on the desired polymer properties by
variation of the substituents on the central metal of the metallocene. The exchange
of Me for Si(SiMes)s on CpCp*ZrMe; reduces the induction period from 52 to
24 h [61]. The induction period can also be shortened by using chloro substituted
metallocenes and the appropriate activation agents [57].

The use of ‘modern’ metallocenes, such as those used in olefin polymeriza-
tion, is thought to be ineffective in dehydrocoupling reactions. Corresponding
scientific studies investigated ansa-metallocenes such as chiral bridged bis-indenyl
complexes, but found them either to be as reactive as the ‘common’ dehydropoly-
merization catalysts at best or sterically too crowded and thus non-reactive at worst
[62, 63].

Secondary Silanes

In contrast to the broad variety of catalysts and synthesized polymers that can
be found with primary silanes, there are fewer reports about secondary silanes.
Secondary silanes are sterically more hindered than primary silanes and thus the
homocoupling is much slower. This is the reason why mostly oligomeric species
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are obtained in dehydrocoupling reactions of a secondary silane with group I'V tran-
sition metal catalysts.

Table 6 gives examples of secondary silanes that have been successfully poly-
merized with a dehydrocoupling catalyst.

The problems of polymerizing secondary silanes seem to be not only finding a
silane with a suitable substitution to allow a polymerization but also finding the right
catalyst, as in the case for the polymerization of primary silanes.

Other Catalysts for Primary and Secondary Silanes

Although in the majority of reports about dehydrocoupling reactions group IV met-
allcocenes have been used, other metals and ligand systems have been applied
to the polymerization of primary as well as secondary silanes. Indeed, the first
complex found to be active in dehydrogenative coupling was Wilkinson’s catalyst
((PPh3)3RhCl) [66]. Differentiation can be made between catalysts that are able to
produce dimers up to oligomers and those able to produce polymeric species.

Table 7 shows examples of polymers obtained by non-metallocene catalysts.

Independent of the catalyst used, the polysilanes obtained are inhomogeneous
and control of structure and molecular weights remains difficult. Most promising

Table 6 Examples of secondary silanes successfully poly-
merized by dehydrocoupling catalysts. SEC data were
referred to polystyrenene standards

Secondary silane M,; PDI

PhMeSiH; 1,380; 1.3 [64]
Ph,SiH, (comonomer e-caprolactone) 1,510; 1.2 [65]
(SigMe;; )SiH,SiHMe 1,800; 1.4 [55]
1,4-(SiMeH: )» (SigMeo) 900; 2.0 [55]

Table 7 Examples of silanes polymerized by non- metallocene
catalysts. SEC data were referred to polystyrene standards, else
marked with an asterisk

Catalyst Silane monomer My,

[Mo] PhMeSiH, 1,800 [64]*

[Rh] HexSiH3 1,380 [67]

[Ni]+ Lewis acid PhSiH;3 700-4,400 [68]
[Ni] PhSiHj3 370-1,800 [69]*
[Pt] Et,SiH, 2,100-39,000 [70]
[Pt] MeHexSiH, 6,800-25,000 [71]
[Nd] PhSiH;3 520-4,800 [72]
[Nd] HexSiHj3; 500-900 [72]

[Nd] MeSiH3 500-7,300 [73]
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are approaches towards the polymerization of secondary silanes to give a possibility
for o—m functionalization via hydrosilylation.

A comprehensive list of the used catalyst systems can be found in the review of
Corey [58].

Mechanistical Considerations

It is desirable to model the catalysts for optimum product control in the reaction.
Therefore, the mechanism of the dehydrocoupling reaction of silanes has been in-
vestigated and several models have been proposed.

Based on the information obtained by reacting hydrogen terminated oligomers
and analysing the product distributions, different species such as silylenes
[74] or metal silylene complexes [58] have been proposed to exist during the
polymerization.

The first mechanism to be widely accepted was proposed by Tilley et al., which
is called a 6-bond metathesis (Fig. 17) [75]. In this model a metallocene precursor is
first transformed to a metallocene hydride that enters the hypothetic catalytic cycle,
forming a metal silyl species via an initial 6-bond metathetic step with the simulta-
neous production of hydrogen. The second ¢-bond metathetic step forms the Si—Si
bond and is supposed to regenerate the catalytically active metal hydride.

The metathetic step involving the Si—Si bond formation is the reaction rate de-
termining step as its transition state is sterically most crowded in the case of bulky
substituents R. This agrees with the observation that primary silanes are usually
more reactive than secondary silanes. For the same reason, linear chain growth
would be favoured over branching as long as monomer is still present. As the re-
action steps are all reversible, the ‘M—H’-species should be able to insert into a
Si—H-bond of the polysilane leading to a degradation of the already formed poly-
mer. Larger oligomers could then react intra-molecularly to give cyclic species.

Harrod and Dioumaev observed reduced [Cp,Zr''-R], species after the activa-
tion of dichlorozirconocene with n-BuLi and proposed an activation mechanism ex-
plaining the formation of the anticipated catalytically active complex (Fig. 18) [76].

H(SIHR),,, (SHR),H H(SIHR),H

R

H-(Si)n-
aa IA}/r 'SI' -M
H-(Si)m+ SI' - :
" > /( .
H(SIHR)H M(SIHR),

Fig. 17 o-bond mechanism proposed by Tilley et al.l”]
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Cp,Zr(n-Bu)H + Cp,Zr
poZr(n-Bu) P2 \;(
i\‘BuH

"Cp,Zt"
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[CpoZr(n-Bu)l, e Cp,Zr(n-Bu) T’ CpoZrH

W

Fig. 18 Decomposition of Cp,Zr(n-Bu);

A dibutylzirconocene is formed via reaction of the dichlorometallocene with
n-BuLi, which then liberates butane by hydrogen abstraction from the second lig-
and. After this, the m-complex formed rearranges by insertion of the metal into a
C-H-bond. Two ligand exchange reactions with undecomposed dibutylzirconocene,
comproportionation and liberation of another butane and finally B—H-elimination
yield the active Zr-hyride species.

Furthermore, Harrod proposed a mechanism for ‘cation-like’ silylzirconocenes,
which are formed after activation of the metallocene and addition of the monomer.
This mechanism involves one-electron oxidation/reduction steps as well as 6-bond
metathesis depicted in Fig. 19 [59].

Zr™_species could simply be by-products [77] and not be involved in the cat-
alytic cycle as they could not be observed in all dehydrocoupling reactions [78].
Furthermore, no evidence for the existence of silyl radicals has been provided.

The many uncertainties show that the mechanism describing dehydrocoupling is
still worthy of investigation. Especially the mechanism of activation and thus the
genuinely active catalyst species during the reaction has still not been identified.
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Fig. 19 One-electron redox mechanism proposed by Harrod

CI(SiR2)nCl + Li(SiR')mli — CI(SiRp)s(SiR2)mli —===» polysilane

Fig. 20 Stepwise condensation of chlorinated and lithiated oligosilanes to polysilanes

For the dehydropolymerization with catalysts other than group IV metallocenes,
no mechanistic proposals have been made up to now.

2.2.5 Miscellaneous

In addition to the synthetic methods mentioned above, some other reactions for
synthesizing polysilanes have been described and will briefly be discussed in the
following paragraph.

Electrochemical reduction of diorganodichlorosilanes with simultaneous ultra-
sonic treatment is able to yield the corresponding polysilanes by stepwise chain
elongation. With this technique, Ishifuna and co-workers were able to obtain poly-
methylphenylsilane with an M, of 3,600 and a PDI of 2.3 from a dichlorotrisilane
at room temperature. Lowering the temperature to —10°C increased the molecular
weight to an M, of 5,500 and an even narrower PDI of 1.5 was achieved. This type
of polymerization has also been shown to produce a polymer with a monomodal
weight distribution [79].

Another alternative is the stepwise condensation of acyclic difunctional reagents
such as dilithiated oligosilanes with dichloro-oligosilanes (Fig. 20).
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The polysilanes obtained by this method were analysed by osmometry and had
an M, of 5,000-10,000. This method proved to be quite ineffective and polymer
yields of more than 50% were not achieved [80].

3 Structure Determination of Polysilanes

With a slight dependence on the Si-substituents, the preferred main chain conforma-
tion in most polysilanes is an all-anti type arrangement, which is why polysilanes
adopt helical structures. Fogarty and co-workers have developed a nomenclature to
characterize the conformers, using n-SisEt|o as a model substance [81, 82]. Inves-
tigations by circular dichroism spectroscopy showed no preferred helix direction
throughout the whole polymer backbone [42]. This corroborates earlier investiga-
tions proposing breaks in the helical structure by gauche turns that are responsible
for the inhomogeneous molecular weight distributions in the Wurtz-type reductive
polymerization of chlorosilanes [83].

Furthermore, attempts have been made to synthesize stereo regular polysilanes.
Chiral group IV metallocenes have been successfully applied in the stereoselec-
tive olefin polymerization, but their use in the dehydrocoupling reaction has only
yielded polysilanes with an atactic structure [60]. Even though the tacticities found
indicate stereoirregularity, typical signals for isotactic, syndiotactic and heterotactic
chain segments have been observed by 2°Si-NMR. Those signals have their origin in
separately resonating small polymer chain segments, bearing statistically arranged
substituents [42].

As the ring opening polymerization of masked disilenes seems to occur in a strict
head to tail fashion, highly ordered polysilanes have been obtained showing two
sharp signals in the >?Si-NMR spectrum indicating a completely syndiotactic poly-
mer [34, 35].

Thus, it is possible to prepare structurally controlled polysilanes although the
method is limited by the functionalities accessible with the masked disilene route.
Surprisingly, to date, this has not been investigated any further.

4 Physical Properties

Most polysilanes are soluble polymers depending on their crystallinity, which can be
tuned by the side groups and their functionalities. Their glass transition temperatures
may range from —72°C to +120°C depending on the substituents. Generally, it can
be stated that polysilanes with long alkyl chains are elastomers and phenyl groups
or short alkyl chains will increase crystallinity [42].

Thermal treatment up to 300°C does not decompose most polysilanes whereas
heating over 1,000°C leads to the formation of ceramic silicon carbide [42, 84].
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The backbone of polysilanes exclusively consists of catenated Si atoms and their
physical properties largely depend on the nature of the Si—Si bond and on the sub-
stituents present.

Hyperconjugated electrons along the main chain are responsible for semicon-
ducting and photoconducting properties. These are of interest for applications
discussed in Sect. 5.

The special bonding situation in polysilanes can be used to explain most of their
properties and will be described in the following paragraph.

A red shift in the absorption maxima and a gradual increase in the molar absorp-
tion coefficients (€) can be observed with increasing chain length. This is due to the
o-conjugation along the silicon main chain depending on substituent and conforma-
tional effects that can be explained by molecular orbital theory (MO). The LCAO,
Sandorfy model C and FE (free electron) methods have been used.

The combination of sp? hybrids affords the formation of the molecular orbitals
along the silicon main chain [3]; d-orbitals do not contribute to the formation of
the bonds. The combination of hybrid atom orbitals leads to the delocalized ¢ and
¢* molecular orbitals responsible for the 6-conjugation. This delocalization lowers
the LUMO while raising the HOMO with increasing chain length; the observed red
shift in the absorption maxima results (Fig.21).

Furthermore, substituents significantly stabilize the LUMO. While alkyl sub-
stituents with hyperconjugation effects do this without any significant influence on

-

/-
Nz

& 1

O m
+++++
R
>>§
NN
N
+

£
+

Fig. 21 A schematic presentation of o-type orbitals and their relative energies in linear
oligosilanesl!
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the HOMO, aryl groups destabilize the HOMO due to conjugative effects that are
more prominent than those of the hyperconjugation.

Compared to the C—C bond, the Si—Si bond has a more electropositive nature and
heterolytic dissociation occurs more easily due to the low energy 6—G* excitation
[85]. The absorption bands of polysilanes in the near UV range between 290 and
410 nm and they are temperature and structure dependant [86]. Since the 6—6* tran-
sition is allowed, the absorption coefficients of their optical absorption spectra are
large [42]. Although the Si-Si bond has a similar bond strength to the C—C bond
[87], cleavage of the Si—Si bond by UV excitation can easily occur in the solid state
as well as in solution. Both may lead to decomposition of the polymeric species
[3, 88, 89].

Absorption and emission UV spectra of common polysilanes are well described
and have been reprinted in various reviews and reports [3, 35, 36, 61, 87].

The band gap in polysilanes is dependent on the electrochemical properties of
the substituents and ranges around 4 eV compared to 8 eV for a saturated carbon
skeleton [3].

5 Applications

Polysilanes were first synthesized in the early 1920s, but no investigation of their
application was made until the late 1970s. The discovery of the two-step trans-
formation of polydimethylsilane to 3-SiC fibres by Yajima et al. [90] marked the
beginning of interest in their properties and thus the application of polysilanes. Af-
ter the discovery of the semiconducting behaviour of polymethylphenylsilane by
West et al. [91], the cornerstone for the application of polysilanes in electronics
was laid.

Because of their special chemical and electro-optical properties, polysilanes have
been proposed as materials for many applications. These can be classified into two
main categories:

1. Applications based on the reactivity of polysilanes
2. Applications based on the photophysical and electronic properties of polysilanes

Because of the great progress in organic semiconductors and the extensive search for
new materials by the electronic industry, the latter of the aforementioned categories
has been the more active field of investigation.

5.1 Applications Based on the Reactivity of Polysilanes

Polysilanes react readily with surfaces and molecules containing nucleophilic oxy-
gen. Thus, they can be used as adhesion promoters on glass or oxide materials. The
preparation of polymer composites reinforced by glass particles is one example of
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Fig. 22 Formation of polysilane—titania hybrids

this use [92]. Another interesting example is the formation of titania based nanos-
tructured hybrid xerogels or nanoporous films. In a first step, a block co-polymer is
formed by the photopolymerization of 3-methacryl-oxypropyltriethoxysilane with
polymethylphenylsilane as macro-photoinitiator (see below). The product bears tri-
ethoxysilyl groups which are reacted with titanium(IV) butoxide in a second step
(Fig.22). Then it is dried in air to form titania by a sol-gel process. During the
formation of the xerogel, the polysilane effects a structuring of the product on the
nano scale. The polysilane is bound to titania via Si-O-Ti-bonds formed during the
process [93].

The elemental composition of polysilanes suggests a use of the material as a
precursor for silicon carbide (SiC). Particularly the preparation of SiC fibres has
been investigated [90, 94], but SiC composites with glass and with alumina have
also been prepared [95, 96].

In addition, inorganic polyhydrosilanes (Si,Hp, 12, Si;Ha,) can be used as pre-
cursors for the preparation of amorphous silicon: the compounds are easily de-
composed by laser irradiation or by treatment at elevated temperatures. If laser
irradiation is used, the amorphous silicon can even be structured [97]. Polysilanes
can be coated from solution or printed by ink jet techniques and then be converted
into silicon for the use in transistors or solar cells [98-101].

5.2 Applications Based on the Photophysical and Electronic
Properties of Polysilanes

Polysilanes have unique optical, electronic and photophysical properties due to the
delocalization of the c-electrons along the silicon chain (see above). This delo-
calization was first discovered while studying the absorption spectra of oligo- and
polysilanes. Polysilanes show distinctly red shifted absorption bands compared to
the homologous series of polyolefins. Furthermore, the absorption bands depend
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strongly on the chain length, the conformation and the substituents of the polysilane
[102, 103]. It was deduced that there has to be a conjugation along the G-bonds of
the silicon chain, which was later confirmed by molecular orbital calculations. The
o-conjugation offered an explanation for the facile cleavage of the silicon chain by
near UV radiation and it suggested the possibility to oxidize polysilanes and use
the oxidized polymer chain as a charge carrier material. These findings stimulated
a lot of work on the application of polysilanes as photoresists and as UV sensitive
polymerization starters as well as photoconductors and hole transporting materials
in electronic devices, such as organic light emitting diodes (OLEDs) and organic
photovoltaics (OPV).

As mentioned above, the cleavage of Si—Si-bonds in polysilanes upon irradia-
tion with UV-light is very efficient and results in the formation of silicon radicals.
These radicals react with olefins to initiate radical polymerizations. Especially the
polymerization of methylmethacrylate and styrene with a variety of polysilanes
as photoinitiators has been studied in detail [104]. The advantage of this kind of
initiation is the possibility to prepare polysilane—polyolefin hybrids [105]. All modi-
fications of radical polymerizations, such as the atom transfer radical polymerization
(ATRP), are possible with polysilanes as photoinitiators [106].

The facile cleavage of Si—Si bonds by UV radiation is also made use of in the
application of polysilanes as photoresists. This application has been well studied
[107-110]. The technology covers a wide range from the structuring of metal films
to the fabrication of micro lenses.

5.2.1 Polysilanes in Electronic Devices

Polysilanes in OLEDs

Polysilanes can be employed as hole transporting materials or emitters in OLED
devices, more specifically in polymer OLEDs. Polymer OLEDs are prepared by

spin coating techniques on transparent substrates like indium-tin-oxide (ITO) coated
glass serving as anode. The basic design of a polymer OLED is shown in Fig. 23.

metal cathode

emitting layer
PEDOT/

hole transporting layer
ITO anode

™~~~

transparent substrate

Fig. 23 Polymer OLED



24 A. Feigl et al.

On the transparent substrate and ITO, a hole transporting layer such as
poly(ethylene dioxythiophene)— poly(styrene sulfonate) (PEDOT:PSS) is coated,
topped by an emitting layer and a metal cathode. The emitting layer contains the
p—n junction formed by a mixture of an electron transporting polymer, a hole
transporting polymer and an emitting material. Applying a voltage to the electrodes
injects electrons and holes into the device which recombine in the emitting layer and
emit light. Polysilanes can serve as hole transporting materials as well as emitting
materials in OLEDs. More specifically, polysilanes can serve as triplet harvesting
materials in OLEDs containing phosphorescent emitting materials such as transi-
tion metal complexes. All these different uses are explained in more detail in the
following sections.

Polysilanes as Hole Transporting Materials

Kido et al. have reported the application of polymethylphenylsilane as a hole trans-
porting layer in multi-layer OLEDs. In contrast to the OLED shown in Fig. 23, the
emitting layer in these early devices was not a mixture of polymers but was pre-
pared by layer-by-layer deposition of the active materials. In the work by Kido,
aluminum-tris(8-hydroxyquinoline) (Alq3) was used as both electron transporting
material and emitter. It was applied onto the hole transporting polysilane layer by
vacuum deposition [111].

Other pioneers in polysilane OLEDs were Suzuki (NTT Basic Research Lab-
oratories, Japan) and Haarer (Physikalisches Institut, Universitit Bayreuth) [112].
Based on polysilanes, they and others designed numerous multi-layer OLEDs
which contained a variety of fluorescent and phosphorescent dyes as emitters.
Some fluorescent dyes used were lanthanoid complexes [113] or derivatives of
coumarine, perylene, phenoxazole or 4-dicyanomethylene-2-methyl-6-(p-dimethyl-
aminostyryl)-4H-pyrane (DCM) [114-117]. Benzophenone was used as a phospho-
rescent dye [118].

The electronically excited states of the emitter can be populated via direct ex-
citon formation at the emitter molecule. Alternatively, the electronic properties of
polysilanes facilitate an energy transfer from excited states of the polysilane to the
emitter molecule.

Polysilanes as UV Emitters

Another intensively studied area of research with numerous contributions from
Japan is the use of polysilanes as UV emitters in OLEDs. In polysilane based
UV OLEDs with a layered design, the polysilane acts as semiconducting and
emitting layer. The first UV OLED using polymethylphenylsilane was published
in 1995 [119] but electroluminescence was only detectable at very low temper-
atures (77 K). Luminescence was drastically reduced at higher temperatures, the
reason for this being a thermally induced conformational change of the silicon
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chain [120]. The change in conformation induces a mitigation of the delocaliza-
tion of G-electrons, thus leading to the formation of local defects and non-radiating
states. In order to get UV OLEDs operating at room temperature, conforma-
tionally stable all-trans polysilanes and polysilanes with a high glass transition
temperature were employed. The first successful room temperature UV OLED was
prepared with polydimethylsilane. Since it is insoluble in all organic solvents, it
had to be applied by vacuum deposition [121]. Room temperature UV OLEDs,
prepared by solution based processes, used defect free, linear high molecular weight
My > 5% 10° gmol_l) polymethylphenylsilane [122] and poly(bis(4-butylphenyl)
silane [123]. The lifetime of the prepared UV OLEDs is described as short compared
to the state of the art polymer OLEDs.

Polysilanes for Triplet Harvesting

Polysilanes are also applicable as matrix materials in phosphorescent OLEDs. Mix-
tures of polysilanes and triplet emitters are sufficient to effect an energy transfer
from polysilane triplet states to emitter triplet states, thus amplifying the lumines-
cence of the device. It has been shown that if polysilanes have electrophosphorescent
side chains consisting of triplet emitters, the energy transfer from polysilane to emit-
ter is most effective [124]. Thus the beneficial electronic properties of polysilanes
are perfectly combined with the spectroscopic properties of transition metal based
triplet emitters. The compounds described are derivatives of polymethylphenylsi-
lanes, (Fig.24) which are covalently attached to triplet emitters with iridium as
metal centre. The polymers were applied in OLEDs with an ITO/active layer/Ca/Ag
layer sequence. The active layer contained a fraction of 70% by weight of the
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Fig. 24 Polysilanes with covalently attached iridium based triplet emitters. Polymers (a) and (b)
give green phosphorescent OLEDs while polymer (c) emits blue light
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polymers (a), (b) or (c) and an electron transporting material on the basis of oxa-
diazoles. Unfortunately, no performance data and no lifetimes of the devices are
specified.

5.2.2 Polysilanes in Photovoltaics

The semiconducting and photoconducting properties of polysilanes also led to in-
vestigations of polysilanes as components in organic photovoltaics. The design of
polymer solar cells closely resembles OLED devices (Fig. 25). Here a photoactive
layer formed by a mixture of an electron transporting polymer and a hole trans-
porting polymer rather than an emitting layer is employed. The polymer mixture
undergoes a micro-phase separation after spin coating and thus forms a so-called
p-n bulk heterojunction. In this case, absorption of light leads to generation of
charge carriers in the photoactive layer. These charge carriers are transported to
the electrodes and thus cause a current to flow.

Polysilanes can be part of the active layer or, such as in multi-layered OLEDs,
serve as a hole transporting layer. There are a number of publications describing
polysilanes as a photoactive layer or as a hole transporting material in organic solar
cells but in most of them polysilanes are merely mentioned as a general example
of an organic semiconductor. They are, for example, not specified in the published
examples of patents and are only included to widen the scope of the claims. Only
the publications mentioned below cover the application of polysilanes in organic
photovoltaics in more detail.

Deviating from the principal of bulk heterojunction solar cells have been pre-
pared using only polysilanes. However, polysilanes are preferentially employed
as mixtures with other organic semiconductors and electron transporting materials
such as fullerenes as photoactive layer [125, 126]. If polysilane—fullerene mixtures
are used, higher efficiencies are observed than with pure polysilanes. The efficien-
cies depend directly on the fullerene concentration in the mixture [127, 128]. Instead
of fullerenes, anthracenes can be used as electron transporting materials in mixtures
with polysilanes. With 4.2%, the highest efficiency of a polysilane solar cell was
observed with a polysilane—anthracene co-polymer [129]. It is generally accepted
that purification and doping of polysilanes result in higher efficiencies of the corre-
sponding organic solar cells [130, 131] or at least lead to higher conductivities.

metal cathode

photoactive layer

PEDOT /
hole transporting layer

ITO anode

transparent substrate

Fig. 25 Organic solar cell
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Polysilanes have also been employed in dye sensitized solar cells (Gritzel cells,
(Fig.26) [132, 133].

They can serve as a component in the polymer electrolyte, but more obvious is
the use as photo sensitizer in mixtures with the dye or as co-polymers with dye.
To summarize, the knowledge about the use of polysilanes in organic solar cells is
marginal. In particular, studies of the correlation between the band gap of polysi-
lanes and the performance of corresponding solar cells have not been made.

5.2.3 Polysilanes in Organic Field Effect Transistors

Polysilanes have also been proposed for use as semiconductors in organic field effect
transistors (OFETs) [134—136], but even less is known about the use of polysilanes
in this application.

One possible design of an OFET is shown in Fig. 27.

A field effect transistor (FET) controls the flow of electrons or holes from source
to drain by affecting the conductivity of the semiconducting material by varying a
voltage applied across the gate and source. Any p- or n-type organic semiconductor
can be used in OFETs; the p-type polysilanes can be employed pure or in mixtures
with other organic polymers as the semiconducting layer [137].

The minor attention paid to polysilanes as semiconductor in OFETs may be
caused by the low charge carrier mobility in polysilanes, typical values being about
10~*cm?V~!s~! [138]. This is three orders of magnitude lower than in other or-
ganic semiconductors. The substituents attached to the silicon backbone have no



28 A. Feigl et al.

significant influence on the mobility parameter, so a dramatic increase of the mobil-
ity is not to be expected with standard polysilanes. However, new concepts such as
those mentioned above for polysilane—anthracene co-polymers may result in mate-
rials with enhanced charge carrier mobilities more suitable for OFETs.

6 Conclusions

The multitude of different applications proposed for polysilanes is astonishing.
However, to the best of our knowledge, commercialization has not yet been achieved
in any of the shown technologies. For example, organic electronic devices are still
based on organic semiconductors such as polythiophenes.

Important reasons for not applying polysilanes are probably the difficulties in
controlling their synthesis with regard to molecular weight, PDI and impurities as
well as the high costs of these elaborate methods and the purification processes
involved. Additionally, there is little known about polysilane degradation and, thus,
life time shortening in semiconductor devices. This in turn may be due to the limited
supply of structurally diverse polysilanes accessible by the routes known.

If a reliable low cost synthetic process for the production of polysilanes can be
developed a commercialization of this promising class of materials might be possi-
ble. This is especially true if this new process allows a free choice of substituents
and thus yields more stable polysilanes.
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Conjugated Organosilicon Materials for Organic
Electronics and Photonics

Sergei A. Ponomarenko and Stephan Kirchmeyer

Abstract In this chapter different types of conjugated organosilicon materials
possessing luminescent and/or semiconducting properties will be described. Such
macromolecules have various topologies and molecular structures: linear, branched
and hyperbranched oligomers, polymers, and dendrimers. Specific synthetic ap-
proaches to access these structures will be discussed. Special attention is devoted
to the role of silicon in these structures and its influence on their optical and electri-
cal properties, leading to their potential application in the emerging areas of organic
and hybrid electronics.

Keywords Anthradithiophene - Dendrimer - Electroluminescence - Oligothiophene
- Organic field-effect transistor (OFET) - Organic light-emitting diode (OLED)
- Organic solar cells - Pentacene - Photoluminescence - Poly(1 - 4-phenylene
vinylene) - Silafluorene - Silole
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Abbreviations

[C70]PCBM ([6,6]-Phenyl C71-butyric acid methyl ester)

2T 2,2'-Bithiophene

3AC Anthracene

3D Three-dimensional

3T 2,2": 5" 2" -Terthiophene

4AC Tetracene

4T 2,2":5',2":5" 2" -Quaterthiophene

SAC Pentacene

5T 2,2":5' 2" . 5" 25" 2"".Quinquethiophene

6T 2,2/:5',2:5" 25" 215 M _Sexithiophene

7T 2, 2/:5/7 2//:5//7 2///:5///, 2////:5////7 2/////:5/////7 2//////_Septithiophene

NEL External electroluminescence quantum efficiency

(o) Luminescence quantum yield

Ac Acetyl

ADT Anthradithiophene

AFM Atomic force microscopy

AIE Aggregation induced emission

Alqgs Tris(8-quinolinolato) aluminum(II) complex

BS Dibenzosilole

Bu n-Butyl

tBu tert-Butyl

n-BuLi n-Butyl lithium

t-BuLi tert-Butyl lithium

CEE Cooling-enhanced emission

CIE International Commission on Illumination

CV Cyclic voltammogram

Cz Carbazolyl

D-A complex Donor-acceptor complex

Dec n-Decyl

DFT Density functional theory

DMS Dimethylsilyl

DMSO Dimethyl sulfoxide

DSC Differential scanning calorimetry

EDOT 3.4-Ethylenedioxythiophene
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EL

Et

ET

eV
Fe(acac)s
FET

FF

HB

Hex
HOMO
HTL

1P

Iy

ITO

LDA
LEC
LOPV
LUMO
MALDI-TOF

Me
MEH-PPV

M,

M,
NiCl,(dppe)
NIR
NPB
NPD
Oct
OEt
OFET
OLED
OligoT
OMe
OPV
OTFT
P3HT
PBD
PCBM
PCE
PEDOT
PF

Ph

PL
PMMA

Electroluminescence

Ethyl

Electron transport

Electron volt

Iron(III) acetylacetonate

Field-effect transistor

Fill factor

Hyperbranched

n-Hexyl

Highest occupied molecular orbital

Hole-transporting layer

Ionization potential

Short circuit current

Indium tin oxide

Lithium di(iso-propyl)amide

Light-emitting electrochemical cell

Ladder oligo(p-phenylenevinylene)

Lowest unoccupied molecular orbital

Matrix assisted laser desorption ionization—time-of-flight
mass spectrometry

Methyl

Poly[2-methoxy-5-(2"-ethyl-hexyloxy)-1,4-phenylene
vinylene]

Number-averaged molecular weight

Weight-averaged molecular weight

1,2-Bis(diphenylphosphino)ethane nickel(II) chloride

Near infrared

N, N’-Bis(1-naphthyl)-N, N’-diphenylbenzidine

4,4/ -Bis[N-1-naphthyl-N-phenylamino]-biphenyl

n-Octyl

Ethoxy

Organic field-effect transistor

Organic light-emitting diode

Oligothiophene

Methoxy

Organic photovoltaics

Organic thin film transistor

Poly(3-hexylthiophene)

2-(4-Biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole

[6,6]-Phenyl C61-butyric acid methyl ester

Power conversion efficiency

Poly(3,4-ethylenedioxythiophene)

Polyfluorene

Phenyl

Photoluminescence

Poly(methyl methacrylate)
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PPV Poly(1,4-phenylene vinylene)

PPy 2-Phenylpyridine

PS Polystyrene

PSS Poly(styrene sulfonate)

PTV Polythiophenevinylene

PVK Poly(N-vinyl carbazole)

Py Pyridyl

SAM Self-assembled monolayer

SAMFET Self-assembled monolayer field-effect transistor
SBAr Silicon-bridged biaryl

SCE Saturated calomel electrode

SiF Silafluorene

T Thienyl

TES Triethylsilyl

TGA Thermal gravimetric analysis

TIPS Triisopropylsilyl

TMS Trimethylsilyl

TPD N,N'-Diphenyl-N, N'-di(m-tolyl)biphenyl-4, 4-diamine
TPS Triphenylsilyl

TPSppy 2-(4'-(Triphenylsilyl)biphenyl-3-yl)pyridine
TS Dithienosilole

TVS Trivinylsilyl

Und n-Undecyl

UV-vis Ultraviolet-visible

Voe Open-circuit voltage

1 Introduction

Organic electronics has been a fast growing field of science and technology since the
beginning of the twenty-first century [1, 2]. It is designed for cost efficient and flex-
ible lightweight large area devices, the basic units of which are organic field-effect
transistors (OFETs), also known as organic thin film transistors (OTFTs) [3], or-
ganic light-emitting diodes (OLEDs) [4], and organic photovoltaic cells (OPVs) or
solar cells [5-7]. They can also be combined with sensing elements [8] lasers, etc.
In general, these devices are not intended to outperform contemporary inorganic
(silicon) electronics. They will have lower performance due to material limitations,
e.g., reduced charge carrier mobility in OTFT will limit the ability to process high
frequencies. However, organic electronics will have its own market niche based on
its flexibility, low weight, and, eventually, low cost as a result of substitution of ex-
pensive lithography, wet processing, and other technologies used in conventional sil-
icon electronics by cheap roll-to-roll, ink-jet, gravure, or other printing techniques.

A major difference between silicon and organic electronics concerns the elec-
tronic structure of the semiconducting materials employed. Silicon as semiconduc-
tor is doped with elements like boron or phosphorus, which determines the type
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of charge carrier by introduction of excess electrons or holes. In organic intrinsic
(undoped) semiconductors HOMO-LUMO energy levels and their relative posi-
tions to the corresponding energy levels of the electrodes — ionization potentials
(IPs) determine the type of the main charge carriers. As a consequence, the chem-
ical structure of the organic semiconductor strongly influences whether an organic
semiconductor is p-type (hole conducting) or n-type (electron conducting).

Conjugated organosilicon materials with semiconducting properties resemble a
broad class of “organic” rather than silicon semiconductors. As typical for intrinsic
organic semiconductors, the introduction of silicon atoms into the conjugated or-
ganic structure changes the HOMO-LUMO energy levels and influences their opti-
cal and semiconducting properties. Prerequisite is a direct covalent linkage between
the silicon atom and the organic conjugated core. Nevertheless, in addition to conju-
gated structural parts, most organic semiconductors contain nonconjugated groups,
which influence solubility, aggregation, crystallization, and film-forming proper-
ties. Therefore, another option is to attach organosilicon fragments to units which
do not interact electronically with the chromophore but improve self-organization
and morphology of the semiconductor during processing. Such an approach might
be especially important for solution processing techniques. Direct conjugated link-
age of silicon to chromophores might also impact the morphology, especially in
the case of (hyper)branched or dendritic molecules, where silicon acts as the branch-
ing centers, but in comparison to electronic effects morphology effects are usually
less dominant.

In the following, different types of conjugated organosilicon materials will be
discussed which differ in topology and molecular structure: linear, branched, and
hyperbranched (HB) polymers, oligomers, and dendrimers. This will comprise all
materials containing conjugated organosilicon or organic units as well as silicon
atoms or organosilicon fragments in the same molecular structure without direct
electronic interaction.

2 Linear Conjugated Organosilicon Oligomers

Among linear conjugated organosilicon oligomers, two classes of molecules can be
distinguished, which were widely investigated and show promising semiconduct-
ing and luminescent properties: (1) silicon-containing thiophene oligomers and (2)
organosilicon oligoacene derivatives. It should be noted that oligothiophenes and
oligoacenes (especially pentacene) themselves are among the best organic semi-
conductors [9, 10]. Modification with silicon will add specific features to their
properties which will be discussed in the following. Apart from that, the introduction
of silicon into aromatic structures creates a new building block which can be used
to construct conjugated oligomers and polymers: a silacyclopentadiene also called
“silole.” Oligomers based on silole itself as well as its most important derivatives,
such as dibenzosilole (BS) and dithienosilole (TS) and more recently developed
silicon analogs of oligo(p-phenylenevinylenes), also open opportunities for new
electronic properties.
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2.1 Silicon-Containing Thiophene Oligomers

The synthesis of silicon-containing thiophene oligomers was comprehensively re-
viewed in 1997 [11]. In the scope of this chapter we will consider recent and most
important examples of these materials and their application in organic electronics
and photonics.

In contrast to benzene, thiophene itself shows no luminescence, but it’s oligomers
starting from 2,2’-bithiophene (2T) are luminescent and may find applications in
organic photonics and electronics. Among o, o’ -oligothiophenes the luminescence
quantum yield (@) increases with increasing conjugation length and is accom-
panied by a significant red shift of the luminescence maximum. The addition of
silylene or disilylene units to the o, o' -position will significantly increase @ of
linear 2T- and 3T-derivatives, but decreases @ for 6T-derivatives as compared
to pristine oligothiophenes. Hadziioannou and coworkers have reported a series of
trimethylsilyl- and pentamethyldisilanyl-oligothiophenes (Fig. 1) [12]. The fluores-
cence quantum yield @ for these molecules reached 23% for Me3Si-T2-Si;Mes
compared to 1-2% measured for 2T; in contrast, the @ for 6T (32%) exceeded
the value for Me3Si-T6-Oct;SiMes (25%) (Fig.2). Bearing in mind that the fluo-
rescence maxima of oligothiophenes strongly depend on their conjugation length,
substitution of the oligothiophenes with organosilicon units may help to tune its
spectral characteristics and efficiency.

o-Trimethylsilyl groups can be easily cleaved from oligothiophene units ei-
ther chemically to the corresponding oligomers [13] or electrochemically to yield
polymers [14, 15]. Silyl substituents with longer alkyl groups seem to be more

\ N \ B \~
/ \ \./ H / \ \ ./Si/ /Si’@T/S\i/ //SI\Si s ~ \fi/s\

H S n/S| S n fl N \
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/F\ g e jv
/Si S n S\l
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HC Me,Si-Tg-Me,SiMe, o€

Fig. 1 Silylated oligothiophenes
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Fig. 2 Fluorescence quantum yield @ vs fluorescence wavelength maximum for a series of olig-
othiophenes and their organosilicon derivatives (based on data from [12]). Number of conjugated
thiophene units is marked on the chart near the corresponding data set

stable: a series of o, 0/-bis(dimethyl-tert-butylsilyl) oligothiophenes tBuMe;Si-
Tn-Si-MeytBu (n = 3-6) was reported by Barbarella et al. (Fig.1) [16]. The
quater- and sexithienylsilanes were prepared by Fe(acac); (iron(IIl) acetylacet-
onate) mediated oxidative coupling of corresponding lithium derivatives, while
quinquethienylsilane was obtained by the Stille reaction. All oligomers were highly
soluble in most organic solvents which allowed their easy synthesis and purifi-
cation. Vacuum-evaporated thin films of the oligomers with n = 4-6 displayed
field-effect transistor activity, with charge mobilities increasing with the substrate
deposition temperatures. The best OFET performance was achieved from the quin-
quethiophenesilane tBuMe, Si-T5-Si-Me,fBu, which was characterized to have a
mobility up to 2 x 10~*cm? V~'s~! and an on/off ratio greater than 103 combined
with good device stability in air for several months. The lower mobility of these
oligomers compared to o, o’-dialkyloligothiophenes (i.e., 0.5cm?> V~!s~! for Dec-
6T-Dec [17] or 1.1cm?>V~'s~! for Et-6T-Et) [18] can be explained by a significant
steric hindrance caused by bulky triisopropylsilyl groups. This is evidenced by un-
usual triclinic crystallization of these compounds, in which the conjugated backbone
shows strong deviation from coplanarity [19].

Many examples reported in the literature evidence an improved solubility of
organosilicon modified oligothiophenes when compared to their unmodified deriva-
tives. It was found that o-trimethylsilyl substituents will increase the solubility of
bi-, ter-, and quaterthiophenes. More bulky o-dimethyl-zert-butylsilyl substituents
improve the solubility up to a chromophore length of sexithiophenes. In order to
synthesize soluble oligothiophenes with longer chromophores (i.e., septi- and octi-
thiophenes, see Fig. 1), additional modifications will be necessary, e.g., by adding
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Fig. 3 Oligothiophenesilane dimers

several additional 3-methylsubstituents to the thiophene rings. However, adjacent
trimethylsilyl groups to 3-methylthien-2,5-diyl units will quickly cleave from the
core unit [13].

Ohshita et al. have reported on a series of oligothiophenesilane dimers bridged
by mono-, bi-, or trisilanylene units with the intention to trace the influence of 6—n
conjugation between the oligothiophene units and the silanylene bridge on the semi-
conducting properties of these materials (Fig.3) [20, 21]. The FET mobilities of
vapor-deposited films in top contact OFETs were found to be enhanced with the
oligothiophene chain length and reached 5.1 x 1072cm?V~!s~! for 5T,Sis. This
tendency follows the trend of unmodified oligothiophenes, which behave similarly
[22]. In summary the influence of the silylene units is not well pronounced. On
the one hand, in a series of quinquethiophenesilane dimers with different silylene
bridges (5T,Six) no clear influence of the Si-chain length on the charge carrier mo-
bility was found. On the other hand, in a series of quaterthiophenes the charge carrier
mobility of films was increased in the row 4T,Si3 < 4T,Si,O < 4T,Si;. This indi-
cates a 6—T conjugation between the oligothiophene units and the silanylene bridge
of lesser importance than it was expected, and a major influence of other factors,
such as film morphology and molecular alignment in the solid film. Quaterthio-
phenesilane dimers were sufficiently soluble in organic solvents in order to make
solution-processed OFETs by spin-coating. While 4T,SisHex did not yield any FET
mobility, the mobilities of wet coated films of 4T,Si3 were an order of magnitude
higher than for vapor evaporated films (1 = 4.1 x 1073 and 2.9 x 10~*ecm?> V1571,
respectively). Quinquethiophenesilanes were hardly soluble in organic solvents,
making it impossible to process films by spin-coating.

Another type of linear silicon-containing thiophene oligomers are monochlorosi-
lyl derivatives of dialkyloligothiophenes Cl-Si-Spacer-OligoT-End (Fig. 4) [23, 24].
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Scheme 1 Schematic representation of a SAM formation by CI-Si-Und-5T-Et on SiO»

Each of these structures contains the reactive monochlorosilyl group Si—Cl, attached
to a semiconducting oligothiophene unit OligoT via flexible aliphatic spacers. Such
molecular structures allow crystalline self-assembling monolayers (SAMs) to form
on dielectric hydroxylated silicon dioxide [25] or even on oxidated polymer sur-
faces [26] by self-assembly from solution. A schematic representation of the SAM
formation is shown in Scheme 1. Obviously the following factors play crucial roles:
(1) the reversibility of the reaction of monochlorosilane with silanole, (2) a strong
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T interactions between the oligothiophene chromophores, and (3) the presence
of the aliphatic spacers between the reactive group and the oligothiophene cores,
which facilitates crystallization.

The oligothiophene SAMs reveal excellent semiconducting properties similar to
those of bulk oligothiophenes. Even under ambient conditions SAM semiconduc-
tors assembled from solution to form monolayers and yield field-effect transistors
(SAMFETs) with a mobility of up to 0.04cm? V~!s~! and on/off ratio up to 1 x 108
for 40 um channel length devices [25]. In a series of the molecules with the struc-
ture Cl-Si-Spacer-OligoT-End the mobility increased by a factor of 10 from 4T to
5T oligothiophene units and by a factor of 2-3 with increasing spacer length [24]. It
should be noted that the first oligothiophene SAMFETsS prepared from nonsilicon-
containing bifunctional ter- or quaterthiophenes on organosilicon modified silica or
alumina surfaces worked for submicron channel length transistors only, and only
in a few cases showed reasonable mobility: 0.0035cm?V~!s~! for quaterthiophene
and 8 x 10~*cm? V~!s™! for terthiophene, with the on/off ratio up to 1,800 [27].
However, the more recent approach using Cl-Si-Und-5T-Et assembled on silica was
proven to be highly efficient: it was possible to make fully functional SAMFET-
based functional 15-bit Code Generators containing over 300 SAMFETs (Fig.5)
with all SAMFETs working simultaneously and with equal (or at least very close)
electrical characteristics [28].

a b
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//4
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15 enable
1
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Fig. 5 SAMFET-based functional 15-bit code generator: block diagram (a), optical micropho-
tograph (b), and output characteristics (c). The bit rate was about 1kBits~! at a supply voltage
of —40V. The outputted code is indicated at the top and by the red line [28]
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In all types of linear Si-containing thiophene oligomers, a strong influence
of silicon atoms on electronic and optical properties of the oligothiophenes was
found, especially for oligomers with shorter chromophores such as bi- and terthio-
phenes. The introduction of silicon substituents has a more pronounced influence
on their solubility and thin film morphology, independent of the presence of elec-
tronic coupling between the Si atom and oligothiophene core. Unique properties of
organosilicon SAM oligothiophenes pave the way to bottom up organic electronics.

2.2 Organosilicon Oligoacene Derivatives

Various oligoacene derivatives have been modified with organosilicon units by
Anthony and other groups [29]. Unlike oligothiophenes with the most reactive pro-
tons at the o positions, oligoacenes have reactive sites at the center benzene units,
which can be easily modified with various organosilicon groups. In order to re-
lease steric interactions between the bulky silane groups and the chromophoric
oligoacenes, the silane groups are usually attached via acelylenic extension units.
Anthracene and its derivatives are known for their good luminescence properties.
Anthracene can be substituted at 9,10-positions to yield the triisopropylsilylethynyl
derivative TIPS-3AC (Fig. 6). This compound crystallizes in films, which can be
used as emitter in simple OLED devices showing an intense blue emission with a
maximum luminance of 1,000cdm~2, an efficiency of 1.7cdA~! at a luminance
of 100cdm~2 and a bias voltage of 7.8 V [30]. Attachment of two methoxy groups
to the chromophore of TIPS-3AC leads to the crystalline compound TIPS-3AC-
OMe;. The decreased m—m interaction increases the stacking distance from 3.7
to 5.7 A, which surprisingly does not significantly alter the OLED performance
(1.4cdA™" at a brightness of 100cdm~2 and bias voltage of 7.0 V). When the
triisopropylsilylethynyl substituents are shifted to 1,4-positions in the anthracene

TIPS-3AC TIPS-3AC-OMe, 1,4-TIPS-3AC \<Sij/ TIPS-T-4AC-OMe,

Fig. 6 Triisopropylsilyl-modified oligoacenes for OLEDs
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Fig. 7 Silylsubstituted anthracene derivatives with bulky phenyl groups

core unit (compound 1,4-TIPS-3AC in Fig. 6) the film is hindered from crystalliza-
tion, and OLEDs only exhibit a weak green emission (0.4cdA~! at a brightness
of 100cdm~2). Tetracene derivatives with more bulky organosilicon substituents
in the 5,6-positions and electron-donating methoxy groups in the 11,12-positions
(compound TIPS-T-4AC-OMe; in Fig. 6) emit red light in OLEDs [31]. These ex-
amples demonstrate how structural design and fine tuning can significantly change
phase behavior and electronic properties of the materials that consequently influence
the device performance.

Karatsu et al. have reported on photo- and electrooptical investigation of a se-
ries of silylsubstituted anthracene derivatives with bulky phenyl groups (Fig.7)
[32]. They showed efficient blue fluorescence with the quantum yield of 77-92%
(compared with 36% for the parent anthracene). With an increasing number of
phenyl radicals the Stokes shift for phenylsilyl compounds significantly increases
from 891cm~! for M3S-3AC to 1,582cm™! for P3S-3AC, but slightly decreases
for phenylsilylethynyl compounds from 208cm ™! for TMS-3AC to 202cm™! for
TPS-3AC. Multilayered EL devices were prepared using these compounds as a
dopant (up to 5%) in a 4,4’ — N, N'-dicarbazolyl-biphenyl (CBP) host which emitted
a pure blue color, with the best characteristics for P3S-3AC (CIE coordinates 0.145,
0.155)".

Pentacene is a benchmark as semiconductor for thin-film OFETs, showing a
mobility in the good quality devices up to Scm?>V~!s~! [33]. However, its draw-
backs are insolubility and low oxidation and thermal stability, which may be
improved by incorporation of appropriate organosilicon substituents. Pentacenes
substituted at the 6,13-positions are easily accessible from pentacenequinone by
synthetic methods known since the 1940s [34]. Anthony et al. prepared a series of
trialkylsilylethynyl pentacene derivatives from pentacenequinone and correspond-
ing Grignard reagents (Scheme 2) [35, 36]. All derivatives proved to be soluble in
common organic solvents, which allow preparation of OFETSs by solution process-
ing. The most promising semiconducting properties revealed 6,13-bis(triisopropyl-

! Coordinated within the CIE 1931 color space chromaticity diagram. CIE — the International
Commission on Illumination (abbreviation comes from French “Commission internationale de
I’éclairage”).
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Scheme 2 Synthetic route to organosilicon 6,13-disubstituted pentacene and chemical formula of
the most promising derivative for OFETs — TIPS-5AC

silylethynyl) pentacene (TIPS-5AC), although its mobility significantly depended
on the preparation method [37]. In the case of thermally evaporated films, the
highest hole mobility measured in OFETs was 0.4cm?V~!s~!. Solution-deposited
TIPS-5AC yields films of significantly higher quality since slow evaporation of the
solvent allows the material to self-assemble into large m-stacked arrays. Fast evap-
oration during spin-casting leads to a lower hole mobility of 0.2cm? V~'s~! with
on/off current ratios of 10°. During drop-casting the solvent is allowed to evaporate
slowly and hole mobilities greater than 1cm?V~'s~! and on/off current ratios of
greater than 107 have been achieved [38]. Electronic properties and electron trans-
fer characteristics of TIPS-substituted oligoacenes have been studied in detail, both
experimentally and theoretically [39, 40].

The unique combination of outstanding electrical performance and good solubil-
ity of TIPS-5AC was rationalized by favorable 2D n-stacking in the “bricklayer”
crystal lattice of this material (Fig. 8a), which is different both from 1D m-stacking
in the “slipped-stack” arrangement of some other organosilicon 6,13-disubstituted
pentacenes (i.e., triethylsilylethynyl pentacene TES-5AC, Fig.8b) and from the
herringbone structure of pentacene (Fig. 8c). It is well-known that the device per-
formance clearly depends on the crystal packing of the employed semiconductor.
Moreover, apparently TIPS-substituents have just the right size for the efficient
“bricklayer” packing, since smaller ethyl or larger n-propyl attachment groups lead
to 1D “slipped-stack” arrangements, while the largest trimethylsilyl radicals lead to
a herringbone structure.

Attempts have been made to deposit TIPS-pentacene from solution as the func-
tional layer in a pentacene/C60 bilayer photovoltaic device. Careful optimization
of deposition conditions, optimal concentration of mobile ion dopants, thermal
postfabrication annealing, and the addition of an exciton-blocking layer yielded
a device with a moderate white-light PCE of 0.52% [41]. Since TIPS-pentacene
derivatives rapidly undergo a Diels—Alder reaction with fullerene, the assembly
of potentially more efficient bulk-heterojunction photovoltaic devices from TIPS-
pentacene and fullerene derivatives were not possible [42]. The energy levels of
the TIPS-pentacene-PCBM adduct (PCBM is [6,6]-phenyl C61-butyric acid methyl
ester) ineffectively supports the photoinduced charge transfer.
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Fig. 8 Solid state ordering of TIPS-5AC (a), TES-5AC (b), and pentacene (c¢) — reproduced with
permission of the American Chemical Society from [29]

Introduction of fluorine substituents into the conjugated core is known as a
powerful method to change the polarity of the main charge carriers in organic
semiconductors. Some fluorine derivatives of pentacene and TIPS-pentacene have
also have been reported (Fig.9). Solely perfluorinated pentacene SAC-F14 exhib-
ited n-type behavior with an electron mobility up to 0.22cm?V~!s~! [43, 44].
Contrary to expectation, the partially fluorinated TIPS-pentacene derivatives
TIPS-5AC-F4 and TIPS-5AC-F8 showed only p-type mobility, 0.014cm?V—!s~!
and 0.045cm?>V~!s™!, respectively [45]. Devices were prepared by vacuum
sublimation and compared to TIPS-5AC (mobility of 0.001cm? V~!s~!, deposited
under the same conditions). An increasing mobility with an increasing degree
of fluorination of TIPS-pentacene was explained by a decreasing n—m interlayer
spacing in the crystal packing due to aryl-fluoroaryl interactions (from 3.43 A for
TIPS-5AC to 3.36 A for TIPS-5AC-F4 and 3.28 A for TIPS-5AC-F8), while the
overall packing arrangement was almost the same for all these compounds.
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Fig. 9 Fluorosubstituted pentacene and TIPS-pentacene
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Fig. 10 Dioxolane derivatives of TIPS-pentacene

Some dioxolane derivatives of TIPS-pentacene were successfully applied
in OLEDs (Fig.10). TIPS-5AC-DO used as a guest emitter in the tris(8-
quinolinolato) aluminum(Ill) complex (Alg;) and 4,4’-bis[N-1-naphthyl-N-
phenylamino]-biphenyl (NPD) host matrices (common hole-transport materials
used in OLEDs) showed efficient energy transfer and bright red photoemission at
very low concentrations (less than 0.5 mol%) [46]. However, a higher dopant con-
centration led to aggregate emissions that motivated the synthesis of the more bulky
derivative TIPS-5AC-DO-ET (functionalized with ethyl groups at the dioxolane
ring). This compound has an increased chromophore stacking distance in the crystal
(5.5A vs 3.4 A for TIPS-5AC-DO) and allowed a concentration up to 2% of dopant
in both Alq; and NPD matrixes without formation of aggregates. OLEDs prepared
from such composites showed bright red emission with an external electrolumines-
cence quantum yield of 3.3% [47], close to the theoretical maximum and also very
close to the highest value reported (3.6%) [48] for a small-molecule red-emissive
OLED.

Heterocyclic analogs of pentacene—anthradithiophenes (ADT) are another type
of promising semiconductors (with a mobility up to 0.09cm?V~'s~! for vac-
uum sublimed film of parent ADT and up to 0.15cm?V~!s™! for its dialkyl-
substituted analogs), despite the fact that they can only be prepared as mixture of
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Scheme 3 Synthetic route to silylethynyl-functionalized anthradithiophenes

syn- and anti-isomers which cannot be separated [49]. The same problem arises
for silylethynyl-functionalized ADTs, a series of which was prepared starting from
thiophene-2,3-dicarboxaldehyde and 1,4-cyclohexanedione (Scheme 3) [50]. These
compounds showed remarkable solubility when compared to parent ADT, but
their semiconducting properties are highly dependent on the substituent groups
attached to the central silicon atom. Solution-deposited films of TMS-ADT did
not show any field-effect mobility due to lack of m—m-stacking, TIPS-ADT ex-
hibited a relatively low mobility (<10~*cm?V~!s™!), while the mobility up to
0.19cm? V~'s~! was reported for TES-ADT [51]. The mobility improved when
TES-ADT was deposited by drop-casting, which yielded devices with mobilities
as high as 1.0cm?> V~!s~! and on/off current ratios of 10”. This dramatic improve-
ment of semiconducting properties was associated with 2D nt-stacking of TES-ADT,
similar to TIPS-pentacene.

2,8-Diethyl-5,11-bis(triethylsilylethynyl)anthradithiophene (TES-ADT-ET) was
synthesized by a similar synthetic route and successfully used in bulk-heterojunction
solar cells in mixture with PCBM [52]. Solvent vapor annealing of these blends
leads to the formation of spherulites, which consist of a network of ADT crystallites
dispersed in an amorphous matrix primarily of fullerene (Fig. 11). It was shown that
the coverage of a device with spherulites directly correlates with its performance.
Devices with 82% spherulite coverage reach a PCE of 1%.

Significant improvements in stability and crystallinity were achieved by partial
fluorination of silylethynyl-functionalized ADTs (Fig. 12) [53]. These fluorinated
materials still behave as p-type semiconductors, but compared to the nonfluorinated
derivatives the fluorine introduces a dramatic increase in thermal stability and photo-
stability. TES-ADT-F2 forms highly crystalline films even from spin-cast solutions,
leading to devices with maximum hole mobility greater than 1.0cm? V—!s~!. TIPS-
ADT-F2 forms large, high-quality crystals that could even serve as a substrate for
transistor fabrication. For this compound, a mobility up to 0.1cm? V= !s~! was mea-
sured on the free-standing crystals. Recently single-crystal field-effect transistors
prepared on the surface of TES-ADT-F2 exhibited outstanding electronic properties:
a mobility as high as 6cm? V= !s™!, large current on/off ratios (Ion/Iofr = 1 x 10%),
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TES-ADT-ET

Fig. 11 2,8-Diethyl-5,11-bis(triethylsilylethynyl)anthradithiophene (TES-ADT-ET) and optical
image of its blend with PCBM used in efficient photovoltaic devices — reproduced with permission
of the American Chemical Society from [52]

10°
10"
10°
10
107
10°
{10°
10-10
10™

Dol RG] 107"
TES-ADT-F2: R= Et 40 -30 -20 -10 0 10 20
TIPS-ADT-F2: R=i-Pr VGS (V)

(()%) Boy

Fig. 12 Partially fluorinated silylethynyl-functionalized anthradithiophenes (left). Single crys-
tal of TES-ADT-F2 and its electrical characteristics (right) — reproduced with permission of the
American Chemical Society from [53]

a small subthreshold slopes (S = lVdec*I), and extremely small hysteresis in
the current-voltage characteristics [54]. Optical, fluorescent, and (photo)conductive
properties of this and other silylethynyl-functionalized pentacene and ADT deriva-
tives have recently been studied in detail [55]. Soluble silylethynyl-functionalized
higher acenes (hexacene and heptacene) [56] and acenedithiophenes with six and
seven fused rings [57] have also been reported.

Thus, linear soluble organosilicon oligoacenes have demonstrated a high techno-
logical potential for organic electronics. Their application as semiconductors have
been demonstrated in OTFTs, OPVs, and in OLEDs. Both the chromophore and the
attachments groups influence electronic and morphological properties for the most
part in a way that will not be easily predicted and will require subsequent empirical
fine tuning of structures and deposition methods to obtain materials with optimal
performance.
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2.3 Silole-Based Oligomers

Silole (silacyclopentadiene) and its derivatives contain a unique electronic struc-
ture leading to excellent photophysical properties [58]. Siloles have a low LUMO
energy level combined with a relatively high HOMO level in comparison to other
heterocyclic rings commonly used for creation of t-conjugated oligomers and poly-
mers: pyrrole, furan, thiophene, and pyridine (Fig. 13a). The 6*—m* conjugation in
the silole ring, arising from interactions of the ¢* orbital of the silylene moiety with
the w* orbital of the butadiene significantly lowers its LUMO energy (Fig. 13b).
As a result 2,5-difunctionalized silole-containing oligomers and polymers exhibit
a low band gap when used as structural unit in the conjugated backbone. Indeed,
2,5-disubstituted disilol 2,5-2SEP has an absorption maximum at 417 nm and 2,5-
disubstituted quatersilole 2,5-4SEP has a A« at 443nm (Fig. 14) [59]. These
values are significantly red-shifted compared to a Amax at 301, 351, and 385 nm
for bi-, ter-, and quaterthiophenes [12]. In contrast, 1,1-substituted ter- and quater-
siloles 1,1-3SMP and 1,1-4SMP have a Ay« at 280-290nm only due to lack of
electronic overlap between silicon and the conjugated rings [60].

2,5- and 1,1-Difunctionalized siloles can be prepared by intramolecular reductive
cyclization of diethynylsilanes. Starting from these functionalized siloles a num-
ber of oligo(2,5-silole)s and oligo(1,1-silole)s have been successfully synthesized
[59-61]. However, more often 2,5-difunctional silole monomeric units are com-
bined with other heterocycles, i.e., thiophene, pyrrole, pyridine, etc. A series of
thiophene-silole co-oligomers and copolymers have been prepared by Tamao et al.
[62]. All oligomers showed a bathochromic (red) shift in the absorption maxima
when compared to oligothiophenes, which tends to shift to longer wavelengths
with an increasing number of silole units incorporated. In contrast, the conductivity
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Fig. 13 Relative HOMO and LUMO levels for silole and other heterocycles, based on HF/6—
31G* calculations (a) and orbital correlation diagram for 1,1-dimethylsilole, based on the PM3
calculations (b). Reproduced by permission of The Royal Society of Chemistry [58]
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Fig. 14 Examples of oligo(2,5-silole)s and oligo(1,1-silole)s

of the resulting oligomers tends to increase with the number of thiophene units,
reaching a maximum of 2.4Scm™! after doping with iodine. X-ray structural analy-
sis revealed a high coplanarity of the thiophene and silole rings in the co-oligomers.
This is not the case for co-oligomers of silole with the more electron rich pyrrole, in
which a highly twisted conformation of the three rings of 2,5-dipyrrolylsilole was
found [63].

Silole-containing oligomers have been used as electron transporting layers and
as emitters to build efficient OLEDs (Fig.15) [64, 65]. In OLEDs the perfor-
mance of 2,5-di(2-pyridyl)-1,1-dimethyl-3,4-diphenylsilacyclopentadiene (PySPy)
as electron transport (ET) material was found to be enhanced over Alqs, which
is one of the best performing electron transporting materials so far [64]. 2,5-Bis-
(2/,2"-bipyridin-6-y1)-1,1-dimethyl-3,4-diphenylsilacyclopentadiene  (2PyS2Py),
used as ET layer, exhibited an electron mobility of 2 x 104cm? Vs ! at a field
strength of 0.64MVcm ™! measured by the time-of-flight technique. Incorpora-
tion of phenylene and thiophene moieties allowed tuning of the emission color
in OLEDs: silole derivatives PSP, SiTSTSi, and TTSTT emitted greenish blue,
yellowish-green, and reddish orange light, respectively. 2,5-Di-(3-biphenyl)-1,1-
dimethyl-3,4-diphenylsilacyclopentadiene (2PS2P) exhibits a blue fluorescence
(Amax = 476nm) with a high solid state photoluminescence quantum yield of 85%
[66]. In multilayer OLED devices 2PS2P showed emission at 495 nm due to an exci-
plex formation with N,N’-diphenyl-N ,N’-(2-naphthyl)-(1, 1’-phenyl)-4,4’-diamine
used in the hole-transporting layer (HTL). Interestingly, all these compounds show
very weak luminescence in dilute solutions (®f = 10’2—10’4) [67].

1,2-Bis(1-methyl-2,3,4,5-tetraphenyl silacyclopentadienyl)ethane (2PSP) emits
a blue—green fluorescence with an absolute quantum yield of 97% as vapor-
deposited film [65]. Devices using 2PSP show a very low operating voltage, an
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Fig. 15 Silole-containing oligomers used for OLEDs

external electroluminescence quantum efficiency 7ngp, of 4.8%, and an impressive
luminous power efficiency of 9lm W~ at a brightness of 100cdm 2. Unfortunately,
these siloles easily crystallize due to their low glass transition temperatures (7).
This strong tendency for crystallization contributes to device degradation when
these materials are incorporated in OLED structures [68].

1-Methyl-1,2,3.4,5-pentaphenylsilole [69] (PSP5) was reported as the first com-
pound with a huge aggregation induced emission (AIE) — a rare phenomenon,
where efficiency of photoluminescence increases by two orders of magnitude upon
aggregation [70]. This phenomenon was explained by restricted intramolecular ro-
tations of the phenyl rings in the nanoaggregates (with a large contribution to the
nonradiative transition process found in solutions) [71] and observed for a se-
ries of similar phenylsiloles [72, 73] as well as for other bulky molecules [74].
PSP5 and other 1,1-disubstituted siloles can be synthesized in a convenient one-pot
reaction by lithiation of dithenylacetylene followed by treatment with correspond-
ing dichlorosilane [75]. Multilayer OLED devices, prepared with PSP5 as emitter,
showed a blue light emission at 496 nm with a low turn-on voltage (3.4 V), high
emission efficiencies (9,234cdm™2, 12.6ImW~!, and 12cdA~"), and high exter-
nal quantum yield (8%). Further optimization allowed raising the power efficiency
of the devices to a record for blue emission value of 20lmW~=! [70]. Among
a series of spiro-silacycloalkyl tetraphenylsiloles prepared by Son et al., 1,1'-
silacyclopentyl-2,3,4,5-tetraphenylsilole (CPSP4) has shown the most promising
properties in OLEDs. A three layer device, comprising N,N’-bis(1-naphthyl)-N N'-
diphenylbenzidine (NPB) as the hole-transport layer, CPSP4 as the emitting layer,
and Alqs as the ET layer, displayed a brightness of 11,000 cd % at 11V with a cur-
rent efficiency of 2.71 cdA~ ! [73].
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Attaching one or two carbazolyl (Cz) groups to a hexaphenylsilole (HPS) [72]
leads to thermally and morphologically stable carbazolylsiloles, HPS-Cz and HPS-
Cz2, respectively (Fig. 16), which were tested on OLEDs and OPV cells [76].
These molecules, like their HPS parent, are also AIE-active. Obviously due to the
formation of donor—acceptor (D—A) complexes for the asymmetrically substituted
HPS-Cz the photoluminescent quantum yield of aggregated HPS-Cz (56%) was
2.4-fold higher than that of HPS-Cz2 (23%). As a result, OLEDs prepared from
HPS-Cz were found to be more efficient with a turn-on voltage of 5V, and emit
light with maximal current efficiency of 2.6cdA~! at 8.5 V. HPS-Cz2 revealed a
higher efficiency in photovoltaic cells. The best devices exhibited a short-circuit
current density of 96.5mAcm ™2, an open-circuit voltage of 1.7V, and a fill factor
of 0.21. Although the structure of the cell was far from being optimized, it showed
an external photovoltaic efficiency as high as 2.19% (irradiated with 365nm UV
light at 15mWcm™2).

Two important silole-based building blocks are BS [77, 78] and TS [79, 80]. The
first is also known as silafluorene (SiF), in which a silicon atom replaces the carbon
atom in the 9-position of fluorene; the second is the silicone-bridged bithiophene
(Fig. 17). In both structures the LUMO energy level is lowered by a 6*~n* conjuga-
tion within the silole ring.

A series of diphenyl-, dithienyl-, and dipyridylsubstituted TSs and their
trimethylsilyl derivatives have been reported by the Ohshita and Kunai group [81]
(Fig. 18). TS with trimethylsilylpyridyl substituents TSPy, have shown good ET
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Fig. 18 Dithienosilole-based oligomers

properties in OLEDs: a device with the structure of ITO/TPD/Alq;/DTSPy,/Mg-
Ag, where Alg; acted as the emitter and TPD (N,N’-diphenyl-N,N’-di(m-
tolyl)biphenyl-4,4’-diamine) as hole-transporting material, emitted a strong green
light with the maximum luminance of 16,000cdm~2. Lee et al. reported on the
synthesis of TS derivatives containing para-substituted phenyl with methyl, vinyl,
or dimethylamino groups [82]. TSP,Me, TSP, Vin, and TSP,NMe; emit light
with a maximum emission at 512, 517, and 560 nm, which correspond to green to
yellowish-green light. At a voltage of 10V the luminance of advanced multilay-
ered OLED devices using these TS derivatives as emitters were found to be 680,
515, and 250cdm ™2, respectively. The group of Ohshita and Kunai reported on a
series of TS-containing oligomers with different conjugation lengths (2—-8 conju-
gated aromatic rings, see Fig. 18). Attached electron-donating methylthio groups
raise the HOMO energy, thus leading to oligomers with smaller HOMO-LUMO
energy gaps [83]. Hence, compared to oligomers with the same m-conjugated
chain length but without silole subunits, their optical absorption (395-498 nm)
and the emission (498-576 nm) spectra maxima are shifted to longer wavelengths.
Emission colors of these oligomers cover the whole visual spectral range from
violet to red (Fig.19) despite their moderate efficiency (@ ranges from 0.02
for ToTS,S; to 0.22 for PyTS,S;). Solely TS3T;Et, the oligomer containing eight
conjugated aromatic rings, was found to be active as semiconductor in OTFT, vapor-
deposited films as well as spin-coated films of which exhibiting a hole mobility of
p=26x10"ecm?V-!sland u =1.2x 1077ecm?> V- 157!, respectively.
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Fig. 19 Luminescence of the THF solutions of TS derivatives (from left to right): TSSi,, TSSiS,
PyTS,Ss, TSPy,, ToTS2S,, 2TS,S,, TS3T,Et, TS3S, (for chemical formulas — see Fig. 18).
Reproduced with permission of the American Chemical Society from [83]
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Fig. 20 Silafluorene oligomers with different number of silicon-bridge atoms

Shimizu et al. investigated silicon-bridge effects on photophysical properties of
silafluorenes with different bridge structures (Fig.20) [84]. 4,5-Dimethylsilylene-
or 4,5-tetramethyldisilylene-bridged 9-silafluorenes Si2F and SiDSF were pre-
pared by lithiation of 2,2’,6,6/-tetrabromobiphenyls followed by silylation with
dichlorodimethylsilane or 1,2-dichloro-1,1,2,2-tetramethyldisilane, respectively.
X-ray analysis of the silylene-bridged silafluorene revealed that the molecular
framework was perfectly planar and four Si-C(methyl) 6-bonds were completely
orthogonal to the plane. Additional silicon bridges connecting the 4,5-positions were
found to induce a red shift in the absorption and fluorescence spectra compared to
9-silafluorenes (SiF). Density functional theory (DFT) calculations suggested that
an introduction of the silicon bridges to 9-silafluorene increases the energy of the
HOMO and LUMO levels simultaneously.
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Fig. 21 Functionalized benzosiloles and their derivatives

Benzosilole derivatives, in which phenylene ring replaces a double bond in the
silole structure, have also been recognized as prospective building blocks for the
synthesis of oligomers with interesting electronic and photonic properties. The
group of Nakamura and Tsuji reported a trimethylstannyllithium promoted cy-
clization of (o-alkynylphenyl)silane to a 3-stannylbenzosilole that proceeds via an
addition to the triple bond followed by intramolecular cyclization in a cascade
fashion. This intermediate can be functionalized with either electrophiles or nu-
cleophiles to 2,3-disubstituted benzosiloles (Fig.21). Phenylene-bis(benzosilole)
PBBS shows an electron mobility up to t = 6 x 10~*cm?V~'s~! in an amorphous
film, which makes this class of compounds promising for the use in organic light-
emitting devices and OPVs [85]. Recent results from the same group showed an
intramolecular cyclization of (2-alkynylphenyl)silanes in the presence of potassium
hydride to obtain a variety of new 2-substituted benzosiloles in good up to excellent
yields (Fig.21). Some of these compounds showed a high fluorescence quantum
yield both in solution and in the solid state [86].

Silicon-bridged biaryls (SBArs) can be synthesized conventionally by dilithiat-
ing the corresponding 2,2'-dihalobiaryls followed by reaction with dichlorosilanes.
Recently Shimizu et al. reported on a novel and versatile approach to SBArs
which involves Pd-catalyzed intramolecular direct arylation of readily available
2-(arylsilyl)aryl triflates (Fig.22) [87]. This approach is applicable to the facile
synthesis of not only symmetrical and asymmetrical functionalized 9-silafluorenes,
but also SBArs containing heteroaromatic rings, such as furan, thiophene, and pyr-
role. This synthetic approach was used to synthesize silicon-bridged 2-phenylindole
(SBPI), which exhibits highly efficient blue fluorescence in the solution (@g = 0.70)
and in the solid state (@ = 0.90-1.00) (Fig. 23).

In summary, silole-based oligomers present an interesting class of organosilicon
o-7t conjugated compounds with unique electronic and optical properties. A low
lying LUMO level can be further adjusted by appropriate combination with other



Conjugated Organosilicon Materials for Organic Electronics and Photonics 57

Conventional route Shimizu route
R\ /R
X X a) dilithiation sf R\S/R
‘ . b) Cl,SiR; . Pd(OAc),/PCy; .-~ : -
/ N . \ 3 v >
ArY /Ar Y — ! Ar\ /Ar' Y e—————— L Ar| | Art
S ENHDMA R LR
SBAr

Fig. 22 Two approaches to silicon-bridged biaryls

e
—

e

SB

d

Fig. 23 Silicon-bridged 2-phenylindole (SBPI) and its fluorescence images (Aexy = 365nm): (a)
1.9 x 10> M solution in cyclohexane; (b) microcrystal; (¢) powder; (d) thin-film prepared by spin-
coating from a toluene solution; (e) dispersed in PMMA film (reproduced with permission of John
Wiley & Sons, Inc from [87])

n-conjugated (hetero)cycles. In combination with the unique AIE phenomena, this
class of compounds yields an extremely high solid state PL efficiency. The highest
potential for applications of silole-based oligomers seems to be in OLED structures,
especially as blue light emitters.

2.4 Silicon Analogs of Oligo(p-Phenylenevinylene)s

Recently a new class of conjugated organosilicon oligomers has been reported:
silicon analogs of oligo(p-phenylenevinylenes). Yamaguchi, Xu, and Tamao
synthesized a homologous series of bis-silicon-bridged stilbenes [88] via an in-
tramolecular reductive cyclization of bis(o-silyl)-diphenylacetylene (Scheme4).
Bis(o-silyl)-diphenylacetylenes are reacted with excess lithium naphthalenide to
undergo a two-electron reduction at the acetylene moiety to produce a dianion
intermediate. This dianion further undergoes a double cyclization in a 5-exo mode
to yield bis-silicon-bridged stilbenes. This method can be successfully applied to
the synthesis of tetrakis-silicon-bridged bis(styryl)benzenes. The obtained silicon-
bridged m-conjugated systems show an intense fluorescence in the visible region
which differs significantly from its carbon analog.

This synthesis methodology was expanded to the synthesis of ladder oligo(p-
phenylenevinylene)s (LOPVs) and related m-electron systems, having annelated
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m-conjugated structures with silicon and carbon bridges [89, 90]. In this case a com-
bination of two cyclization reactions was applied, i.e., an intramolecular reductive
cyclization of (o-silylphenyl)acetylene derivatives and an Friedel-Crafts-type cy-
clization (Scheme 5). This allowed the synthesis of a homologous series of ladder
molecules up to LOPV-13, a system with 13 fused rings. The crystal structure of
LOPV-13 proves a nearly flat t-conjugated framework with a length of ca. 2.9 nm.
All obtained ladder m-electron systems show intense fluorescence in the visible re-
gion (Amax = 443-523 nm) with high quantum yields up to @r = 0.84, but relatively
small Stokes shifts (18-23 nm).

Disilene (Si = Si) analogs of oligo(p-phenylene-vinylene)s were successfully
synthesized by use of a 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl (Eind) ligand
(Fig.24) [91]. Their X-ray crystal structures and spectroscopic data demonstrate
that the m-conjugation effectively extends over the Si-OPV framework. Tetrasiladis-
tyrylbenzene TSDSB exhibits an orange fluorescence even at room temperature both
in solution and in the solid state, which is attributable to the effective extension of
conjugation and a low tendency to aggregate. TSDSB is the first example of a disi-
lene derivative with fluorescence even at room temperature.
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Fig. 24 (a) Disilene analogs of the oligo(p-phenylenevinylene)s (Si-OPVs): disilastilbene DSS
and tetrasiladistyrylbenzene TSDSB. (b) Highly planar crystal structure of tetrasiladistyrylbenzene
and its fluorescence — reproduced with permission of the American Chemical Society from [91]

Despite the few reports on silicon analogs of oligo(p-phenylenevinylenes) it ap-
pears that this emerging class of organosilicon materials exhibits promising optical
properties for future photonic applications.

3 Branched Conjugated Organosilicon Oligomers

Albeit some of the linear oligomers described in Sect. 2 also have branched molec-
ular shape, all of them have a 1D conjugation backbone that allows them to
be considered as linear conjugated oligomers. This section will concentrate on
oligomers having several conjugated units connected to three- or four-functional
central silicon atom.

One of the first conjugated organosilicon oligomers was spiro-bis-septithiophene
Spiro-Si-7T (Fig.25) [92] This molecule is a branched analog of septithiophene
Me;Si—-T7-Me4SiMes (see Sect.2.1), in which two oligothiophenes connect via a
C-Si isolated bridge and build a 90° torsion angle. This unique structure separates
the two perpendicular chromophores and allows oxidation of each of the 7T units
sequentially and independently of each other that proceeds via four distinct species:
a mono radical cation, a bis-(radical cation), a radical cation/dication, and a bis-
(dication). It has been proposed to use these structures in future to build molecular
electronic devices for memory, logic, and amplification functions [93, 94], in which
the oxidized (doped) and the neutral (nondoped) states of the oligothiophenes may
serve as bit states “one” and “zero.”

A series of four asymmetrically aryl-substituted 9,9’-spiro-9-silabifluorene (SSF)
derivatives, 2,2'-di-tert-butyl-7,7'-diphenyl-9,9’"-spiro-9-silabifluorene (PSSF), 2,
2/-di-tert-butyl-7,7'-dipyridin-2-yl-9,9’-spiro-9-silabifluorene  (PySSF), 2,2'-di-
tert-butyl-7,7'-dibiphenyl-4-y1-9,9"-spiro-9-silabifluorene (BPSSF), and 2,2’-di-
tert-butyl-7,7¢c-bis(2,2”-bipyridin-6-y1)-9,9’-spiro-9-silabifluorene (BPySSF) have
been reported by Lee et al. [95] (Fig. 26). These molecules were synthesized by the
cyclization of the corresponding 2,2’-dilithiobiphenyls with silicon tetrachloride.
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Spiro-Si-7T

Fig. 25 Spiro-bis-septithiophene Spiro-Si-7T
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Fig. 26 Spiro-9-silabifluorene derivatives

These spiro-linked siloles form transparent and stable amorphous films with glass
transition temperatures above 200°C. The absorption spectrum of each compound
shows a significant bathochromic shift relative to the corresponding carbon analog
as a result of the effective 6*—t* conjugation between the 6* orbital of the exocyclic
Si-C bond and the t* orbital of the oligoarylene fragment. Solid state films exhibit
an intense violet-blue emission with maxima at 398—415nm and high absolute
photoluminescence quantum yields (®@g = 0.30-0.55).

As discussed in Sect. 2.1, luminescence efficiency of bi- and terthiophenes can
be increased by silylene- and disilylelene substituents. This effect might be en-
hanced by a further branching of the chromophore to avoid aggregation. Pono-
marenko and his group reported a significant increase of the luminescence quantum
yield @f in dilute solutions of a series of mono-, di-, tri-, and tetra(5’-hexyl-2,2'-
bithiophene)silanes from 0.06 to 0.20 while the absorption and luminescence spectra
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only slightly change [96]. Interestingly, tri- and tetra-substituted bithiophenesilanes
have almost the same @ (0.19 and 0.20). These oligomers were synthesized in
good to excellent yields from the lithium derivative of 5-hexyl-2,2’-bithiophene and
the corresponding chlorosilanes similar to the synthesis reported before for a series
of bithienylhydridesilanes by Lukevics et al. [97]. Recently a similar route was suc-
cessfully applied for the synthesis of a series of tetrahedral arylethynyl substituted
silanes [98].

An impressive luminescence efficiency and luminescent lifetime was reported by
the Ishikawa group for a series of tri-arm star-like bithiophene—disilylene molecules
2T-DSi-stars, in which the synergy of both the branched structure and the disily-
lene substituents raised the efficiency up to @ = 0.49-0.75 (Fig. 27) [99, 100]. The
highest efficiency of @ = 0.78 was reported for bithiophene—silylene star 2T-Si-
star. These effects originate from the star-like structure as well as 6—1 conjugation

Me,

x=0,1,2

x=2,8,4

xT-Si-stars

X
X

2: 5T-Si-star { _Me
3: 6T-Si-star 2

Fig. 27 Tri-substituted oligothiophenesilane nanosized star molecules
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between the silicon atoms and bithiophene units by a significant decrease of the
nonradiative deactivation rate. Ter-, quater-, quinque-, and sexithiophene-silanylene
star molecules also showed increased @ in comparison to their linear analogs, al-
beit not as dramatic as in the case of the 2T chromophore: (compare @r(6T) = 0.36,
@ (Me3Si—T6 — Oct; SiMes ) = 0.25, and @p (6T-Si-star)=0.61) [101].

Ohshita et al. has reported on ter-, quater- and quinquethiophenesilane trisubsti-
tuted stars xT3Si4 (x = 3-5, see Fig.27) and compared them with linear dimers
(Fig.3) [21]. The quinquethiophenesilane star 5T3Si4 possesses the best semi-
conducting properties among the oligothiophenesilanes investigated: the OFETs
prepared by vacuum sublimation shows a mobility of 6.4 x 10~2cm?V~!s~! and
on/off ratio of 10%. It was, however, hardly soluble in organic solvents, and there-
fore could not be processed to films by spin-coating.

The solubility issue could be solved for tetrasubstituted silanes, possessing tetra-
hedral symmetry. Lukevicz et al. has reported on the synthesis of a series of radial
oligothienylsilanes having four bi-, ter-, or quaterthiophenesilane units attached to
a silicon center via a short —SiMe,C,H4— spacer [102]. Unfortunately, no optical
or semiconducting properties for these materials have been reported. The group of
Roncali has described several tetra(terthienyl)silanes (Fig. 28) among which Si(3T)4
was investigated as 3D electro-active m-conjugated material [103] with the expec-
tation that the rigid 3D structure might enhance the light absorption independent
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R = SC¢Hy4: Si(3T-SHex),

D¢
NSy s o
S RS N
S ‘s W ] S
R S )-r
R = CeHys! R = CH,CH(CH,)C,Hg:
Si(4T-Hex), 2OH(CHICHy

Si(5T-EtHex),

Fig. 28 Tetra(oligothienyl)silanes
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of the layer packaging. It is known that linear oligothiophenes have almost per-
pendicular orientation to the substrate [104] that is useful for OFETs, but prevents
their usage in OVPs. Consequently, Si(3T-Hex)4 and Si(3T-SHex)4 were used as
donor materials for organic solar cells [105]. Optimal devices using Si(3T-Hex)4
as donor material and PCBM as acceptor material showed an unsatisfactory low
PCE of 0.30%; however, this value is five times higher than for a device with the
linear oligomer 5-hexyl-2,2’ : 5',2"-terthiophene Hex-3T. The solar cells efficiency
could be improved by increasing the length of the oligothienyl units in correspond-
ing silanes. The group of Ponomarenko recently prepared tetra(quaterthienyl)silane
Si(4T-Hex)4 and tetra(quinquethienyl)silane Si(ST-EtHex),4 (Fig. 28) [106]. Hetero-
junction photovoltaic cells employing composites with C[70]PCBM ([6, 6]-phenyl
C71-butyric acid methyl ester) yielded a PCE of 1.0% and 1.35%, respectively. The
increasing efficiency in the series of 3D ter-, quater- and quinque thiophenesilanes
was attributed to a more effective absorption of the solar light caused by shifting the
absorption maxima in the series of oligomers from 390 nm to 414 nm and 437 nm,
respectively.

If linear oligothiophenes attach to a silicon branching core via flexible aliphatic
spacers, branched structures can be obtained, the ordering of which in layer is deter-
mined by the crystallization of the oligothiophene units rather than by the 3D struc-
ture of the molecules. Several examples of such materials have been prepared in our
group (Fig.29) [107, 108]. They combine the high crystallinity and semiconduct-
ing properties of oligothiophenes with good solubility and solution processability of
branched structures — both are useful properties for organic electronics. The terminal
groups have a significant influence on the orientation of these molecules along the
surface depending on whether they are linear or branched. Molecules with linear end
groups GO(Und-4T-Hex), orient perpendicular to the surface (Fig. 30), which can be
utilized in solution-processed OFETs with the mobility up to 2 x 10 2cm?V~!s~!
and on/off ratio of 10°. It is noteworthy that devices made from such materials can
be prepared under ambient conditions and their characteristics are stable after stor-
age without any packaging layer for years. Molecules having branched 2-ethylhexyl
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Fig. 29 Quaterthiophene-based flexible multipods bearing two (dimer D1) or four (tetrapods
D2-D3) quaterthiophene arms with flexible carbosilane-siloxane cores
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o

Fig. 30 (a) Molecular model of GO(Und-4T-Hex)4 in its extended conformation. (b) Schematic
representation of different conformations of this molecule as a core with four arms and its self-
organization into a monolayer. Reproduced with permission of the American Chemical Society
from [107]

end groups GO(Und-4T-EtHex)4 or OSi(Und-4T-EtHex); tend to orient parallel to
the surface [109], which was used for the creation of photovoltaic cells. The most
efficient OPV devices were made from the blend of the dimer OSi(Und-4T-EtHex),
with fullerene derivative C[70]PCBM, which showed a PCE of 0.9% [110].

Thus, connecting of m-conjugated units to branching silicon center could lead
to the following consequences resulting from a decreased tendency to agglomerate:
(1) increased luminescence efficiency; (2) improved solubility; (3) changed film
morphology. Branching therefore is a versatile concept to modify the properties of
conjugated oligomers and provides promising candidates for functional (semicon-
ducting, photo-, or electroluminescent) layers in different organic electronic and
photonic devices.

4 Conjugated Organosilicon Dendrimers

As discussed in Sect. 3, the G-orbitals of silicon overlap with the m-system of the
chromophore if the silicon is directly attached by a single bonds to the 7 sys-
tem. Despite this o—m-interaction, silicon does not facilitate conjugation between
two m-systems connected by a silicon bridge. Therefore silicon does not extend
the m-system which will have consequences for organosilicon dendrimers, in which
m-conjugated units are connected either by silicon atoms which build branches in



Conjugated Organosilicon Materials for Organic Electronics and Photonics 65

Ph
Ph\ //
Ph ci__Cl N Sie
oL Me ph SiSme \ Me pn H\
H Z “Ph
N/ Si
e Ko
e b gy MSMECLPUC TN G e o L—=—Ph / } HSiMeCl,, PUC
toluene reflux o A\ N —— > ph Ph =
‘ ‘ = \ THF reflux toluene reflux
vo [ Ph Cl ~&i \
1
Ph el / \ Ph
Ph Ph
GF-0 GF-1P
Py GF
Ph
Ph \\\ // W\ Ph
Fme ¢ x 8PN s‘\/
o o SPh sica — ‘gM Me || Me
ClyeC! < Ph—=—5i
- —( Me Ph Ph
c—S_pp 7 Si~pe Ph
Si~ppe P Me ph /
I ve pn e Ph PRoNg =
e, ) S/iAQ\; e 6 N~ SV, oS
~ ) ’
— O Si\Me, Si~cl Li—==—Fh Si-e e G '
8 N <( e / Ph._~ SR Ph HSiMeCl,, PYC
cl Ph _~ Si - 7 Ph Me PR ————=——> GF-3P
Ph M Ph Ph THF reflux )\;Si Ph toluene reflux
e ) Ph S
Me =S\ Ph Ph—=—s{ ) —Si—=—Pn
Ci—g/ Si-Cl ! Me
§ [ meSt ) PiNg \
cl
¢l PN —cl / y \ Ph
el Ph 4 Ph
GF-2P ™ ar2

Scheme 6 Synthesis of phenylenevinylene—carbosilane dendrimers

the dendritic structure, or by nonconjugated spacer units. Thiophenes, phenylenes,
phenylenevinylenes, and other subunits have been proven to be suitable structures
for the construction of chromophores.

The first organosilicon dendrimer containing conjugated units was published by
Kim [111]. In an elegant synthetic scheme utilizing a hydrosilylation of the pheny-
lacetylene units of GF-0 with dimethylchlorosilane followed by reaction of terminal
chlorosilane groups with lithium phenylacetylide, a series of dendrimers was
constructed, which was followed up to the third generation of phenylenevinylene—
carbosilane dendrimers with terminal phenyleneacetylene groups (Scheme 6).
Unfortunately, few optical properties were reported, among them the absorption
maximum and molar extinction coefficient. Independent of the generation the
absorption maximum was observed at 287-289nm. The molar extinction coeffi-
cient increased proportionally to the number of alkynyl groups incorporated in the
dendrimer.

During recent years, tremendous scientific attention has been devoted towards
thiophene-containing dendrimers: (oligo)thiophene groups have been incorporated
as core units of the aromatic dendrimers [112, 113] or located at the periphery of
organic [114, 115] or organophosphorus [116] dendrimers. Dendritic branches were
made from quaterthienyl [117] or 2,3,5-thiophene [118] units. Polythiophene den-
drimers have been reported as well [119, 120]. The latter polymers were found to
have promising properties in OPV devices [121, 122]. Less attention has been de-
voted towards oligothiophene-containing organosilicon dendrimers.

Nakayama and Lin have reported on the first organosilicon dendrimer
SisT6, containing 16 2,5-thienylene rings, connected via tetrasubstituted silicon
atoms [123]. SisTj¢ was synthesized by the reaction between a tetralithium
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Scheme 7 Synthesis of the first thiophenesilane dendrimer

derivative of tetrakis(2-thienyl)silane with a fourfold molar amount of tris(2-
thienyl)methoxysilane with the yield of 19% (Scheme 7). An attempt to access
higher generation dendrimers by this synthetic scheme was unsuccessful which
may be explained by a low solubility of the polylithium derivatives as well as
lithium exchange reactions between products and reagents, both containing active
protons in the 5 position of 2-thienyl substituents. Unfortunately neither optical
nor electrical properties of this dendrimer have been reported, albeit they would
potentially be interesting for organic electronic and photonic applications.

In 2005 Ponomarenko et al. started their work on a series of oligothiophene-
silane monodendrons and dendrimers to exploit their optical properties (Fig.31)
[124-128, 130]. The first dendrimer generation G1(2-x) (x = 1-4) was synthe-
sized by Kumada and Suzuki coupling reactions of corresponding precursors with
moderate to good yields [124, 125]. Bithiophenesilane mono-dendrons of different
generations Mn(2-2) (n = 1-3) were prepared by reaction of the corresponding
chlorosilane with bithienyllithium reagents. This type of reaction was used for
a convergent dendrimer synthesis [126] and for further modifications, i.e., to yield
carboxyl-containing monodendrons Mn—COOH (n = 1-3) [127]. Mn—COOH forms
stable and uniform Langmuir monolayers at the air—water interface at a modest
surface pressure (<10mNm~!), which can easily be transferred to a solid sub-
strate. All dendrimers with bithienylsilane core and monothienylsilyl end groups
G1(2-1) show luminescent spectrum with a Ap,x at 385 nm and a quantum yield
(®Pg = 0.20) similar to those obtained for branched tri- and tetrasubstituted bithio-
phenesilanes [96]. Independent of the generation, all bithiophenesilane dendrimers
Gn(2-2) (n = 1-3) exhibit violet-blue light emissions with two almost identical
emission maxima at 373 and 390 nm and a photoluminescence efficiency of (@) of
0.30. Bithiophenesilane dendrimers exhibit a significantly (five times) increased lu-
minescence efficiency compared to its constituent luminophores (bithiophenesilanes
with @ = 0.06). An explanation may be more favorable energy levels of the 2T
chromophores caused by both the inductive effect of the silicon atom and the influ-
ence of a local field from the adjacent 2T units, arranged into star-shaped structures
within the dendritic molecule [128]. Dendrimers with ter- and quaterthiophenesi-
lane cores G1(3-2) and G1(4-2) as well as “butterfly-like” molecules B1(3-2) and
B1(4-2) have shown a so-called “molecular antennae” effect [129, 130]. Energy



Conjugated Organosilicon Materials for Organic Electronics and Photonics 67

: G1(2-2)
R=H, C,H,, CH,, : G2(2-2)
G1(2-1) 1 G3(2-2)
H13C6
3 =
// = S// \S
HSCS\Si s s ~CHg HC~gi_s S\ \S/ §i~CHs
=" == n =
s WARSS V4 s L s/
SN $ SN s
H1sCe n S// CH, Hi3Cq n=1:B1(3-2) H,5Cq
7/
n=1:G1(3-2) Sig Sy CeHys n =2: B1(4-2)
n=2:G1(4-2) &S
SN
H,,C,

Fig. 31 Oligothiophenesilane monodendrons and dendrimers

captured in the outer segments is efficiently transferred to the inner fragments within
the dendritic molecules and have been proposed as promising structures for photo-
and electrooptical devices. While this effect has been known since 1994 [131],
it took until 2009 to demonstrate G1(3-2) and B1(3-2) as the first organosilicon
molecular antennas [129]. Dendrimers G1(3-2) and G1(4-2) emit green light in
simple one layer OLED devices [132]. Although their efficiency was rather low,
these results indicate that oligothiophenesilane dendrimers possess not only hole but
also ET properties. This untypical behavior for oligothiophenes can be explained by
a 6—T conjugation between the silicon atoms and the oligothiophene units lowering
the dendrimer HOMO level.

More efficient OLEDs have been reported for phosphorescent tris-cyclometalated
homoleptic Ir(IIT) complex Ir(TPSppy)s (TPSppy =2 — (4’-(triphenylsilyl)biphenyl-
3-yl)pyridine) with a silane-based dendritic substituent (Fig.32) [133]. This den-
drimer has shown high luminescence efficiency both in solution (@r = 0.63)
and in film (@ = 0.74). A polymer-based triplet OLED with this Ir(IIT) doped
emitter exhibits a remarkable efficiency of 32.8cdA~!, maximal brightness of
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G1(Und-4T-Hex)

21,250cdm~2 and maximal power efficiency of 18.7lmW~! at driving voltage of
5-10V and doped ratio of 5-30%. These values exceed the performance of opti-
mized devices with Ir(ppy); (ppy = 2-phenylpyridine) — a similar complex without
dendritic phenylenesilane ligands, measured in the same work.

Another type of conjugated organosilicon dendrimers, quaterthiophene-
containing carbosilane dendrimers Gn(Und-4T-Hex), have been designed similar to
star-shaped oligothiophenes using silicon atoms as branches and additionally flex-
ible aliphatic spacer groups to link the oligothiophene chromophores [107]. They
were prepared by a hydrosilylation reaction of polyallylcarbosilane dendrimers
of generations O (tetraallylsilane), 1, 3, and 5 with a monofunctional quaterthio-
phene precursor H-Si-Und-4T-Hex [134]. An example showing the synthesis of
the first generation dendrimer is shown in Fig. 33. All dendrimers containing the
quaterthiophene chromophores and hexyl end groups were soluble in common
organic solvents at an elevated temperature of 40-60°C, while at room tempera-
ture they formed gels. AFM measurements revealed three typical morphologies:
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Fig. 34 AFM height images of the dendrimer thick films on graphite substrate: (a) GO(Und-4T-
Hex) spin-coated from 1 mg ml~! THF solution; (b) G1(Und-4T-Hex) from melt; (¢) G3(Und-4T-
Hex) from melt and its cross-section analysis along the line crossing the image [134]

mesowire-like structure, ordered lamellar domains, and smectic-like layered struc-
tures, which were common for all these dendrimers (Fig. 34). DSC measurements
revealed a high degree of crystallinity, which significantly decreases for dendrimers
of higher generations (G3 and G5). A unique feature of these materials is the forma-
tion of highly ordered thin films with smectic-like ordering due to m—mn-stacking of
quaterthiophene groups which might be favorable for OFETs. Indeed, 4T-containing
dendrimers up to third generation exhibited field-effect characteristics with a maxi-
mum charge carrier mobility of 0.02cm? V~!'s~! (for the GO dendrimer, decreasing
with increasing generation), on/off ratios in the order of 10°-10°, and threshold
voltages close to O V.

The few works published on conjugated organosilicon dendrimers indicate that
the dendritic structure generally seems to help to yield increased luminescence
efficiency, important for OLEDs. Flexibility in the molecular design and good pro-
cessability from solution are prerequisites for cost efficient OFETs and OLEDs. The
current results suggest that the first generation dendrimers already show the optimal
effect, and thus the costly synthesis of higher generations will not be necessary.
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5 Hyperbranched Conjugated Organosilicon Polymers

Hyperbranched polymers are highly branched macromolecules with 3D dendritic
architecture [135]. They may be considered as simplified analogs of dendrimers,
which often possess similar properties. In contrast to dendrimers, HB polymers can
be produced in a one-pot reaction, leading to highly branched, albeit nonregular
molecular structures.

In 1999 Yao and Son reported one of the first examples, an HB poly(2,5-
silylthiophene)s HB-SiT-R, prepared by one-pot reaction between 2-bromo-5-
(trimethoxysilyl)thiophene TMOS-T-Br and magnesium in good to excellent yields
(Scheme 8) [136]. This structure is indeed quite similar to the thiophenesilane den-
drimer of Nakayama [123], the main difference being the highly regular and almost
defect-free structure of the dendrimer. The intermediate methoxy-substituted HB
polymer HB-SiT-OMe was functionalized with Grignard reagents, leading to a
series of air- and moisture-stable polymers HB-SiT-R with R being methyl-, vinyl-,
2-thienyl-, and phenyl-groups. The extent of 6— conjugation in these polymers was
examined using optical spectroscopy, which showed (compared to a non-substituted
thiophene) a significantly red-shifted m—n* transition (at ~250 vs 230 nm) inde-
pendent of the group R. This absorption originating from the HB-SiT-R polymer
subunit indicates a significant degree of conjugation between the thiophene ring
and the silicon atom, but not between the thiophene ring and the attached group R.
A weak and broad absorption in the region of 300—320 nm was attributed to a charge
transfer from thiophene to silicon, albeit it may also stem from a small fraction of
bithiophene—silylene fragments — potential side products from the Grignard reaction
of monothienyl reagents [137]. Therefore, the electronic effects of this 3D polymer
structure may require more investigations, but at least the effects contributing to the
m—T* absorptions appear to be well established. The Amax and extinction coefficients
for HB-SiT-R are similar to those obtained for linear polymers.
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Scheme 8 Reaction sequence, leading to hyperbranched poly(2,5-silylthiophene)s
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Two other types of HB organosilicon polymers containing conjugated units
were synthesized by hydrosilylation reaction of AB,- or AB3-functional monomers
[138, 139]. Poly(silylenevinylene) with ethynyl functional groups HB-SVE were
prepared by hydrosilylation of AB,-functional methyldiethynylsilane (MDES)
(Scheme 9) [138]. HB poly(carbosilarylene)s HB-SPVs were prepared by hydrosi-
lylation of ABj-functional arylsilane monomers 1-(dimethylsilyl)-4-(trivinylsilyl)-
benzene (DMS-1,4-Ph-TVS), 1-(dimethylsilyl)-3-(trivinylsilyl)-benzene (DMS-1,
3-Ph-TVS), and 1,1,3,3-tetramethyl-1-(4'-(trivinylsilyl)-phenylene-1)-disiloxane
(TMDS-1,4-Ph-TVS) (Scheme 10) [139]. The latter type of polymers contains 6—m
conjugated disilylene-phenylene units separated by ethylene or disiloxane noncon-
jugated spacers. Unfortunately, in both cases no optical or electrical characterization
of the HB polymers were reported, allowing no insight into their potential in the
field of organic photonics and electronics.
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Scheme 9 Synthesis of hyperbranched poly(silylenevinylene) with ethynyl functionalization
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Very interesting features were reported by Chen et al. for HB poly(phenylenesilo-
lene)s (PPS) [140]. These HB polymers were prepared in a one-pot synthesis by
homo-polycyclotrimerization of 1,1-diethynyl-2,3,4,5-tetraphenylsilole (DE4PS)
and its co-polycyclotrimerizations with 1-octyne catalyzed by TaCls — PhsSn in
high yields (Scheme 11). The silole units in PPS are interconnected by trisubsti-
tuted benzene units, which link the phenyl rings to form 3D structures. This unique
molecular structure leads to a number of interesting properties: these polymers are
readily processible (completely soluble), thermally stable (T; up to ~400°C), con-
tain extended conjugated chromophores (Amax ~ 520nm), exhibit nonlinear optical
activity (F, ~180mJcm~2), and readily emit light upon excitation at low temper-
atures (cooling-enhanced emission, CEE). Their molecular weights, measured by
GPC relative to a linear polystyrene standard, were measured to be in the range
3,530-5,820Da (M,,), but this value might significantly underestimate the real
molecular weight (the authors suggested the “real” molecular weight may be up
to seven times higher) due to the HB and rigid structure of these polymers. All
PPS polymers absorb in the visible region, while the monomeric siloles absorb in
the UV spectral region (Apax = 378 nm). The extended conjugation of these HB
polymers originates possibly from the synergistic interplay of a 6— conjugation of
the silole rings with the m-orbitals of the chromophore and an electronic interaction
of the aromatic rings via the silicon bridges. This extended electronic conjuga-
tion results in a nonlinear optical effect, an optical limitation.” In this regard the
effect of PPSs has been found superior to Cgg, the best-known optical limiter so
far. In contrast to siloles or linear poly(silolylacetylene)s [141], solutions of PPSs
are somewhat luminescent (®r = 0.01, this low value is however 10-100 higher
than that for low molar weight siloles), but are completely inactive towards AIE.
The luminescence of PPS polymers is, however, enhanced at low temperatures.
This unique phenomenon of cooling-enhanced emission (CEE) was explained by
the restricted intramolecular rotations of the phenyl rings around the axes of the

2 An optical limitation is an optical transmittance that sharply decreases at high light levels and
strongly attenuates the optical power of intense laser pulses.



Conjugated Organosilicon Materials for Organic Electronics and Photonics 73

HB-Si-All
e /R
H—S$i—0—S$i—(CH,)5; 7CaHss
CH CH

H-Si-Und-4T-Hex
S'—]+ CH
|| n (\2)3 CH, CH, CH,
C ) | | | J\
ST (CHZ)S-s.+(CH2)3—§.—o—|s|—(CH2)H S 4CGH13]2p
CH CH

(CH,),
H,C R N
CH, CH,
| | J\
(CHz)a_?'_o_?'_(CHz)ﬂ 4 CeHiq
CH,  CH s

3 3

HB-Si-Und-4T-Hex
Scheme 12 Synthesis of hyperbranched polycarbosilanes with quaterthiophene end groups

single bonds linked to the silole cores at lowest temperatures. This effect may be
regarded as a special type of thermochromism, offering a versatile mean for tuning
the photoluminescence of the HB polymers.

A recent example of HB conjugated organosilicon polymers are HB polycarbosi-
lanes with quaterthiophene end substituents prepared by the authors group [142].
They were received from nonconjugated HB polyalyllsilanes HB-Si-All modified
with a silane-containing quaterthiophene precursor H-Si-Und-4T-Hex by hydrosi-
lylation similar to the synthesis of carbosilane dendrimers Gn(Und-4T-Hex) [134]
(Scheme 12). While dendrimers resemble a single species of defined molecules, HB
polymers represent a distribution of molecules with different molecular weights
and a large polydispersity. Samples of HB polymers with three different molecu-
lar weight distributions were compared to corresponding dendrimers: the initially
obtained HB polycarbosilane was recrystallized to remove low molecular weight
impurities (HB-1) and two samples with narrow molecular weight distribution were
prepared by fractionation of the initial HB-Si-All (HB-2, HB-3). In OFETs all
samples showed sufficient hole mobility, good on/off ratio, and good threshold volt-
age comparable to their dendritic analogs (Table 1). Sample HB-2 with the lowest
molar weight and narrowest distribution showed the highest field-effect mobility
(1 =10"3cm?V s~ 1) comparable to G1(Und-4T-Hex).

To date, the information on HB conjugated organosilicon polymers is rather
limited. While dendrimers and especially linear polymers have been extensively
studied, many of their HB analogs are waiting for their synthesis. Some HB poly-
mers have been made without performing a detailed analysis of their optical and
electrical characteristics. Nevertheless, available data indicate that HB polymers
indeed might serve as a more cost efficient alternative to dendrimers in elec-
tronic applications. In addition, some HB structures may also induce unique optical



74 S.A. Ponomarenko and S. Kirchmeyer

Table 1 Molecular weights characteristics and semiconducting properties of Und-4T-Hex-
containing carbosilane dendrimers and hyperbranched polycarbosilanes

Mobility, On/off Threshold
Sample M} M M, /M, cm?V-lg~] ratio voltage, V
HB-1 13,600 35,600 2.62 1x 10~ 10* -2
HB-2 10,100 11,500 1.14 1x1073 10° -1
HB-3 21,700 24,800 1.14 2x 1074 10° -3
GO 2,997° - - 2.0x 1072 10° 0
Gl 6,301° - - 1.3x1073 100 1
G3 16,279 - - 4.0x1074 109 -2

2Determined by GPC using polystyrene standards
PMolar weight of the dendrimers measured by MALDI-TOF (matrix assisted laser desorption
ionization—time-of-flight mass spectrometry)

properties (i.e., CEE) different to those of their monomeric, linear, or dendritic
analogs. We expect further progress in this field, striving for a comprehensive under-
standing of conjugated HB molecular structures and their contribution to electronics
and photonics. This will result in a manifold of new structures and a detailed insight
into electrical and optical properties of these compounds.

6 Linear Conjugated Organosilicon Polymers

Presently described linear conjugated organosilicon polymers can be divided into
three large subgroups: (1) conjugated polymers with Si atoms in the side chains,
which are directly linked to the conjugated backbone, (2) silanylene-containing
polymers having Si atoms, which link the conjugated fragments to form a main
chain, and (3) silol-containing polymers, possessing the special “silol”-units being
a kind of silicon-containing chromophore.

6.1 Polymers with Silicon Atoms in the Side Chains

The predominant -conjugated polymers with organosilicon substituents in the side
chains are polyacetylenes [143—-148], polythiophenevinylenes (PTV) [149], and
poly(1,4-phenylene vinylene)s (PPV) [150-175].

Unlike unsubstituted polyacetylene, its silicon derivatives are air stable and
highly soluble [143]. Since the discovery of poly[l-(trimethylsilyl)-1-propene]
[144], silicon-substituted polyacetylenes are well-known for their extremely high
gas permeation properties caused by a large free volume in the polymer films
[145, 146]. However, organosilicon substituents, directly attached to a polyacety-
lene backbone, weaken the interchain interactions, which might cause inferior
electrical properties. This can be a reason for the little work reported on the appli-
cation of this type of polymers in organic electronics and photonics.
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Soluble, air stable, and conductive copolymers were prepared by polymerization
of (HC=CSiMe;)X (where X = single bond, -CH,—, -CH,CH;—, —SiMe;—, O)
with WClg or MoCls catalysts [147]. Although the pristine polymers were
not conductive, a conductivity of 1072Scm~! was obtained by doping with
(NEt;)3S*SiF,Me; (or NBuyF~) and I, (or SO3). A series of 1,2,3,4,5-
pentaphenylsilolyl-containing polyacetylenes 5PS-Ac, 5PS-9C-Ac, and 5PS-
9C-PAc (Fig.35) have been prepared by polymerization of the corresponding
substituted acetylenes using NbCls- and WClg-Ph4Sn catalysts [148].The polymers
were thermally stable up to 350°C, but practically non-luminescent in good solvents.
Nevertheless, some polymers with nonanyloxy spacer between the pentaphenylsilol
pendant groups and polyacetylene backbone (5PS-9C-Ac and 5PS-9C-Pac) showed
aggregation- or cooling-induced emission. These effects were explained by the
restricted intramolecular rotation or twisting of the silole chromophores introduced
by aggregation due to incomplete solution (by using poor solvents or at low tem-
perature). A multilayer electroluminescent device using SPS-9C-PAc as an active
layer emitted blue light of 496 nm with a maximum brightness of 1,118cdm~2, and
showed a current efficiency of 1.45cd A~! with an external quantum yield of 0.55%.

The synthesis of long alkylsilyl-substituted poly(thienylenevinylene) PSiTV
(Fig.36) via heteroaromatic dehydrohalogenation polymerization was reported
by Shim et al. [149]. The polymer was determined to have a molecular weight of

5PS-9C-Ac 5PS-9C-PAc

Fig. 35 1,2,3,4,5-Pentaphenylsilolyl-containing polyacetylenes

Fig. 36 Silyl-substituted

polythiophenevinylene .
PSiTV PSiTV
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26.4kDa (M,,, polydispersity of 5.5) and was completely soluble in common organic
solvents (e.g., chloroform, THF, xylene), due to the attached dimethyloctadecylsilyl
side chains. PSiTV was thermally stable up to 340°C (5% weight loss) and had a T;,
of approximately 148°C. The maximum absorption occurs at 563 nm with an onset
at 788 nm that corresponds to a promising rather low bandgap of 1.57eV.

Work in the area of m-conjugated organosilicon substituted polymers has
mainly been devoted to the synthesis and investigation of silicon-substituted
poly(1,4-phenylenevinylene)s (Si-PPV). The first Si-PPV derivative, poly[2-(3-
epi-cholestanol)-5-(dimethylthexylsilyl)-1,4-phenylenevinylene] (CS-PPV), was
reported by Wudl et al. (Fig.37) [150].The silicon group in this polymer enlarges
the band gap and changes the polymer’s absorption peak from 510nm (orange,
reported for the carbon analog bis(3-epi-cholestanoxy)PPV) to 450 nm (yellow). In
a non-optimized single layer OLED device with Al electrodes CS-PPV doped with
an electron transporting molecular dopant, 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-
1,3,4-oxadiazole (PBD), emitted green light with a power efficiency of 0.3% [151].

The simplest representative of this class of polymers is poly(2-trimethylsilyl-
1,4-phenylenevinylene) (TMS-PPV), first reported by Shim et al., which also shows
green electroluminescent emission [152] The electrical conductivity of TMS-
PPV doped with I, was measured to be 2 x 10~2cm™~!. This is quite different
from unsubstituted PPV, which cannot be doped with iodine. Substitution of one
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Fig. 37 Silyl-substituted poly(1,4-phenylene vinylene)s (PPV)
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methyl group in TMS-PPV by an n-octyl group led to poly(2-dimethyloctylsilyl-
1,4-phenylenevinylene) DMOS-PPV — another green polymeric emitter [153].
Films of DMOS-PPV were found to be highly fluorescent, with a quantum ef-
ficiency exceeding 0.60, an efficiency significantly higher than the value for
PPV and MEH-PPV (0.27 and 0.15, respectively) [154]. Single layer electro-
luminescent devices (layer structure: ITO/DMOS-PPV/Ca or Al) exhibit an
emission maximum at 520nm with an internal quantum efficiency in the range
of 0.2-0.3% [155] In double layer devices with an additional PBD electron con-
ducting and hole blocking layer the internal quantum efficiency increased up to
2% [156]. However, as emitter in OLEDs the homopolymer DMOS-PPV has a
disadvantage of a high turn-on voltage (15V). Statistical copolymers of DMOS-
MEH-PPV (Fig.37) have been prepared to overcome this problem, which indeed
showed a reduced turn-on voltage in OLED devices (6-7 V), however, accom-
panied by a decreased PL and EL efficiency with increasing ratio of DMOS to
MEH [157]. Further improvements were achieved in DMOS-MTEM-PPV and
DMOS-BTEM-PPV copolymers, containing silyl-substituted DMOS-PPV units as
well as ion-transporting 2-methoxy-5-(trimethoxyethoxy)-1,4-phenylenevinylidene
(MTEM-) or 2,5-bis(trimethoxyethoxy)-1,4-phenylenevinylidene (BTEM-)units.
In so-called light-emitting electrochemical cells (LECs) mobile ions move during
charge transfer from and into the polymer layer [158]. Both copolymers yielded
LECs with low turn-on voltages (down to 2.5 V) and an increased efficiency (up to
0.5ImW—1.

Cyclohexylsilyl- and phenylsilyl-substituted PPV derivatives, poly[2-dimethyl-
cyclohexylsilyl-1,4-phenylene vinylene] (DMCS-PPV) and poly[2-dimethylphenyl-
silyl-1,4-phenylene vinylene] (DMPS-PPV) (Fig.37), as well as disubstituted
poly[2,5-bis(dimethylcyclohexylsilyl)-1,4-phenylene vinylene] (BDMCS-PPV)
and poly[2,5-bis(dimethylphenylsilyl)-1,4-phenylene vinylene] (BDMPS-PPV)
(Fig. 38), were synthesized from bromine functionalized precursors and Gilch de-
hydrohalogenation polyaddition [159]. The disubstituted polymers BDMCS-PPV
and BDMPS-PPV yielded insoluble thin films from soluble polymer precursor
materials by a thermal conversion mechanism. Monosilylsubstituted DMCS-PPV
and DMPS-PPV exhibited good solubility, good film-forming properties, and high
molecular weights. These polymers feature a thermal stability which outperforms
most other PPV derivatives including alkylsilyl-substituted PPVs, with higher glass
transition temperature (7g = 125-127°C), and remarkably high PL efficiencies
both in solution (®Pr = 0.86-0.88) and as film (Pr = 0.82-0.83). Simple sin-
gle layer OLEDs fabricated from DMCS-PPV and DMPS-PPV (layer structure:
ITO/polymer/Al) showed EL maxima at 510 and 515nm, respectively, with an
external EL quantum efficiency up to 0.03%. An additional poly(vinylcarbazole)
(PVK) HTL increased the EL quantum efficiencies up to a maximum of 0.08%.

Silyldisubstituted PPV  [poly(2,5-bis(trimethylsilyl)-1,4-phenylenevinylene)]
(BTMS-PPV, Fig.38) was prepared via two different precursor polymers, a
water-soluble sulfonium and an organic soluble thiophenoxy precursor polymer
[160]. In a single layer OLED device fabricated with BTMS-PPV (from the
thiophenoxy precursor) as emitter showed a emission peak at about 545nm, al-
though with a turn-on voltage of 20V and an external quantum efficiency of
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Fig. 38 Silyl-disubstituted poly(1,4-phenylene vinylene)s (PPV)

6.0 X 107*% in air. Silyl disubstituted PPV with longer alkylsilyl groups — poly
(2,5-bis (dimethylbutylsilyl)-1,4-phenylenevinylene) BS-PPV [161, 162], poly(2,5-
bis(dimethyloctyl-silyl)-1,4-phenylenevinylene) BDMOS-PPV [163], poly(2,5-
bis(dimethyldecylsilyl)-1,4-phenylenevinylene DS-PPV ~ [162], poly(2,5-bis
(dimethyldodecylsilyl)-1,4-phenylene-vinylene DDS-PPV [162], and poly(2,5-
bis(dimethyloctadecylsilyl)-1,4-phenylenevinylene ODS-PPV [162, 164], as well
as unsymmetrically disilylsubstituted PPVs - were also reported [165]. Disubsti-
tuted BDMOS-PPV were found to have similar properties as their monosubstituted
analog DMOS-PPV, both emitting light in the green region. However, BDMOS-
PPV is thermotropic liquid crystalline between 160 and 180°C and emits polarized
light from the film. Apparently the polymer is both hole and electron conducting,
since a single layer device emits light at positive as well as negative bias. The
statistical copolymer poly[2,5-bis(dimethyloctylsilyl)-1,4-phenylenevinylene)]-co-
[2,5-bis(trimethoxyethoxy)-1,4-phenylenevilylene] BDMOS-BTEM-PPV exhibits
an optical absorption and luminescence, in between the two homopolymers [166].
Both polymers were tested in OLED and LEC devices. Statistical copolymers of
BDMOS units with 2,3-bis(dibutoxy)-1,4-phenylenevilylene units (BDMOS-DB-
PPV) showed an EL efficiency up to 0.72cdA~! with a maximum luminance of
1,384cdm™2 at 12V and a turn-on voltage of 4.0V, which was superior to its
monosilylsubstituted analog, the DMOS-DB-PPV copolymer [167, 168].
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Tuning the color of silyl-disubstituted PPVs is possible by introduction of o-,
m-, or p-phenylenevinylene units into the copolymers having different effective
conjugation lengths. Shim et al. reported on synthesis of poly[o(m, p)-phenylene-
vinylene-alt-2,5-bis(trimethylsilyl)-p-phenylenevinylene], o(m, p)-PBTMS-PPV
(Fig.38) by the Wittig condensation polymerization of diphosphonium salts with
dialdehyde monomers such as terephthaldicarboxaldehyde, isophthalaldehyde, and
phthalicdicarboxaldehyde [169, 170]. Their photoluminescence spectra have peaks
at 485, 470, and 440 nm for p-PBTMS-PPV, 0-PBTMS-PPYV, and m-PBTMS-PPV,
respectively. The electroluminescence spectra of 0o-PBTMS-PPV and p-PBTMS-
PPV exhibited EL emission at 470 and 490nm, respectively, with a threshold
voltage of 8-9 V. The emission wavelength of o-PBTMSPPYV corresponds to a pure
blue light which obviously is a consequence of the reduced m-conjugation length
effected by the ortho-linkage and trimethylsilyl substituent. It is noteworthy that
blue EL emission from PPV derivatives is quite exceptional.

Another approach to tune the emission color of PPV derivatives was attempted
by introduction of fluorene or carbazole units into the PPV backbone. Thus,
poly[N-ethylhexyl-3,6-carbazolevinylene-alt-2,5-bis-(trimethylsilyl)- p-phenylene-
vinylene] (PCBTS-PPV) and poly[9,9-n-dihexyl-2,7-fluorenediylvinylene-alt-2,5-
bis(trimethylsilyl)- p-phenylenevinylene] (PFBTS-PPV) have been synthesized by
a Wittig polycondensation reaction [171]. These resulting polymers have shown
a photoluminescence with maximum peaks at 480 and 495 nm corresponding to
blue and greenish-blue emissions, respectively. The shift to shorter wavelengths
compared to other PPV-based copolymers seems to be caused by the electron-
donating effect of the silyl group. In films, PFBTS-PPV and PCBTS-PPV showed
remarkably high PL efficiencies (®@f = 0.64 and 0.81, respectively). As single layer
OLEDs (layer structure: ITO/polymer/Al) the polymers emit blue and greenish-blue
light with emission maxima of 480 nm (PCBTS-PPV) and 500 nm (PFBTS-PPV).
Compared to MEH-PPV the relative EL quantum efficiencies of PCBTS-PPV and
PFBTS-PPV were found to be 13 and 32 times higher.

A series of PPV derivatives containing a dimethyldodecylsilylphenyl unit as
a pendant group was reported by the Jin group (Fig.39) [172-174]. All poly-
mers were completely soluble in common organic solvents, had high thermal
stability (up to 400°C), and were used as emitting layer in OLEDs. Poly[2-(4-
dimethyldodecylsilylphenyl)-1,4-phenylenevinylene] (p-SiPhPPV), synthesized via
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Fig. 39 Alkylsilylphenyl-containing PPV homo- and co-polymers used in OLEDs
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Gilch polymerization, had a very high molecular weight of 300kDa (M,,
polydispersity of about 3). In a single layer OLED device it showed a strong green
emission at 524 nm with a maximum brightness of 5,900cdm~2 (at 17 V) [172].
Asymmetric homo- and co-polymers: poly[2-(3’-dimethyldodecylsilylphenyl)-1,4-
phenylene vinylene] (m-SiPhPPV) and poly[2-(3’-dimethyldodecylsilylphenyl)-1,
4-phenylene vinylene-co-2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene]
(m-SiPhPPV-co-MEHPPV) were prepared similarly [173]. These polymers also had
high molecular weights with narrow weight distributions. The copolymers showed
better optical and EL properties than those of the homopolymers m-SiPhPPV and
MEH-PPV. While devices made from the homopolymer m-SiPhPPV need a rather
high turn-on voltage (14 V), the replacement of just 10% of the monomeric units by
MEHPPV units in the copolymer reduced the turn-on voltage to 5.5V, while 25%
reduced to 2.3 V. Single layer light-emitting devices fabricated from m-SiPhPPV-
co-MEHPPV emitted orange-red light (Amax = 588 — 595nm) with maximum
brightness and an external luminance efficiency up to 19,180cdm™2 or 2.9ImW .
A series of similar copolymers, poly[9,9-di-n-octylfluorenyl-2,7-vinylene]-co-(2-
(3-dimethyldodecylsilyl-phenyl)-1,4-phenylene vinylene)] (PFV- co-m-SiPhPV),
emitted green light with turn-on voltages in the range of 4.5-6.0V, maximum
brightness up to 9,691 cdm~2 at 16V, and a luminance efficiency up to 3.27cdA~!
[174]. Thin films of PFV, m-SiPhPV, and PFV-co-m-SiPhPV were found to ex-
hibit photoluminescence quantum yields between 21 and 42%, exceeding those
of MEH-PPV.

Poly(p-phenylenevinylene) derivatives with an electron-withdrawing cyanophe-
nyl group on the polymer backbone, poly[2-dimethyloctylsilyl-5-(4-cyanophenyl)-
1,4-phenylenevinylene] (PSi8CN-PPV, Fig.39), were synthesized via the Gilch
polymerization [175]. They showed very high glass transition temperatures (above
180°C). The presence of the electron-withdrawing cyanophenyl group lowered the
HOMO and LUMO energy levels of PSiS8CN-PPV relative to common PPV deriva-
tives. OLEDs (layer structure: ITO/PEDOT/PSi8CN-PPV/LiF/Al) emitted light
with a maximum at 513 nm, corresponding to green light with a CIE coordinate
of (0.330, 0.599) close to standard green (0.30, 0.60), a maximum external quantum
efficiency of 0.67%, and a maximum brightness of 2,900cdm~2.

The optical properties of silicon-substituted PPV have been summarized in
Table 2. As can be seen from these data, these materials often outperform their car-
bon analogs (PPV, MEH-PPV, PFV), especially with photoluminescence quantum
efficiency which reaches 83% in films. Their absorption and emission spectra as
well as HOMO-LUMO levels can be tuned by appropriate substitution or copoly-
merization using a range of comonomers, leading to highly efficient green, blue, or
orange-red emitters. The high solubility of such polymers is apparently caused by
the twisting of the silicon-containing phenyl ring away from the plane of the conju-
gated PPV backbone and proves silicon side groups as a valid concept to introduce
wet processability into classes of polymers with promising optical and electrical
properties.
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6.2 Silanylene-Containing Polymers

There is increasing interest in the polymers composed from alternating organosil-
icon and m-electron units in the backbone due to their unique electronic structure
[176, 177]. Typical examples of silanylene-containing polymers are presented in
Fig. 40. The main synthetic pathways to such polymers include: (1) Wurtz-type cou-
pling of bis(chlorosilyl) compounds [178, 179], (2) polycondensation of dichlorosi-
lanes with organodilithium derivatives [ 180, 181], and (3) transition metal-catalyzed
polycondensation of magnesium- [182, 183], zinc- [184], or tin-derivatives [185] of
diarylsilanes. The first two routes lead to polymers with one to three linked conju-
gated arylene units within the polymeric chain. The third route allows preparation
of polymers with longer chromophores, which show promising properties in organic
electronic devices.

A series of mono- and disilylene copolymers with di-, ter-, or quaterphenylene
was reported by Ishikawa and his group (MS2P, DSmP, and MS2P3 in Fig.40)
[182] from which the disilanylene-substituted polymers DSmP were found to be
photoactive. Thin polymer films degraded during irradiation in air by scission of
the Si—Si bonds and degradation products including silanol and siloxy units were
formed. The photoactivities of the disilanylene-substituted polymers in solution de-
crease with increasing extension of the m-electron system. Cyclic voltammogram
(CV) measurements proved that the Si—Si orbital plays an important role in the first
oxidation step of disilanylene—oligophenylene polymer films [186]. Monosilylene-
copolymers MS2P and MS2P3 were found to be inert toward UV irradiation.

Poly[(1,2-tetracthyldisilanylene)-9,10-diethynylanthracene] (DSDEA) was eval-
uated as hole-transport material in OLEDs with Alqs as an electron transporting
emitter layer [187]. These devices exhibited a maximum ng, = 0.2%. Although
this is approximately a magnitude higher than a single layer of Alq; in absence
of hole-transport material, it is very much below the state of the art, triplet emitter
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=3-5
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Fig. 40 Typical examples of silanylene-containing polymers
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OLEDs reaching an external quantum yield up to 20% and more [188]. The low ng,
values of the organosilicon-based devices have been attributed to the poor electron-
blocking properties of the organosilicon polymers which allows electrons to migrate
from the emitter into the hole-transport layer and combine without light emission.
Subsequently a series of similar mono-, di-, and trisilanylene copolymers composed
of alternating 9,10-diethynylanthracene and organosilicon units were prepared by
coupling reactions of 9,10-di(lithioethynyl)anthracene with dichloromono-, di-,
and trisilanes, CI1(SiR,)mCl(m = 1-3) by the same group [189] and evaluated in
double-layer-type OLEDs employing these polymers as hole-transport materials in
combination with Alqs; as electron transporting-emitter. Increasing the number of
silicon atoms in the polymer unit from m = 1 to 3 leads to an increased turn-on
voltage and decreases the maximum current density of the devices. The highest
luminance of 1,300cdm~2 was measured for the silanylene-diethynylanthracene
polymer MSDEA (Fig. 40).

A poly(methylphenylsilane) containing 3% anthracene units in the polymer
backbone (PMPSA) was synthesized by a Wurtz-type coupling reaction of 9,10-
bis(methylpropylchlorosilyl)anthracene and methylphenyldichlorosilane [190].
This polymer exhibited light blue photoluminescence with 87% quantum effi-
ciency with a strong photoluminescence emission at 500 nm originating from the
anthracene units, and a weak one at 350 nm from the polysilane chain. Intramolec-
ular energy transfer from the polysilane ¢* orbital to the anthracene m* orbital
enables the emission at 500 nm not only by m—m* excitation of the anthracene unit
at 420 nm, but also by 6—c* excitation of the polysilane fragments at 250-350 nm.

Poly(silylene)oligothiophenes MSmT were first reported by Corriou and cowork-
ers [180]. Copolymers with smaller oligothienyl blocks (m = 1 — 3) were pre-
pared by a coupling reaction of corresponding dilithioderivatives of oligothiophenes
and dichlorosilanes in 51-80% yield. Copolymers with longer oligothienyl blocks
(m = 3 —5) were synthesized by Pd-catalyzed coupling of zinc derivatives of
dithienylsilanes with corresponding aryldibromides in 66-95% yield. Two series
of copolymers were obtained with quite low molecular weights (M,, between 1,930
and 5,940). Upon doping with NOBF, polymer films showed a maximum conduc-
tivity of 1072 to 107! Scm™1.

Ishikawa and his group prepared a series of copolymers with alternating mono-,
di-, or trisilanylene units and 2,5-oligothienylene groups [(SiR;)xTm|n with R =
Me, Et, x =1—-3, m =2 —5 by a NiCly(dppe)-catalyzed Grignard coupling
(NiCl,(dppe) — 1,2-bis(diphenylphosphino)ethane nickel(Il) chloride) [183, 191].
DSmT copolymers were readily obtained in 75-97% yield and a moderate molec-
ular weight of 17-53kDa (M,,, polydispersity of 2.1-4.8) [183]. Other copolymers
were obtained with similar properties. Irradiation of the DSmT copolymers with
UV light resulted in cleavage of the silicon—silicon bonds, but with an increasing
number of thienyl units the sensibility towards UV irradiation decreased. With an
increasing number of thienyl units the UV absorption and emission maxima shifts
to lower energies, and is little affected by the length of the silicon chain. Doping
the polymers by exposition of films to FeCl; vapor, moderate conductivities of
1.3x107*—2.3 x 10~ Scm~! were observed. In general the conductivities tended
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Fig. 41 Chemical structures of copolymers of silylene and 2,5-oligothienylenes used in EL and
OFET devices

to increase with the number of thienyl units, and decreased with the length of the
silicon chain. Conductive films made by electrochemical doping showed similar re-
sults and tendencies [192].

In 1993 the evaluation of poly[(silylene)- and (disilanylene)oligothienylenes]
in an OLED was started by Hadziioannou and coworkers [193]. MS6T8 used as
emitter (Fig.41) in a simple device with ITO as the hole- and electron-injecting
electrodes emits orange—red light (Anax = 612nm). More sophisticated double-
layer-type OLEDs were tested using MSmT (m = 3-5) and DS4T copolymers as
the hole-transporting materials in combination with the emitter Alq; [191]. Both, a
decreasing number of thienyl units and a decreasing length of the silicon chain in-
creased the turn-on voltage and reduced the maximum current density of the device.
The highest luminance of 2,000cdm~2 at 12V and the lowest threshold voltage at
5V was obtained from a device based on the DS4T copolymer.

DSS5T and its disiloxyl analog DSOST (Fig.41) with reasonable molecular
weights of 76-94kDa (M,, with a polydispersity of 2.5-3.8) were used as hole-
transport materials in combination with Alq; as emitter in a double-layer OLED
setup [194]. The OLEDs showed the expected green light from Alq; emission
after reaching the turn-on voltage. DS5T exhibited a slightly lower turn-on voltage
compared to DSOS5T, while a similar maximum luminance of 4,000cdm~2 was
obtained for both polymers.

Ohshita, Kunai, and coworkers synthesized monosilanylene-oligothienylene al-
ternating polymers MSyT with increasing conjugation length of the oligothiophene
chromophore (T = 2, 5-thienylene or 3-butyl-2,5-thienylene, y = 8, 10, 12, and 14,
R = Bu, see Fig.41) and tested these polymer in OLEDs and OFETs [185]. The
polymers were obtained by Stille coupling reactions with a molecular weight of
7.3-14.2kDa (M,,, polydispersity of 1.3—1.7). The onset voltages for the OLED
(layer structure: ITO/MSyT/Alq3/Mg:Ag) decreased with increasing conjugation
in the chromophore with a maximum luminance of 900 cdm~? for y = 12 before
higher voltage introduce irreversible damages. The external quantum efficiencies
of the devices with MSyT were about 0.1-0.2% at the maximum luminance.
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Field-effect charge carrier mobilities in MSyT films were determined to be
(3.4-6.9)x10>cm?>V~'s~!, slightly increasing with the length of the oligoth-
iophene unit from y = 8§ to 12, and almost not affected by the length of the silicon
atom chain.

Extensive electrochemical studies of mono- [195] and disilanylene [196-198]
copolymers with oligothienylenes proved the sensitivity of the Si—Si bond towards
electrochemical oxidation. In the CV of films made from MSmT (m = 4,5) two
couples of redox peaks were found at a potential in the range of 0-1.2'V. Com-
bined with doping level and in situ spectroelectrochemical measurements the results
suggest a mechanism in which in a first step the polymer repeating unit is oxi-
dized to the radical cation followed by the oxidation to the dication. From in situ
UV-vis-NIR measurement it was concluded that the radical cation forms mt-dimers
via a coupling reaction [195]. Poly[(tetraethyldisilanylene)oligo(2,5-thienylene)]
derivatives (DSmT; m = 3-5) have been successfully doped by electrochemical
oxidation. Band-gap energies of 2.52, 2.65, 2.82, and 3.27eV were measured for
DSS5T, DS4T, DS3T, and DS2T respectively. Doped films of DS5T, DS4T, and DS3T
exhibited electrical conductivities in the order of 1073 to 10~4Scm ™! with BF,~ as
counter ion while the work functions increased from 5.1 to ca. 5.5 eV during doping
[196]. The instability of Si—Si bonds towards electrochemical oxidation in DSmT
(m = 3-5) was demonstrated by its cleavage at an electrochemical potential as low
as 0.5V (vs Ag/Ag+), resulting in the dissolution of oligothiophene-like species.
The decomposition products were oxidized to form a new polymer film on the sur-
face of an original DSmT film and the new composite polymer film is subsequently
doped [197].

Sotzing et al. exploited the electrochemical instability of the copolymers contain-
ing silylene and thiophene in an ingenious way [199, 200]. They prepared a series of
copolymers of 3,4-ethylenedioxythiophenes and their derivatives with dialkylsily-
lene units, processed films from solution, and converted the films electrochemically
to yield an insoluble highly conductive film of poly(3,4-ethylenedioxythiophene)
PEDOT (Scheme 13). The precursor polyarylsilanes, PSEDT, were prepared via
step-growth polymerization of dialkyldichlorosilane and dilithiated EDOT deriva-
tives with a molecular weight of 51 and 85 kDa (M,, and polydispersities of 2.1 and
1.7) for PSEDT(a) and PSEDT(c), respectively. Thin films of precursor polymers
PSEDT were converted into the conjugated polymer PSEDTx via solid state elec-
trodesilylation under conditions in which polymers PSEDT did not dissolve. Albeit
the conversion is not quantitative and residual silylene groups remain in the polymer
PSEDTx, the conductivity of PSEDTx(a) was determined to be 20Scm™! which
is in accordance with the conductivity of conventionally electrodeposited PEDOT
(16Scm™).

Ohshita et al. synthesized a series of alternating copolymers of 2,6-diaryldithie-
nosilole and organosilicon units [201, 202]. These polymers were obtained in
33-71% yield by nickel-catalyzed coupling of 2,6-dibromodithienosilole with di-
Grignard reagents prepared from the corresponding bis(bromoaryl)disilanes or
monosilane (Scheme 14) resulting polymer with limited molecular weights of 9.4—
15.9kDa (M,,, polydispersity 1.4-2.6). With units of four conjugated aryl rings
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Scheme 13 Schematic representation of synthesis of soluble 3,4-ethylenedioxythiophene contain-
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Scheme 14 Synthesis of alternating copolymers of 2,6-diaryldithienosilole and organosilicon
units

separated by mono- or disilyl bridges, these polymers strongly absorb light in the
UV-vis region and exhibit emission bands at 422—444 and 482-541 nm, respectively.
The emission of the Si-bridged polymers is remarkably red-shifted in comparison
to the corresponding di- and monosilanylene-quaterthienylene polymers DS4T and
MSAT (Fig. 40), indicating the existence of expanded m-conjugation due to the
silole ring. Their CV display first oxidation peaks at 0.95-1.00V vs. SCE (saturated
calomel electrode). Upon doping films with FeCls vapor, they became conducting
with a low conductivity of 3.3 x 1073 to 8.7 x 1073Sem~!. Although copolymers
containing disilylene units showed an order of magnitude higher conductivity, their
hole-transporting properties appeared to be lower than polymers containing monosi-
lylene units which was evidenced by a study of hole-transport material in OLEDs.
Introduction of the silole ring in the copolymer structure introduced some electron
transporting properties to the polymers, which were higher compared to MS4T or
PVK, but significantly lower compared to typical electron transporting material,
such as Algs.

Silanylene-containing polymers have shown some (semi)conductive and lumi-
nescence properties, which, however, were often well below the values reported for
other classes of conjugated polymers. In our view, the most interesting feature of
such polymers is redox- and UV-light instability of silanylene and especially dis-
ilanylene units, which might be utilized in patterning of the functional electronic
layers, necessary to produce complex organic electronics circuits, or for preparation
of (insoluble) conductive polymer films from soluble silanylene precursors.
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6.3 Silol-Containing Polymers

The incorporation of silole unit opens a wide field of research to modify the
electronic structure of known carbon-based polymeric chromophores. Chro-
mophores like the carbon analog of TS and 2,7-fluorene have been successfully
used as emitters in OLEDs and semiconductors in OTFT and have been combined
with additional structural units to adjust electronic properties. Replacement of the
bridging carbon atom in such structural units by silicon has a strong impact on the
electronic properties: interaction between the silicon c-orbitals and the m-system
of the carbon chromophore will lift the HOMO and lower the LUMO energy and
therefore will decrease the band gap. Silicon modified chromophores may be com-
bined with their carbon analogs and other successfully used structural units like
thiophene, bithiophene and phenylene to adjust further the energy levels of HOMO
and LUMO. Incorporation of benzothiadiazole (BT) and other structural units with
nonbonding electrons will introduce new energy levels to form donor—acceptor type
polymers with even smaller band gaps (Fig. 42).

The TS-based homopolymer, poly(4,4-di-n-hexyldithienosilole) (TS6) as
well as its copolymers with mono- and bithiophene subunits, poly(4,4-di-n-
hexyldithienosilole-alt-(bi)thiophene) (TS6T1,TS6T2), were almost simultaneously
reported by Facchetti and Marks [203, 204] and Ohshita [205] (Fig.43). Facchetti
and Marks examined in detail the consequences of introducing TS and BS structures
into a thiophene polymer backbone by comparison of the new BS-based homopoly-
mer, poly(9,9-di-n-octyldibenzosilole) (BS8) and copolymers with mono- and
bithiophene subunits, poly(9,9-di-n-octyldibenzosilole-alt-(bi)thiophene) (BS8T1,
BS8T?2), with their carbon analogs F8T1 and F8T2. Thiophene-based copolymers
were prepared by Stille coupling, while for phenylene-based copolymers Suzuki
coupling reactions proved to be suitable. The molecular weight of thiophene-based
copolymers was around 35kDa (M,,, polydispersity 2.9-3.7) and around 120kDa

. s s ) . . s
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4,4-dialkyldithienosilole (TS) 9,9-dialkyl-2,7-dibenzosilole (BS) 9,9-dialkyl-3,6-dibenzosilole (PS) 2,1,3-benzothiadiazole (BT)

Fig. 42 General structural units often used in silole-containing copolymers design
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Fig. 43 Dithienosilole- and dibenzosilole-based homopolymers, their mono- and bithiophene
copolymers and carbon analogs
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for phenylene-based copolymers. Charge carrier mobilities turned out to be higher
for thiophene-based copolymers with a maximum of 0.08cm?V~!s~! for copoly-
mer TS6T2 and a quite acceptable on/off ratio of 10*~10° (unaligned films under
ambient conditions). Non-encapsulated OTFTs were proven to be highly stable in
air, obviously due the absence of alkyl side groups on the thiophene ring in contrast
to regioregular poly(3-hexylthiophene) (P3HT). All silole-containing copolymers
studied are apparently of excellent thermal stability, no significant weight loss be-
ing measured below 400°C by TGA. The absorption maxima values of BS-based
copolymers were red-shifted by 40-50nm vs fluorene-based analogs F8T1 and
F8T2, demonstrating Si 6*-orbital overlap with the w-conjugated chromophore.

Ohshita and his coworkers synthesized poly(dithienosilole-2,6-diyl)s with a
molecular weight of 2.7-13.2kDa (M,,, polydispersity 1.1-1.8 after precipita-
tion) using palladium-catalyzed oxidative homocoupling of 2,6-bis(tributylstannyl)
dithienosiloles with CuCl, (Scheme 15a) [205]. Compared to the corresponding
silole-free polythiophenes, the absorption peak of these polymers is red-shifted
by about 100nm. Alternating copolymers with molecular weights of 5.3—
12.8kDa (M,,, polydispersity 1.3—1.7 after precipitation) were prepared by
palladium-catalyzed cross-coupling reactions using 2,6-dibromodithienosiloles and
distannylthiophene or bithiophene as starting materials (Scheme 15b, c).

The polymers were studied in OLEDs as emitters and as hole-transport materi-
als in combination with the electron conducting emitter Alqs. Used as emitter in a
single layer device they emit red light while in combination with Alqy they act as

2nBuL| Bu,Sn SnBu, Pd(OAc), (10 mol%) s s N
W 2BuSnSI \/ \ / Cucl, 2eq Yal

R
R
TSRBr TSRSn
R= *—QCHG AQ_\_\ TSR
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b s s
Br ® ) Br Pd(PPh,), (5 mol%) s s A\
\ + /‘/@\’\ Cul (5 mol%) - S XIn*
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NoH. TSRTx

TSpTTH

TSpTT2
Scheme 15 (a) Synthesis of poly(dithienosilole-2,6-diyl)s by oxidative homocoupling, (b) syn-
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hole-transport material with a maximum luminance of 500cdm~2 at 13 V (obtained
for copolymer TSpTT2). In this class of polymers, solely TSpBP was found to work
as semiconductor in OTFT with a low mobility of 1077 cm?s~!.

In 2005 Holmes et al. prepared poly(9,9-dihexyl-2,7-dibenzosilole) BS6 by
Suzuki copolymerization of dibromo and bis(boronate) 2,7-disubstituted BS
monomers. The monomers were synthesized by the selective trans-lithiation of
4,4'-dibromo-2,2’-diiodobiphenyl followed by silylation with dichlorodihexylsi-
lane [206]. BS6 was obtained in 93% yield with molecular weight of 220kDa (M,,)
and broad polydispersity (approximately 7). The polymer revealed similar optical
properties in thin films as the corresponding polyfluorene (PF) with an absorption
maximum at 390 nm and a luminescence maximum at 425 nm and an optical band
gap of 2.93eV (PL efficiency 0.62). Preliminary studies with single layer light-
emitting OLEDs confirmed the emission maxima at 431 and 451 nm and a similar
efficiency as PF8. Films of polymer BS6 exhibit a glass temperature of 149°C and
are apparently resistant to thermal stress: annealing at 250°C for 16h in air with
ambient light did not change its photoluminescence spectrum significantly (Fig. 44).
This is in clear contrast to its carbon analog PF8, the photoluminescence spectrum
of which degraded completely after 4 h at a temperature of 200°C.

Two random copolymers based on poly(di-n-hexylfluorene-co-4,4-diphenyldithi-
enosilole) (PF-TS) were synthesized by Jen and coauthors by Suzuki coupling
reaction (Scheme 16) [207]. The molecular weight of the polymers obtained reached
146kDa (M,,, polydispersity 2.8) for PF9-TS, and 76 kDa (M,,, polydispersity 2.2)
for PF19-TS. Both copolymers were thermally stable to thermal decomposition tem-
perature up to 400°C. PF9-TS exhibit a slightly higher 7, of 100°C than PF19-TS
(95°C), likely due to the higher content of rigid diphenyldithienosilole units in
PF9-TS.

Apparently even the presence of a small fraction of electron-deficient TS moi-
ety in the copolymers increases their electron affinity significantly. Subsequently
they facilitate charge recombination by acting as charge-trapping sites for both
holes and electrons. By exploiting a Forster energy transfer from the higher en-
ergy fluorene segments to the lower-energy TS-containing segments it is possible
to tune the color of emitted light to longer wavelengths. In an OLED emitting
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Fig. 44 (a) Structures of poly(9,9-dihexyl-2,7-dibenzosilole) BS6 and poly(9,9-dihexyl-2,7-
fluorene). PL spectra of BS6 (b) and PF8 (c¢) films after annealing at different temperatures.
Reproduced with permission of the American Chemical Society from [206]
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green light the low turn-on voltage of 4.6 V together with a maximum brightness
of more than 25,900cdm~2, and a maximum external quantum efficiency of 1.64%
was attributed to improved charge injection and recombination when PF9-TS was
used as emitter in combination with in situ polymerized hole-transport material bis-
tetraphenylenebiphenyldiamine-perfluorocyclobutane (BTPD-PFCB).

Cao et al. synthesized poly(9,9'-alkyl-3,6-silafluorenes as an ultraviolet-emitting
polymers with a wide band gap of 4.0eV [208]. Since the silole ring in the
silafluorene undergoes a ring-opening reaction during bromination with standard
bromination reagents and during oxidative polymerization, e.g., with FeCls, the
authors had to design a new synthetic route (Scheme 17). The starting monomers,
3,6-dichloro-9,9"-alkylsilafluorenes (SFC6 and SFC1C12), were synthesized from
2,2'-dibromobiphenyl via 2,2’-dibromo-5, 5’-dichlorobiphenyl (BrCI2P) following
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the procedure shown in Scheme 17. Nickel-catalyzed Yamamoto coupling reaction
of the resulting 3,6-dichloro-9, 9'-alkylsilafluorene in the presence of triphenylphos-
phine, zinc, 2,2’-bipyridine, and NiCl, resulted in the desired polymer with a
molecular weight of around 10kDa (M, polydispersity of around 1.6). Poly(3,6-
silafluorene) reveals an excellent thermal stability with a decomposition temperature
of 442°C for PSFC6 and 425°C for PSFC1C12, even higher than poly(2,7-fluorene)
(385°C) [209] and a stability towards oxygen and light similar to PFs. Replacement
of carbon in position 9 of PF by silicon obviously has little impact on rigidity of the
polymer chain.

The optical properties of polymers PSFC6 and PSFC1C12 were found to be sim-
ilar, both exhibiting an absorption peak at 250-300nm and an absorption edge of
around 310 nm in solid films and solutions. All absorptions are significantly blue-
shifted compared to poly(9,9-dialkyl-2,7-fluorene)s [210] and poly(9,9-dialkyl-2,7-
silafluorene with an absorption maximum of 380 nm and absorption onset at 420 nm
[206]. A reduced conjugation of the 3,6-linkage compared to 2,7-linkage in silaflu-
orenes may account for the change in optical properties. Poly(3,6-silafluorenes)
PSFC6 and PSFC1C12 show a maximal photoemission at 355 and 360 nm, in solu-
tion and as solids, with a luminescence quantum efficiency of 0.25 and 0.30. Unlike
most other conjugated polymers, the PL emission of polysilafluorene in the solid
state shows almost no red shift compared to spectra in solution.

Almost simultaneously to Cao et al., Holmes et al. described the preparation
of the 3,6-disubstituted dibenzosilole monomers 4, 5, and 10 by two alternative
routes (Scheme 18) [211]. The first method employs selective transmetalation of
2,2/-diiodo-5,5’-dibromobiphenyl (3) followed by silacyclization (as used for the
corresponding 2,7-dibenzosilole) [206], while the second exploits the displacement
of methyl groups from a dibenzosilole 8. The latter route demonstrates the versatility
of the alkyl-displacement on silicon reaction to introduce solubilising substituents
to the bridging silicon, keeping in mind the limited commercial availability of dis-
ubstituted dichlorosilanes.

Suzuki copolymerization of monomers 4 and 5a with phenyl group end-capping
yielded poly(9,9-dioctyl-3,6-dibenzosilole) (PSFC8) in 93% yield with similar
molecular weight as obtained by Cao et al. (M, 11kDa, polydispersity 2.1).
The polymer has a sufficiently high triplet energy (2.55eV), higher than that of
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commonly used PFs (2.1eV) [212] and comparable with that of polycarbazoles
(2.6eV) [213], to act as a host for green electrophosphorescent emitters. From CV
measurements the LUMO energy of PSFC8 was determined as—2.15eV (cf. PVK
at —2.0eV), indicating a withdrawal of electrons from the phenyl rings by ¢*-nt*
conjugation, which is often observed in molecular and polymeric siloles [58, 214].
The HOMO level calculated from the optical band gap (3.5eV) was estimated to be
—5.65¢eV (cf. PVK at —5.8eV) [215]. A lower HOMO energy of polymer PSFC8
compared to PVK is expected to result in a lower hole-injection barrier at the
PEDOT:PSS interface. The HOMO and LUMO energies of PSFC8 facilitate both
electron and hole injection in OLEDs. In a triplet layer structure a complete energy
transfer occurred from the polymer to the triplet dopant fac-tris[2-(2-pyridyl-kN)-
5-methylphenyl]iridium(IIT) (Ir(mppy)3) (12) with a triplet energy of 2.4eV and
resulted in a at a low device turn-on voltage.

Another series of copolymers (PSiFF) based on 3,6-silafluorene and 2,7-fluorene
were synthesized by Cao and coauthors via the Suzuki reaction (Fig. 45a) [216]. The
content of the 3,6-silafluorene subunits was between 5 and 50 mol%. The molecular
weights ranged from 19 to 39kDa (M, polydispersity 1.4-2.5). All copolymers
exhibited good thermal stability with degradation temperatures of 395-418°C.

Both in solution and as film, poly(3,6-silafluorene-co-2,7-fluorene) showed only
a single absorption peak which shifts to shorter wavelengths with increasing 3,6-
silafluorene content in the copolymers (381 nm for the PFO homopolymer, 283 nm
for the PSiF homopolymer). Parallel to the absorption spectra, the PL spectra of
the PSiFF copolymers in solution and as films significantly shift to the blue with
increasing 3,6-silafluorene content in the copolymers (431 nm for the PFO ho-
mopolymer to 420, 416, and 400 nm for copolymers). Absolute PL efficiencies of
copolymer films start with 0.67 for the poly(9,9-dihexyl)fluorine homopolymer,
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Fig. 45 (a) Chemical structure of 3,6-silafluorene and 2,7-fluorene copolymers PSiFF. (b) CIE

coordinates of the devices fabricated from the PSiFF copolymers. Reproduced by permission of
The Royal Society of Chemistry [216]
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reach a maximum at the copolymer containing 10% of 3,6-silafluorene units
(PSiFF90) (0.84), and then drop quickly with increasing 3,6-silafluorene con-
tent to 0.38 (alternating copolymer with 50% of 3,6-silafluorene units) and 0.14 for
the poly(3,6-(9,9-dihexyl)silafluorene) homopolymer.

The incorporation of 3,6-silafluorene units into PF suppresses long-wavelength
emission, and significantly improves the color purity in OLEDs. Fluorene and 3,6-
silafluorene contribute to the conjugation of the chromophore and the emission is
remarkably blue-shifted with increasing 3,6-silafluorene content. In OLEDs (layer
structure: ITO/PEDOT:PSS/PVK/polymer/Ba/Al) PSiFF90 reached ngr of 3.34%
and a luminous efficiency of 2.02cdA~" at a brightness of 326cdm~2. The CIE
coordinates of (0.16, 0.07) almost match the NTSC specification for blue color
(0.14, 0.08) (Fig.45b). Moreover, the incorporation of 3,6-silafluorene into the PF
main chain significantly improved the spectral stability during annealing. Poly(3,6-
silafluorene-co-2,7-fluorene) therefore might be a promising blue emitter with good
color purity.

A copolymer derivative P36-27SiF90, containing 10% of 3,6-silafluorene
and 90% of 2,7-silafluorene units, was accessed via Suzuki polycondensation
(Fig. 46a) [217] and obtained with a molecular weight of 47 kDa (M, polydisper-
sity 2.5). OLEDs with P36-27SiF90 as emitter (layer structure ITO/PEDOT:PSS/
PVK/polymer/Ba/Al) reached ngr, = 1.95%, a luminous efficiency of 1.69 cdA L,
and a maximal brightness of 6,000cdm™2. As in poly(3,6-silafluorene-co-2,7-
fluorene) polymers, the silafluorene subunit successfully suppresses undesired long-
wavelength green emission and produces a dominating emission at 500-600 nm
(Fig. 46b, c). The total absence of vulnerable C-9 carbon in the main chain, which is
easily oxidized by photo- and/or electro-oxidation, enhanced the oxidative stability
ever further.

A series of soluble conjugated random and alternating copolymers (PFO-TST)
derived from 9,9-dioctylfluorene (FO) and 1,1-dimethyl-3,4-diphenyl-2,5-bis(2'-
thienyl)silole (TST) (Fig.47a) were synthesized by Cao and his group [218] using
palladium(0)-catalyzed Suzuki coupling. Random copolymers exhibited a PFO-
segment-dominated UV absorption peak at 385 nm and absorption at 490 nm origi-
nating from the narrow band gap TST-segment. In contrast to the random copolymer,
the alternating copolymer exhibited a broad absorption band which obviously results
from the mixed configuration dominated by the TST segment. In films with a low
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PFO-TST PCz-PSP

Fig. 47 Structural formulas of (a) 9,9-dioctylfluorene (FO) and 1,1-dimethyl-3,4-diphenyl-2,5-
bis(2'-thienyl)silole (TST) copolymers PFO-TST [218] and (b) N-hexyl-3,6-carbazole (Cz) and
1,1-dimethyl-2,3,4,5-tetraphenylsilole (PSP) copolymers PCz-PSP [219]

TST content the excitation energy completely transferred from the PFO to the TST
segment. In OLEDs (layer structure ITO/PEDOT/PVK/copolymer/Ba/Al) the emit-
ted light from the copolymers was found to be red-shifted. In bulk-heterojunction
photovoltaic cells the PFO-TST alternating copolymer proved their suitability as
electron donor when combined with PCBM as electron acceptor to yield an energy
conversion efficiency of 2.01%. In OTFT the field-effect hole mobility of the same
copolymer was moderate (4.5 x 10> cm?V~—1s71),

Chen and coauthors incorporated N-hexyl-3,6-carbazole (Cz) and 1,1-dimethyl-
2,3,4,5-tetraphenylsilole (PSP) to yield random and alternating copolymers (PCz-
PSP) (Fig.47b) by Suzuki coupling reactions [219]. The molecular weights were
around 11-17kDa (M,,, polydispersity between 1.3 and 1.7). The HOMO levels
of the copolymers were found to be between —5.15 and —5.34eV. Single layer
OLEDs (layer structure ITO/copolymer/Ba/Al) using a copolymer with a content of
20% PSP segments exhibited a maximum ngg, of 0.77%. In OTFT, hole mobilities of
the copolymers used as semiconductor decreased with the content of PSP segments
with a maximum mobility of 9.3 x 10 ®cm?V—!s~1.

In a search for highly efficient red and green emitters, the Cao group synthe-
sized via Suzuki coupling a series of 2,7-silafluorene copolymers with electron
rich comonomers like 4,7-di(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (DHTBT)
and 2,1,3-benzothiadiazole (BT) which narrow the bandgap of PSiF-DHTBT10 and
PSiF-BT10 copolymers with a 10% molar ratio (Scheme 19) [220]. The molecu-
lar weights were determined to be 40 and 17 kDa (M, polydispersity 2.8 and 2.5)
Both copolymers exhibited good thermal stability with degradation temperatures
above 400°C and glass transition temperatures of 72-93°C. Compared to their PF
analogs, PSiF-DHTBT10 and PSiF-BT10 show a higher PL emission. OLEDs (layer
structure ITO/PEDOT:PSS/PVK/polymer/Ba/Al) with these polymers as emitters
showed a maximum ngr, of 2.89% (PSiF-DHTBT10) and 3.81% (PSiF-BT10) as
well as current efficiency of 2.0cdA~! (PSiF-DHTBT10) and 10.6cdA~! (PSiF-
BT10). The CIE coordinates of both polymers ((0.67, 0.33) and (0.38, 0.57),
respectively) are quite promising for future practical use, since they are close to
pure red and green colors.

Fluoro-substituted silole-containing polymers were recently prepared by
Suzuki polycondensation reaction using 2,5-dihydroxyboryl-1,1-dimethyl-3,4-
bis(3-fluorophenyl)-silole or 1,3-dibromo-5-fluoro-benzene as fluoro-containing
monomers and 2,7-dibromo-9,9-dioctyl-fluorene or 2,5-dihydroxyboryl-1,1-
dimethyl-3,4-bis(phenyl)-silole as co-monomers [221]. With a polymerization
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degree ranging between 4 and 8, more or less oligomers were obtained with a weak
green PL in the solid state. Cyclic voltammetry, visible absorption spectroscopy, and
DFT calculations showed that the fluoro substituents withdraw electrons sufficiently
to lower both the HOMO and the LUMO orbital in the oligomer.

The combination of 2,7-silafluorene (SiF) with the electron rich 4,7-di(2-
thienyl)-2,1,3-benzothiadiazole (DBT) allowed preparation of an alternating
copolymer PSiFDBT with a molecular weight of 79kDa (M, polydispersity 4.2)
(Fig.48) [222]. Besides an excellent thermal stability (up to 430°C) PSiFDBT
compared to its carbon analog PFDTBT exhibited a slightly lower optical band
gap (1.82 vs 1.92eV), and an approximately 20nm red-shifted absorption peak.
The shift to longer wavelengths allows absorption of longer wave lengths from
solar radiation, and indeed, bulk junction solar sells with PCBM as the electron
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acceptor yielded a remarkable PCE up to 5.4% with an open-circuit voltage (Voc)
of 0.90V, a short-circuit current (I.) of 9.5mAcm™2, and a fill factor (FF) of
50.7%. In contrast to poly-3-hexylthiophene (P3HT), the commonly used electron
acceptor for OPYV, the high efficiency was reached without post annealing or addi-
tion of additives to control the film morphology. A broad spectrum of absorption,
a sufficient hole mobility, and low HOMO are clues to reach a high performance
as OPV material. Field-effect transistors fabricated from PSiF-DBT showed a hole
mobility of ~1 x 10*3 cm 2v~1s~1, which is nearly ten times higher than that of
PFO-DBT (~3x 10~*cm?V~! *‘) The HOMO level of PSiF-DBT was estimated
to be—5.39eV.

The introduction of 4,7-bis(2-thienyl)-2,1,3-benzothiadiazole units into dithieno
[3,2-b:2',3'-d]silole backbone as alternating copolymers will also reduce the band
gap and increase the interchain interaction which in comparison to the nonmodified
siliole improve the energy conversion efficiency in the bulk-heterojunction organic
solar cells by a factor of three [223]. Copolymers based on dithieno[3,2-b:2/,3’-
d]silole and 2,1,3-benzothiadiazole were also efficient as active layer of OPV
[224, 225]. Poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’, 3'-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT) with branched 2-ethylhexyl silicon
substituents was of specific interest for wet processing due to its high solubility
(Fig.48). Scheme 20 depicts its synthesis from dichlorobis(2-ethylhexyl)silane 12,
which is synthesized by a two-step reaction route from tetrachlorosilane with a
total yield of 40-45% (~65% for the first step and ~70% for the second step)
and the substituted bithiophene 13 to yield 4,4’-dialkyldithieno[3,2-b:2’, 3'-d]silole
14 in 70% yield [226]. The polymer PSBTBT was prepared by a Stille coupling
reaction from the monomer 16, which was synthesized from 14 by commonly
used methods. The molecular weight of the polymer was found to be 18 kDa (M,,,
polydispersity 1.2). The polymer is stable up to 250°C in air. The HOMO and
LUMO levels of PSBTBT were determined at—5.05 and—3.27 eV with an optical
band gap of 1.45eV, similar to its carbon analog PCPDTBT (Fig. 48). In OTFT the
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hole mobility value of 3 x 107>cm?V~!s~! was found to be three times higher
than that for PCPDTBT [227]. These characteristics indicate its suitability as active
material for OPV, and indeed bulk junction solar cells (layer structure: ITO/PEDOT-
PSS/PSBTBT:PCBM/Ca/Al) exhibited a PCE of 4.7% (average of 100 devices,
maximum: 5.1% with V,. 0.68V, J.12.7mAcm 2, and FF 55%).

Recently Miillen and Reynolds described another successful combination
of silole and benzothiazole donor—acceptor copolymers: the copolymer of
dithieno[3,2-b:2’,3’-d]silole (DTS) and 2,1,3-benzothiadiazole (BT) (Fig. 49) [228].
In a series of DTS-BT copolymers (P1, P2, P3, and P4) two polymers (P2, P3)
were found with unusually broad homogeneous spectral absorptions (in the range
of 400-800nm). Stille coupling reactions were used to obtain the unsymmetrical
copolymers P1, P3, and P4, while the symmetrical P2 was polymerized by oxidative
coupling with FeCl; followed by reduction with hydrazine. All polymers exhibited
moderate molecular weights 10-20kDa (M,,) and large polydispersities (3.2-3.8).
Hole mobilities in bottom-contact OFETs increased from 10~%cm?V~!s~! for
polymer P1 to 1072cm?>V~!s™! for polymer P4 which may be explained by an
increasing trend to crystallize due to additional, unsubstituted thienyl monomer
units. The unsubstituted bithiophene group in P4 creates effective hopping sites for
the charge carriers, reduces the concentration of solubilizing groups, and enhances
the backbone planarity. As required for solar cell applications, P4 absorbs light
homogeneously across the entire visible spectrum.

In summary, a manifold of silole-containing polymers have been synthesized and
studied. Especially polymers with TS and BS building blocks present an emerging
class of functional materials, the electronic and optical properties of which open
good perspectives for creation of highly thermal and environmentally stable organic
electronics devices with outstanding performance.

7 Conclusions and Outlook

The analysis of different conjugated organosilicon structures revealed that silicon
may be incorporated into the structures of oligomeric, dendritic, HB, and poly-
meric semiconducting molecules by many ways to achieve quite different effects.
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A number of brilliant examples exploit the electronic interaction of silicon with the
n-systems to adjust HOMO and LUMO energy levels and modify (usually lower)
the band gap. The incorporation of silicon may be combined with the attachment
of other groups with similar function to achieve synergistic effects. Attachment of
silicon-containing bulky groups will hinder aggregation, therefore raise the solubil-
ity, and have an impact on electronic properties associated with the formation of
aggregates.

Many silicon-containing organic semiconductors define the state of the art in
their target application like organic electronic and photonic devices. Among them
are silicon-modified oligoacenes (TES-ADT-F2) with a hole mobility greater than
1.0cm?V—!s~! processed from solutions [53] and 6cm? V~!s~! made from single
crystals [54]. Oligothiophenes with silicon-containing anchor groups for the first
time yieldled SAMFETSs with a mobility of 0.04cm?V~!'s™! and on/off ratio of
1 x 108 at 40 um channel length devices [25] as well as functional integrated circuits
containing over 300 SAMFETS working simultaneously [28]. Other organosilicon
semiconductors based on siloles-containing oligomers and polymers yielded highly
efficient blue OLEDs with external quantum yield 8% and the power efficiency of
201mW~! [70] or superior thermal and devices stability [206, 217]. Improved solar
cells were prepared from silafluorene copolymers and many other examples hav-
ing a PCE up to 5.4% [222]. Most of the organosilicon materials considered above
possess high thermal, electrical and environmental stability lacking today in con-
ventional organic electronics. Bearing these achievements we foresee an increasing
interest in this class of compounds which might result in numerous publications and
successful innovation in the nearest future.
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E.Sh. Finkelshtein, N.V. Ushakov, and M.L. Gringolts

Abstract This review is devoted to analysis of the scientific data concerning
polycarbosilanes and some of their functional derivatives, primarily, published in
the last ten years. The scope is limited to highly molecular weight products of
the above-mentioned type, prepared via polymerization of cyclic monomers as the
most effective and flexible synthetic approach. The chapter consists of two main
parts: heterochain and carbochain polycarbosilanes. It includes description of ring-
opening polymerization (ROP) via rupture of endocyclic Si—C bonds in strained
silacarbocycles, ring-opening metathesis polymerization (ROMP) via rupture of
endocyclic C=C bond in silylcycloolefins, and vinyl type addition polymeriza-
tion (AP) of silylnorbornenes. The review pays much attention to structure and
physical chemical properties of the obtained polymers as well as possible ways
for their applications. The mechanisms of some polymerization processes are also
discussed.

Keywords Addition polymerization - ROMP - ROP - Silylnorbornenes - Strain
silacarbocycles
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Due to diverse applications of polysiloxane materials, the term “organosilicon poly-
mers” is in common use in the chemical literature in relation solely to polysiloxanes.
However, already by the late 1940s and early 1950s, papers devoted to the design of
polycarbosilanes (PCS) or polysiliconhydrocarbons — polymers containing only Si,
C, and H atoms — were published. In these polymers, Si atoms are incorporated ei-
ther into the backbone (heterochain PCSs) or in side substituents (carbochain PCSs).
Interest in these polymers is determined by the much higher chemical stability of a
Si—C bond than that of a Si—O bond with respect to nucleophilic and electrophilic
agents. In addition, polysiloxanes undergo various chain transformations and even
depolymerize at elevated temperatures [1]. During the past half century, consider-
able progress has been achieved in the synthesis of various PCSs and study of their
properties and application areas (e.g., such carbochain PCSs as polyvinylsilanes,
polypropynesilanes, and Si-containing polynorbornenes show promise as materials
for efficient membrane gas separation, adhesion, etc.).

1 Heterochain Polycarbosilanes

There are several approaches to the synthesis of heterochain PCSs, which can be
divided into three large groups: chain ring opening and vinyl polymerizations, step-
growth reactions (polymerization and polycondensation), and polymer-analogous
transformations.

This part of the review is devoted to PCSs prepared from silicon-carbon cyclic
compounds. In the first section, we will consider the polymerization of saturated
and unsaturated silicon-carbon heterocycles (SCHs) via a Si—C bond rupture (ring-
opening polymerization, ROP) and of unsaturated SCHs via a chain C=C bond
rupture (ring-opening metathesis polymerization, ROMP). The polymerization of
silicon homocycles is beyond the scope of this review since polymers containing
only Si atoms in the backbone belong to a special branch of organosilicon chemistry.

The second section deals with the state-of-the-art in the polymerization of un-
saturated cyclic monomers with silicon atoms occurring in substituents via both the
ROMP scheme and additive (vinyl) polymerization (AP).
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1.1 Ring-Opening Polymerization of Saturated Silicon—-Carbon
Heterocycles

The ROP of all known saturated SCHs proceeds via the rupture of endocyclic
Si—C bonds. In the US patent issued in 1958, the first attempt was made to
use a 4-membered SCH for the synthesis of heterochain PCSs [2]. From the
late 1950s to the early 1980s, Vdovin and co-workers intensively investigated a
new class of polymers — high-molecular-weight heterochain PCSs, prepared by
the ROP of 4-membered SCHs — dimethyl-silacyclobutane (MSCB), tetramethyl-
disilacyclobutane (DSCB) and their derivatives (see Sects. 1.1 and 1.2). The energy
and structural characteristics of silacyclobutanes were analyzed in [3—10]. Though
these publications are rather old, their results remain valid up to the present time.

MSCBs and DSCBs are highly strained 4-membered SCHs with strain
energies (polymerization enthalpies) of 83.9, 90.3, and 71.5kJ mol~! for 1,1-
dimethyl- and 1-phenyl-1-methyl-1-silacyclobutanes and 1,1,3,3-tetramethyl-1,3-
disilacyclobutane, respectively [4].

Structural studies of MSCB and DSCB made it possible to estimate strain-
induced deformations. Electron diffraction measurements (in the gas phase) showed
that, in MSCBs, internal angles at a silicon atom are deformed to 80° or smaller; in
the DSCB analog, the C-Si—C angle is 89° [5, 6]. The 2°Si, 13C, and 'H NMR data
combined with quantum-chemical calculations performed for a number of substi-
tuted silacyclobutanes (SCBs) demonstrated the existence of a strong transannular
interaction Si...3-C (m-overlap of atomic orbitals of silicon and -carbon atom)
in 4-membered SCHs. In these terms, a high reactivity of SCBs is associated with
a decrease in the s-character of atomic orbitals of silicon in its endocyclic bonds
with carbon atoms [7]. Further structural studies of crystalline a-naphthyl deriva-
tives of 1-silacyclobutane testified that in fact strong intracyclic interaction occurs
along with the feasible planar conformation of a silacyclobutane ring (in contrast to
the case in the gas phase). The transannular distance Si... 3-C, which is equal, for
example, for dinaphthylsilacyclobutane, to 2.334 A, is not only 0.47 A shorter than
the sum of single-bonded radii of silicon and carbon but is even smaller than the dis-
tance between valence nonbonded carbon atoms in a-positions (2.468 A). Another
reason for distortion of the tetrahedral configuration of bonds at the silicon atom that
appears in the case of SCBs is a difference in the lengths of Si—C bonds (exo- and
endocyclic). The dependences of the length of the Si—C endocyclic bonds on the size
of cycles, constructed from the averaged lengths of these bonds available for 3-, 4-,
5-, 6-,7-, and 8-membered SCHs, suggest that, in the case of 4-membered cycles, the
length of this bond is larger than that of other cycles [8—10]. Based on these data, it
is suggested that a higher reactivity of the Si—C endocyclic bond in SCBs than that in
larger silacarbocycles can be also explained by the fact that in SCBs this bond is the
longest. The 4-membered SCHs are also characterized by an increased, compared
to linear alkylsilanes and less strained heterocycles, tendency toward formation of
associates in nonpolar solvents [11].
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1.1.1 Ring-Opening Polymerization of Saturated Silicon—-Carbon
Heterocycles Carrying a Single Heteroatom

Ring-Opening Polymerization of MSCBs

The ROP of MSCBs proceeds via the scission of the Si—C endocyclic bond under
the action of heating or various catalysts, which can be depicted by the following

scheme:
R2 A/[B]/[M]
O { J\}

Polymers prepared from silacyclobutanes by any methods (thermal or catalytic)
are characterized by the same chemical structure, namely, their main chains are
composed of repeating siltrimethylene units linked via the head-to-tail type, as ev-
idenced by vibrational spectroscopy [12-14] and 'H, !3C, and ?°Si NMR studies
(e.g., [3, 15, 16]).

The above structural features of MSCBs (the ratio between endo- and exocyclic
angles CSiC and a large length of the Si—C endocyclic bond) [3] enable one eas-
ily to attach various substituents, including bulky groups, to the silicon atom via
nucleophilic substitution of chlorine atoms (or alkoxy groups). This method al-
lowed one to synthesize silacyclobutane monomers with various combinations of
substituents — the same or different, hydrocarbon (saturated and containing multiple
bonds or aromatic groups), and carbofunctional [17-23]. Such a variation in the na-
ture of substituents in MSCBs coupled with a high activity of the polymerizable
fragment (a silacyclobutane ring) makes it possible to prepare polymers with dif-
ferent properties. It should be noted that such syntheses for carbocyclic analogs are
either impossible or very complex. The copolymerization of MSCBs with similar or
different types of monomers widens the scope of means for tailoring the properties
of the polymers.

Selection of polymerization procedures for every MSCB monomer depends on
the nature of its substituents R! and R>. MSCBs carrying purely hydrocarbon sub-
stituents, where R! and R? are alkyl, cycloalkyl, aryl, or alkylaryl radicals (free of
polar groups), can be polymerized by all known methods available for this class of
monomers. In the case of MSCBs containing double bonds in substituents, and Si—
H-derivatives of MSCBs, the anionic low-temperature polymerization initiated by
organolithium compounds in THF is applicable. If substituents carry polar groups
of various natures, thermal polymerization (TROP) is sometimes possible. For ex-
ample, a tertiary amino group or an ether bond (in the diphenyl oxide substituent)
does not hamper TROP. Such halogens as chorine and bromine in the hydrocar-
bon substituent, including the aromatic ring, decrease the activity of monomers in
TROP and the molecular mass of the polymers. If monomers contain three or a
greater number of C-F bonds (F-Alk or F-Ar) in a substituent, they turn out to be
incapable in TROP. In this case, polymerization may be catalyzed by the compounds
of Pt or other transition metals [19].
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Thermal Ring-Opening Polymerization of MSCBs

The TROP mechanisms were examined in detail, and the results of kinetic exper-
iments were presented in [3]. With consideration of these data, the mechanism of
TROP of silacyclobutanes was advanced. The TROP of silacyclobutanes proceeds
through ring opening via the heterolytic scission of the endocyclic Si—C bond and
occurs as a zwitterion process, in which the coordination of monomer molecules
to active centers plays an important role. In this case, the process is limited by the
activity of a positively charged part of the zwitterion.

If high-purity monomers were used, the molecular weight of the polymers
showed an almost linear dependence on the polymerization temperature. This de-
pendence followed the direct proportionality up to ~210°C and reflected the specific
feature of SCBs. When the temperature was increased to above 210°C, this de-
pendence deviated from linearity. This is probably associated with an increase in
the contribution of inter- and intramolecular chain degradation processes (dispro-
portionation reactions); as a consequence, the molecular weight of the polymer
should decrease somewhat and its molecular weight distribution (MWD) should
become wider.

When very high requirements are imposed on the dielectric characteristics of
polymer materials (e.g., when they are used as recording layers in thermoplastic
and photothermoplastic data recording), TROP is the most suitable polymerization
procedure [18, 22, 23]; in the case of catalytic polymerization, there is a need to
remove traces of metals from the polymers. The molecular weight of the polymers
synthesized by TROP can be controlled with advantage due to the use of regulating
polar additives, for example, n-hexyl alcohol in the polymerization of carbazolyl-
containing monomers [22].

Elevated temperatures are necessary for the polymerization of MSCBs carrying
bulky aromatic substituents (such as ¢-naphthyl). However, long impact of high
temperatures (>240°C) may cause crosslinking of the polymers due to the ho-
molytic scission of Si—Ar bonds. Attempts to prepare a higher molecular weight
polymer from a monomer with the Si—ferrocenyl (Fc) bond (A) [3, 19] by increas-
ing the temperature of polymerization also led to the crosslinked product apparently
due to the homolysis of the Si-ferrocenyl bond.

b c

Me

<>s|4@é|@ st (CH2 4o Me Fe
P OB 0O~ )
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Quite different causes are responsible for formation of the crosslinked polymers
in the TROP of a mesogene-containing MSCB (B) [16]. The fact that, at a rather
low temperature (120°C), spirocyclic trimethylene[ 1]silaferrocenophane containing
silaferrocenophane and silacyclobutane groups (C) polymerized to afford insoluble
and even not swelling in organic solvents crosslinked polymer suggested opening
of both parts of the spiro system — the Si—C bond of silacyclobutane and the Si—Fc
bond [24].
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The TROP of MSCBs with multiple bonds in substituents, for example, such
monomers as 1-vinyl-1-methyl-, 1-allyl-1-methyl-, 1,1-diallyl-MSCBs [20], and
4-silaspiro[3.5]non-6-en synthesized via metathesis [25], was also complicated by
crosslinking [3].

In all these cases, the use of solvents decreased the amount of the crosslinked
products, whereas the polymerization of bulky monomers may cause full crosslink-
ing of the polymer.

The MSCBs having fert-butyl and phenyl substituents [26] (previously they were
not involved in TROP) can be readily converted into soluble high-molecular-weight
polymers [27]. The TROP of 1,1-bis(phenyldimethylsilylmethyl)-MSCB proceeded
at a higher temperature with formation of a soluble macromolecular polymer as well
[21].

Thermal Copolymerization of MSCBs and MSCB
with Tetramethyl-Disilacyclobutane and Other Monomers Capable
of Thermal Ring-Opening Polymerization

The thermal copolymerization (TROCP) of MSCB monomers was mostly used
to impart desired properties to polymers necessary for solving various applied
problems: for example, copolymers of di-o-naphthyl- and diphenyl-MSCBs, di-
p-tolyl-MSCB, 1-p-dimethylaminophenyl-1-phenyl-MSCB, diphenyl-MSCB, and
tetraphenyl-DSCB were used as materials for data recording; copolymers of 1,1-
dimethyl- and 1-phenyl-1-methyl-1-silacyclobutanes were employed as rubbers;
copolymers of 1,1-diphenyl-MSCB with 1,1-dimethyl- or 1,1,3-trimethyl-MSCB
served as materials for resists; [28-30]; and the copolymers of 1,1-dimethyl-MSCB
with 1,1,3,3-tetramethyl-1,3-DSCB were valuable materials for the separation of
hydrocarbon gases [31, 32].

In the case of TROP of 1-methyl-1-norbornenylmethyl-MSCB performed at
220°C, the process was accompanied by a partial retrodiene reaction of the nor-
bornene pendant fragments resulting in elimination of cyclopentadiene and forma-
tion of allyl side groups [33].

Me Me Me
Me >220°C I >220°C | |
Si{ —> S —> 7S Si
CHoNbD CH, f@ CH Xyl 7 Y

2

The reaction of spirocyclic [1] silaferrocenophane (in which the spiro system is
composed of ferrocenophane and silacyclobutane cycles) with dimethyl [1] sila-
ferrocenophane [24] may be classified as the TROCP of MSCBs. This reaction
afforded crosslinked copolymers.
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Anionic Polymerization of MSCBs in the Presence of AlkLi, ArLi, or Li and K

Due to a marked strain of the cycle and the existence of a dipole in the endo-
cyclic bond Sit—C~ in MSCBs, these monomers showed high activity in anionic
polymerization. The above-mentioned structural features of MSCBs indicate the
configuration of the Si-atom which is extremely favorable for formation of the pen-
tacordinated state (sp3d) [34, 35].

Nucleophile attack under anionic impact and primary and subsequent ring open-
ing via the Si—C bond (during chain propagation) proceed via formation of the
pentacoordinated state. For the organolithium reaction the scheme looks as follow:

RZ
R2 <>Si/
N R

R2 R Li R2 | -
<>Si<R1—> <>Si<"RTR- Lt — R—Si/\/—u+ — >
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| -
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Lithium alkyls or aryls, metallic Li, Na, K, alcoholates, silanolates of alkali met-
als, and their hydroxides may be used as initiators of the AROP of MSCBs.

Polymerization initiated by AlkLi and metallic Li can be performed in nonpolar
solvents at 20-80°C or in polar ones (THF, DME) at —80/-50°C [20]. The mecha-
nism of the AROP of MSCBs initiated by AIkLi are surveyed in [3]. Specifically,
it was shown that living chains can be formed sometimes, that is active centers can
be easily transformed both in polar and nonpolar media [36, 37]. A decrease in the
polymerization temperature in polar media (down to —70°C or below) allowed one
to reduce significantly the rate of chain termination (elimination of LiH, etc.) and to
synthesize higher molecular weight polymers [3].

In a polar solvent (THF) at low temperatures, the AROP of 1,1-dimethyl-MSCB
showed a well-defined living mechanism since various side reactions of chain termi-
nation were suppressed [38]. In contrast, in the case of 1-methyl-1-phenyl-MSCB,
the features of living polymerization were not so pronounced [38].

A wide use of polar solvents (THF, HMPA additives) at low temperatures al-
lowed Weber et al. to prepare in the presence of BuLi siltrimethylene polymers from
MSCBs containing vinyl-substituents at Si-atoms (1-methyl-1-vinyl-, 1-phenyl-1-
vinyl-, and 1,1-divinyl-1-silacyclobutanes) [39]. Obviously, these syntheses were
implemented because of much reduced rates of side reactions. Moreover, a de-
crease in temperature enabled one to suppress the easy replacement of hydrogen
in hydrosilane derivatives of 1-silacyclobutane [40, 41], which occurred in highly
polar media under the action of nucleophiles, and to prepare high-molecular-weight
polymers [42]: for polyphenylhydrosiltrimethylene, polydihydrosiltrimethylene,
and polymethylhydrosiltrimethylene (M., /M, = 7,30,000/3,90,000, 84,400/23,900,
and 12,200/6,100, respectively). Note that the molecular weight of the polymer
prepared by the AROP of methylhydro-MSCB was not too high; the yield of the
high-molecular-weight polymer based on phenylhydro-MSCB was low (~15%),
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while the yield of the oligomer (My, /My = 900/800) soluble in methanol was 40%;
and the MWD of polydihydrosiltrimethylene was wider than that of the two other
polymers.

In subsequent work, the scope of monocyclobutane monomers that can produce
polymers with the regular unit structure via the low-temperature AROP became
even wider. These are first of all monosilacyclobutanes carrying methylene groups
in the third position which formally can be assigned to unsaturated SCBs but will
be considered in this section since they do not contain the real endocyclic double
bond even though they contain one sp?-hybridized carbon atom in a cycle [43].
These 1,1-disubstituted monomers (having two methyl, n-propyl, or phenyl sub-
stituents at the silicon atom) with the exocyclic methylene group at the -carbon
atom were involved in anionic polymerization both at low temperatures in THF
and at room temperature in nonpolar media. Low temperatures and polar solvents
were not necessary for the block copolymerization of 1,1-dimethyl-3-methylene-1-
silacyclobutane. This fact provided additional evidence that the AROP of MSCBs
initiated by organolithium compounds in nonpolar medium shared common features
with living polymerization [43].

The n-BuLi-initiated AROP of monomers carrying two methyl groups at
the Si-atom and bulky substituents in the third position (1,1-dimethyl-3-o-
naphthyl-, 1,1-dimethyl-3-a-naphthylmethyl-, and 1,1-dimethyl-3-diphenylmethyl-
1-silacyclobutanes) also proceeded very efficiently and easily [44].

The authors of [45] compared the behavior of isomeric MSCBs with the phenyl
substituents at a- and f-carbon atoms in the cycle — 1,1-dimethyl-2-phenyl-1-
silacyclobutane and 1,1-dimethyl-3-phenyl-1-silacyclobutane — under the condi-
tions of low-temperature AROP. The isomer with the phenyl group at the 3-position
obeyed all features of living polymerization, including growth of molecular weight
upon addition of a fresh monomer portion (in this case, My, /M, = 1.09). How-
ever, if the phenyl substituent is moved to the «-position with respect to the
silicon atom, the polymerization of such ¢-phenyl-substituted MSCB did not follow
the living pattern. The same authors confirmed that the AROP of 1-methyl-1-
phenyl-1-silacyclobutane may be complicated by nucleophilic attack via the Si-Ph
bond; as a consequence, its polymerization was not living. At the same time,
the presence of the methyl group in the o-position of the MSCB cycle did not
hamper the living polymerization of this monomer [46]. It was also shown that
the phenyllithium-initiated AROP of 1,1,2-trimethyl-1-silacyclobutane proceeded
selectively — only scission of the endocyclic Si-CH, bond (1,4-insertion) took place;
in the catalysis by Pt-compounds, both Si-CH, and Si—-CH(Me) bonds broke (1,4-
and 1,2-insertion, respectively), as was confirmed by experiments with a deuterated
terminating agent [46].

To prepare amphiphilic siltrimethylene polymers, the authors of [47] synthesized
two symmetrically substituted MSCB monomers carrying oxyethylene groups in
substituents — 1,1-bis[4-(tert-butyldimethylsilyloxy-monooxyethylene)phenyl]-1-
silacyclobutane and 1,1-bis[4-(w-tert-butyldimethylsilyloxy-trioxyethylene)phe-
nyl]-1-silacyclobutane. The polymerization of these monomers occurred at —78°C
or —48°C in the presence of n-BuLi in THF without any HMPA additives. The use
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of a tert-butyldimethylsilyl group instead of the usually used trimethylsilyl group
for silyl protection ensured stable protection under contact with n-BuLi. This made
it possible to carry out the successful polymerization of these monomers and to
prepare rather high-molecular-weight polymers stable in solution. After removal of
silyl protection, amphiphilic polysiltrimethylenes bearing two side substituents in
every unit, which contain oxyethylene fragments with end hydroxyl groups along
with the oxyphenylene bridge, turned out to be soluble in polar solvents, such as
ethanol and methanol.

Recently, 1-silacyclobutane with the planar configuration of the cycle, namely,
racemic 1,1-(rac-1,1’-bi-2-naphthoxy)-1-silacyclobutane has been synthesized [48].
It was shown that the silicon-carbon cycle is planar, and the distance between the
hetero atom and the B-carbon atom (Si....B-C) is 2.302 (5) A, that is, close to
the average value of this equilibrium distance in MSCBs (2.35 +0.02) [8, 17].
The authors of [48] used anionic polymerization since neither Karstedt’s catalyst
nor 1,5(cyclooctadiene),Pt(0) could initiate the polymerization of 1,1-(rac-1,1'-bi-
2-naphthoxy)-1-silacyclobutane. In this case, 1,5(cyclooctadiene),Pt(0) eliminated
cyclooctadiene and gave rise to 1,1’-bis-2-naphthol. Notably, the polymerization of
this monomer was performed at room temperature in the absence of either HMPA
or TMEDA.

The anionic copolymerization (AROCP) of different MSCBs with the monomer
of another type capable of anionic polymerization in polar or nonpolar medium
initiated by AlkLi mostly yielded random copolymers. The sequential polymeriza-
tion (addition of the second monomer after polymerization of the first monomer
was completed) enabled one to synthesize various block copolymers. As MSCBs,
various symmetrically and unsymmetrically substituted derivatives were used. As
monomers of other types, styrene, butadiene, isoprene, and 2,4-dimethylstyrene
were tested [49].

Beginning from the 1990s, MSCBs have been primarily used for anionic copoly-
merization with monomers of other types, most frequently vinyl monomers, mainly
styrene; in most cases, block copolymers were prepared at low temperatures in
polar media (e.g., —78°C, THF). As an example, the scheme of the block copoly-
merization of 1,1-dimethyl-1-silacyclobutane with styrene under conditions more
acceptable for formation of living chains (—48°C, THF: hexane = 1:1(v/v), without
HMPA [38]) is presented below.

. n-BuLi CH2=CHPh MeOH
SiMe, CH,— CH
THF-Hexane M

-48°C

The molecular weight of such block copolymers was controlled by the
monomer-to-initiator ratio. The block copolymer of 1,1-dimethyl-3-methylene-1-
silacyclobutane with styrene can be prepared under common conditions (benzene,
room temperature) [50].

To avoid the deactivation of active centers, which led to formation of allyl carban-
ions (and hence afforded homopolymers), a rapidly reacting 1,1-diphenylethylene
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was added immediately after interaction of the MSCB comonomer with RLi. This
compound is known to produce a more stable carbanion but is not involved in poly-
merization. Since the activity of a carbanion derived from 1,1-diphenylethylene
was sufficient for initiation of polymerization of other vinyl monomers, such as
styrene or acrylates, then upon addition of the latter compounds, this carbanion pro-
vided initiation and further chain growth. As a result, block copolymers, in which
siltrimethylene and polyvinyl blocks were separated by the 1,1-diphenylethylene
unit, were formed. This approach made it possible to prepare amphiphilic diblock
copolymers via the copolymerization of 1,1-dimethyl-, 1,1-diethyl-, and 1,1-di-n-
butyl-1-silacyclobutanes with ferz-butyldimethylsilyl methacrylate [51].

Anionic Ring-Opening Polymerization of MSCBs in the Presence of Alkalis
and Alkali-Metal Alcoholates and Silanolates (Homo- and Copolymerization)

As was shown in the early 1970s, alkalis and their derivatives were able to cat-
alyze the polymerization of MSCBs at 5-90°C, but the reaction proceeded at a low
rate and led to polysiltrimethylenes with molecular weights much smaller than those
of polymers prepared under thermal initiation. With the use of this method, the poly-
merization of MSCBs with various substituents (hydrocarbon and carbofunctional)
[52] and the copolymerization of MSCBs [23] can be realized.

The study of the catalytic activity of mono- and disilanolates and alcoholates and
hydroxides of alkali metals in the polymerization of 1,1-dimethyl-MSCB, and of
the effect of the nature of solvent and initiator and other features of this reaction,
showed that in the KOH catalysis, organopotassium compounds were responsible
for the propagation of polymer chains [53]. For all three types of initiators (alco-
holates, disilanolates, and hydroxides of alkali metals), catalytic activity showed a
qualitative dependence on the nature of alkali metal. The activity decreased on pas-
sage from Cs- to K- and Na-containing initiators. The polarity of solvents in this
process exerted the activating effect. Thus, the AROP of MSCBs in the presence of
alkali derivatives can be described by the following scheme:

<>snv1e2 <>SiMe2
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The above-described results laid the foundation for elaboration of catalytic
systems based on MSCBs and alkali derivatives useful for the anionic polymeriza-
tion of different vinyl monomers. As initiators, two-component systems (MSCB —
silanolate or alcoholate) and single-component systems (“prepolymers” — products
of interaction of disilanolates with MSCB) were tested.

The ability of MSCB to undergo ring opening with the subsequent formation of
C-Li, C-Na, and C—K bonds was used to generate carbanions (i.e., SCB as a car-
banion pump) via their reaction with 1,1-diphenylethylene with the aim of preparing
various block copolymers [54-56]. This seems to be the most interesting polymer-
ization application of alkali-metal catalysis of MSCBs. With the use of a fourfold
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excess of 1,1-diphenylethylene and a mixture of equal volumes of THF and hex-
ane as a solvent, fert-butoxy anion can be converted into carbanion with a yield
of ~97%. The rapid reaction with 1,1-diphenylethylene gave rise to a more stable
carbanion which can initiate the polymerization of ethylene oxide and styrene.

Ph Ph
tBUOK CH,=CPh, | |
<>SiPh2 - tBuOSiJ\_CHZ—C’—W
THF-Hexane(1:1) gh éh

Such a silacyclobutane “carbanion pump” system was used to synthesize various
di- and triblock copolymers.

In [57], the efficiency of the “carbanion pump” system, which is the fert-
butoxy anion — 1,1-dimethyl-1-silacyclobutane-1,1-diphenylethylene - was com-
pared with that of the system in which a-methylstyrene was used instead of
1,1-diphenylethylene.

Ring-Opening Polymerization of MSCBs with Pt and Other Transition Metal
Compounds: Homo- and Copolymerization of MSCBs, MSCBs with DSCB,
and Monomers of Other Types

Compounds of Pt and other Pt-group metals served as the most versatile catalysts
for the polymerization of SCBs: they catalyzed the polymerization of all types of
SCB monomers. Frequently, catalysis by Pt-compounds appeared to be the only
way suitable for preparing some siltrimethylene polymers.

With the use of Speier’s catalyst, the first representative of mesogene-containing
polysiltrimethylenes [16] and fluorine-containing polysiltrimethylenes [19] were
synthesized.

Karstedt’s catalyst, which is a complex of Pt with tetramethyldivinyldisiloxane
(Pta[Vin(Me;)Si0Si(Me; Vin]3), was found to be very active. With the use of this
catalyst, soluble polymers were prepared from trimethylsiloxy- and triphenylsiloxy-
derivatives of 1-silacyclobutane [58], mesogene-containing 1-silacyclobutanes car-
rying nitrile groups and siloxane bridges between a mesogenic group and an
endocyclic silicon atom [59], and 1-methyl-1-phenylethynyl-1-silacyclobutane [60].
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In the case of the latter monomer (with the triple bond in a substituent), the
molecular weight of polysitrimethylenes produced by the Pt-catalyzed ROP of
MSCBs was controlled by the dosed addition of Et3SiH. The specific features
of this process were examined by example of polymerization of 1,1-dimethyl-1-
silacyclobutane carried out in the presence of Pt(1,5-cod),. This gave a chance to
develop the general mechanism of the ROP of MSCBs catalyzed by Pt-compounds
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[61]. In accordance with this mechanism, the catalyst containing the reduced plat-
inum interacts with a monomer molecule to form a 5-membered intermediate, which
in turn interacts with the next monomer molecule to give a 9-membered cyclic
Pt-containing intermediate. The latter forms the stable dimer (as in the case of Pt-
phosphine catalysis) via reductive elimination. When phosphine ligands are absent,
the approach of the monomer to the Pt-center becomes apparently much easier;
therefore, it can efficiently interact with the Pt-cyclic intermediate to produce the
final polymer.
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To implement the polymerization and copolymerization of various silacyclobu-
tanes, we used catalysis by the propene complex of Pt, which was prepared by
heating Speier’s catalyst directly in the reaction ampoule before the experiment
[21, 32]. In addition, the propene complex of Pt allowed one to achieve high yields
of high-molecular-weight polymers of MSCBs carrying two phenyldimethylsilyl-
methyl substituents and carbazolyl and diphenyl oxide moieties in substituents [23].
At 7-15°C, the propene Pt-complex made it possible to prepare random soluble
copolymers of diallylsilacyclobutane and tetramethyldisilacyclobutane of various
compositions [21, 32]. In those works, gas transport parameters of copolymers of
dimethylsila- and tetramethyldisilacyclobutanes were studied.
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We have determined the parameters of hydrocarbon penetration through these
copolymers and found that they retained very high selectivity and produced stable
films. Selectivity () for the copolymers with x/y = 1/1 and x/y = 3 /1 with respect
to the butane and methane reached 19.4 and 20.7, respectively, together with high
permeability. In this case, the permeability coefficients differed slightly from the
corresponding parameters of the silmethylene homopolymer.
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1.1.2 Ring-Opening Polymerization of 1,3-Disilacyclobutanes
Thermal Ring-Opening Polymerization of 1,3-Disilacyclobutanes

Due to the presence of the second silicon atom, 1,3-DSCBs differ appreciably from
MSCBEs in terms of their chemical behavior. This difference manifests itself (as was
mentioned above) as a high tendency of MSCBs toward nucleophilic ring opening
compared to DSCBs, and vice versa — in reactions with electrophiles MSCBs are
less active than DSCBs. Nevertheless, the main feature of 4-membered SCBs in
which they differ from their carbon analogs is their ability to undergo thermally
initiated polymerization in the liquid phase. A comparison of methyl derivatives of
MSCBs and DSCBs (1,1-dimethyl-MSCB and 1,1,3,3-tetramethyl-DSCB) showed
that MSCBs were more active in the case of thermal initiation (its polymerization
begins even at 85°C, whereas the thermal polymerization of DSCB proceeded at
temperatures above 130°C). This is also evidenced by a lower activation energy of
MSCB (11.6kcal mol ') [3, 62] than that of DSCB (17.1kcal mol~!) [62, 63].

We would like to emphasize the distinctive feature of TROP of DSCB: the
silicon-functional monomer with the Si—Cl function at one Si-atom can be
easily polymerized. In general, electron-acceptor substituents showed a pecu-
liar effect on the process [13]. Tetrachloro-DSCB was not involved in thermal
polymerization (250°C) as well as 1-bis(trimethylsilylamino)-1,3,3-trimethyl-
1,3-disilacyclobutane. However, soluble polymers were formed on the basis
of 1,1,3-trimethyl-3-vinyl-1,3-disilacyclobutane [64] and trimethyl-DSCB [65].
Finally, as opposed to 1,1-dichloro-MSCB (which is incapable of thermal polymer-
ization), 1,1-dichloro-3,3-dimethyl-1,3-disilacyclobutane was readily involved in
thermal polymerization. Moreover, it turned out to be the most active in a series of
chlorine-containing 1,3-DSCBs. In terms of decreasing activity, these monomers
can be arranged as follows [35]:

Cl Si/\SiMe >CIMeSi/\SiMe2>MeQSi/\SiMe2>CIZSi/\SiMeCI>>CI Si/\SiCI2
NS NS A% N 22N/

A similar tendency followed from the qualitative comparison of activities of 1,3-
DSCBs with such electron-acceptor substituents as y-trifluoropropyl [35, 66]. This
trend can be rationalized by different distributions of electron density in MSCB and
DSCB molecules. In the case of the MSCB skeleton, the electron-accepting effect
of a substituent causes a reduction in electron density on o-carbon atoms of the
cycle, thereby making cyclic Si—-C—bonds stronger. At the same time, in the case of
DSCB, the electron-accepting effect decreases electron density on the endocyclic
Si—C- bonds located near electron-acceptor substituent and the far-off Si—C bonds
are weakened because of this effect.
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It should be noted that the polymerization of 1,3-DSCBs with methyl substituents
at the carbon atom of the cycle and two Cl atoms at the Si atom were readily involved
in TROP [67]. TROP may be used to synthesize polysilmethylenes with alkyl and
aryl substituents in the decoration. Molecular weights were also as high as in the
polymerization of MSCB [68, 69]. In all cases, poly-DSCBs had regular structures
in which repeating units were composed of alternating silicon and carbon atoms
[12, 70].

The TROP of mono- and disilacyclobutanes are characterized by similar behav-
ior, and the fact that copolymers can be produced from the combination of MSCBs
and DSCBs indicates that the TROP of these monomers obeys a common mecha-
nism [3, 62].

For the last two decades, interest in the polymerization of 1,3-disilacyclobutanes
has shifted to the applied research due to high elastomeric, mechanical, and ther-
mostable characteristics of polysilmethylenes and -trimethylenes [71, 72]. These
polycarbosilanes are also of interest as precursors for production of photoresists
and Si—C-ceramics [71, 72]. Therefore, many papers and patents have been de-
voted to the elaboration of effective methods of polymer syntheses. For example,
traditional thermal initiation was used in the case of 1,3-dimethyl-1,3-diphenyl-
1,3-disilacyclobutane (170°C) and 1,1,3,3-tetraphenyl-1,3-disilacyclobutane (up to
300°C) [70-72]. Sometimes, thermal initiation was coupled with other impacts, for
example, laser irradiation, to embed heterogeneous catalysts, such as nanosized par-
ticles of Pt, Cu, and Ag [70]. In the case of thermal initiation the methodology of
molecular weight control by addition of dosed amounts of trimethylchlorosilane to
the reaction mixture was elaborated [72]. The TROP of 1,3-dimethyl-1,3-diphenyl-
1,3-disilacyclobutane at 230°C in the absence of Me3SiCl resulted in a polymer
with My, = 2,640,000(My, /M, = 4.1) and a yield of 75%. At Me3SiCl: monomer
= 0.08, 0.37, and 3.9, the yields of the polymers with molecular weights 648,000
(My /M, =4.1), 269,000 (My, /M, = 2.1), and 90,000 (My,/M,, = 2.0) were 79, 81,
and 55%, respectively.

The thermal copolymerization of DSCBs can be illustrated by the reaction of
tetramethyldisilacyclobutane with tetraphenyldisilacyclobutane [72] and the above-
described reaction of tetraphenyl-DSCB with diphenyl-MSCB [28].

The thermal copolymerization of DSCBs was mostly carried out with such
monomers as tetramethyldisilacyclobutane, tetraphenyldisilacyclobutane, and 1,3-
dimethyl-1,3-diphenyl-1,3-disilacyclobutane [72].

Anionic Ring-Opening Polymerization of 1,3-Disilacyclobutanes

Although DSCBs were less prone to ring opening under the action of nucle-
ophiles, such compounds as hydroxides (Na, K) and their derivatives (specifically,
silanolates), catalyzed the AROP of 1,3-DSCBs at moderate temperatures (even at
20°C) but very slowly [73, 74]. The addition of cryptands activated this process,
albeit its rate was also very small [75, 76]. Accordingly, the molecular weight of
polysilmethylenes (as polysiltrimethylenes) was much smaller compared to that ob-
tained by other catalytic polymerization procedures.
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It was shown that the efficient AROP of tetramethyldisilacyclobutane proceeded
on lithium alkyls in the presence of HMPA at a low temperature [77]. At monomer:
initiator = 20, butyllithium initiation yielded a lower molecular weight polymer than
PhLi and trimethylsilylmethyllithium did, although its M;, was not higher than 8,000
in both cases. This monomer did not polymerize in the absence of HMPA, as well as
upon the addition of TMEDA. No polymerization of tetramethyldisilacyclobutane
was observed, when bis(trimethylsilylmethyllithium) was used as a catalyst. This
phenomenon can be expected since stabilization of the a-C—Li bond by two silicon
atoms is too high.

Ring-Opening Polymerization of 1,3-Disilacyclobutanes with Compounds
of Platinum and Other Transition Metals

At present, new ROP catalysts were designed on the basis of compounds of plat-
inum group metals, and efficient polymerization procedures were developed. In the
polymerization of DSCB and MSCBs, molecular weight was controlled by dosing
dimethylphenylhydrosilane [71]. Pt-compounds which were inactive under ordinary
conditions, for example, Pt(acac),, were activated with the help of UV radiation
[78].

In the presence of Pt-based catalysts, DSCB monomers were readily involved in
copolymerization. The copolymerization of tetramethyl-DSCB with some MSCBs
initiated by Speier’s catalyst has been already mentioned above in the section de-
voted to the copolymerization of MSCBs [21, 32].

Catalysis by compounds of Pt and other transition metals was used for the
copolymerization of DSCBs with dimethyl[1]silaferrocenophane, in which one cy-
clopentadiene cycle was unsubstituted, while in the second cyclopentadiene cycle,
all hydrogen atoms were replaced by methyl groups [79]. Since the polymerization
of the ferrocenophane comonomer in the presence of PtCl, proceeded at a much
higher rate than the polymerization of tetramethyl-DSCB, the polymerization of
their equimolar mixture at 20°C predominantly yielded homopolymers. The random
copolymer can be prepared at tetramethyl-DSCB: ferrocenophane = 15:1; however,
the yield of the copolymer was also low (~21%).

Ring-Opening Polymerization of Tetramethyl-Disilacyclobutanes
Under the Action of Metal (Ag, Cu, Bi, etc.) Halides

Heterogeneous metal halides (specifically, Ag, Cu, and other elements) [80] were
found to be more accessible and suitable than homogeneous Pt-catalysts in poly-
merization of DSCBs. The indubitable advantage of this type of catalysts is that
they allowed preparation of polymers on the basis of tetra-y-trifluoropropyl-1,3-
disilacyclobutane, which cannot polymerize according to the TROP mechanism.
The polymerization of vinyltrimethyl-1,3-disilacyclobutane on metal halides led to
fully soluble noncrosslinked products (as was shown above, TROP was complicated
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by crosslinking). The authors of [72] reported the successful polymerization of
dimethyldiphenyl-1,3-disilacyclobutane in the presence of metal halides.

The kinetic study of the polymerization of tetramethyl-DSCB [81] showed that
there was an inverse relation between the molecular weight of polydimethylsil-
methylene and CuCl, amount, whereas molecular weight appeared to be indepen-
dent of conversion. The experimental reaction order with respect to the monomer
was found to be 1.5; with respect to CuCly, it was close to zero (~0.15). These data
confirmed the heterogeneous character of the process. The activation energy was
estimated as 23.0 kcal mol ™! in the temperature range 75-90°C.

1.2 Ring-Opening Polymerization of Unsaturated Silicon-Carbon
Heterocycles

Silacarbocycles with sp?-hybridized endocyclic carbon atoms showed much higher
reactivity, including ROP, than silacycloalkanes. This is associated not only with the
participation of multiple bonds in some reactions (as in the case of silacycloalkenes)
but also with increased strain and manifestation of properties typical for alkenylsi-
lanes. For example, at the allyl location of the sp?- hybridized system in a cycle
(with respect to the Si-atom), the endocyclic bond Si—Cay (or Si—Cpgenzy1) becomes
weaker. As a result, not only 4-membered but also 5-membered silacarbocycles can
undergo ROP with formation of high-molecular-weight products.

1.2.1 Ring-Opening Polymerization of 3,4-Benzo-1-silacyclobutenes

As was shown in [82], 1,1-dimethyl-2,3-benzo-1-silacyclobutene exhibited an ex-
tremely high activity in polymerization. This highly strained monomer was so active
that its TROP proceeded even at 60°C.
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The polymer synthesized at 80°C (with a yield of ~90%) was a high-melting
(m.p. 190-193°C) product with a high molecular weight ([n] = 2.2dlg™"). Tts
X-ray analysis indicated a high degree of crystallinity. As was proposed in [83], the
ROP of 1,1-dimethyl-2,3-benzo-1-silacyclobutene proceeded via the scission of the
Si—Cgenzy1 bond. The symbate dependence of the polymer My, on reaction tempera-
ture was observed in the TROP of this monomer as well. The nature of TROP of this
4-membered heterocycle condensed with the benzene ring was apparently the same
as that of MSCB and DSCB; that is, zwitterions served as active centers. Salam-
one and Fitch also believed that the TROP of dimethyl-2,3-benzo-1-silacyclobutene
obeyed the ionic mechanism [83].
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It seems that the TROP of 1,1-dimethyl-1-silacyclobut-2-ene is the only example
of the TROP of silacyclobutenes [84]. The polymer prepared at 140°C in xylene
solution was a viscous resin with My, /M, = 21,850/9,300. An increase in temper-
ature led to the crosslinked product.

In addition, the anionic polymerization of 1,1-dimethyl-2,3-benzo-1-silacyclo
butene with the use of K-mirror in THF (or n-BuLi in a hydrocarbon solvent) was
performed in [82]. As a result, powderlike polymers with lower molecular weight
and melting point than those in the case of TROP were isolated.

It should be noted that relationships described in [85] did not evidence the liv-
ing character of polymerization. This was presumably related to the existence of
equilibrium between monomers and an alkyllithium reagent on the one hand, and
pentacoordinated silicon intermediates on the other. The study of polymerization
of 2,3-benzo-1-methyl-1-o-naphthyl-1-silacyclobut-2-ene [86] demonstrated that,
under the low-temperature initiation by n-BuLi and even Phy(Me)SiLi in THF,
the process followed the living chain mechanism. The molecular weight of the
polymers increased with the monomer-to-initiator ratio and the addition of a fresh
monomer portion after polymerization completion caused further polymerization
and formation of a higher molecular weight polymer with a narrow MWD. It is of
importance that the process was living both when a carbanion (in the case of n-BuLi
initiation) was involved in chain propagation and a sila anion was located at the ac-
tive chain end (in the case of Phy(Me)SiLi initiation). Preliminary experiments with
a racemic a-naphthyl-containing monomer showed that the regioselectivity of ring
opening with excess amounts of both n-BuLi and Phy(Me)SiLi was >99%. Poly-
mers prepared from optically active (+)-monomers under initiation with BuLi and
Phy(Me)SiLi were also optically active and had similar optical rotation but much
lower stereoregularity.

The Pt-initiated polymerization of 2,3-benzo-1,1-diphenyl-1-silacyclobut-2-ene
and 2,3-benzo-1,1dimethyl-1-silacyclobut-2-ene was described in [83, 87]. The
comprehensive research into the polymerization of racemic 2,3-benzo-1-methyl-1-
a-naphthyl-1-silacyclobut-2-ene and its optically pure isomer on Karstedt’s catalyst
(complex of tetramethyldivinyldisiloxane with Pt) was published in 2002 [88]. The
happy choice of 2,3-benzo-1-methyl-1-a-naphthyl-1-silacylobut-2-ene as a subject
for the study of polymerization catalyzed by compounds of Pt-group metals allowed
one to gain knowledge about the main features of this process. Above all, it was
found that the molecular weight of the polymers can be controlled by a change
in the amount of the added telogen (triethylsilane). In addition, it was shown that
the polymerization of a pure monomer (without regulating additives) gave a cyclic
dimer formed as a minor product. Based on this evidence, it was supposed that the
closure of polymer molecules to macrocycles took place. The mechanism of poly-
merization of 2,3-benzo-1-methyl-1-o--naphthyl-1-silacyclobut-2-ene catalyzed by
compounds of Pt-group metals envisaged formation of just cyclic macromolecules
and scission of the Si—Cxy bond during ring opening.

Concluding the section devoted to the catalytic polymerization of 2,3-benzo-
1-silacyclobutenes in the presence of Pt-containing compounds, we would like
to note two examples of PtCl,- or Pt(1,5 — cod),—catalyzed copolymerization of
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2,3-benzo-1,1-dimethyl-1-silacyclobut-2-ene ~ with  symmetrical dimethyl[1]
ferrocenophane [89] and nonsymmetrical dimethyl[1]ferrocenophane containing
one unsubstituted cyclopentadiene ring and another ring having methyl substituents
at four carbon atoms [79].

1.2.2 Ring-Opening Polymerization of Silaindanes and Silacyclopent-3-enes

Based on properties of silacarbocycles annulated with the benzene ring [90-93],
conditions of preparing high-molecular-weight polymers from dimethylsilaindan

were found.
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The process occurred at low temperatures in the solid phase on the metallic
K-mirror. Later on, low-temperature polymerization of silaindans with various sub-
stituents was catalyzed by n-BuLi in THF or n-BuLi/HMPA in THF. In addition
to dimethylsilaindan, methyl- and phenylsilaindans and dihydrosilaindan were syn-
thesized and polymerized in the presence of n-BuLi [94-96]. Since the molecular
weight of the polymers was low (My, /M, = 2,000/1,700), '*C and *°Si NMR
measurements made it possible to reveal that chain termination occurred via elim-
ination of lithium hydride in the pentacoordinated state at the chain end [95].
These experiments extended anionic polymerization to organosilicon monomers
with Si — H bonds of other types — the first example was the polymerization of
p-dimethylsilylstyrene [97]. In [98, 99], the syntheses and AROP of silaindans with
Si—H bonds in substituents of the aromatic part of a molecule were described.

There is no large strain in silaindan and silacyclopentene structures containing
sp>-carbon atom in benzyl or allyl position with respect to the silicon. Therefore,
the driving force of the catalytic ROP of the above monomers is the combination
of a small strain with the presence of chemically active endocyclic Si—Cgenzy1 or
Si—Cajiy1 bonds. The existence of two active moieties in silacyclopentene molecules
(the unsubstituted double bond and the Si—Cajpiy1 bond) provides two ways for poly-
merization: via rupture of endocyclic Si—C bonds (cationic and anionic ROP) and
via metathesis polymerization by cleavage of endocyclic C=C bonds (ROMP).

In experiments on metallation of silacyclopentenes by organolithium com-
pounds, the ROP was observed [100]. Weber et al. [101-108] showed that
polymerization can be performed by treating monomer with catalytic amounts
of alkyllithium compounds complexed with polar compounds (HMPA, TMEDA)
in THF at —78°C. In terms of phenomenology, symmetrically [101-103] and un-
symmetrically [101, 103, 105] disubstituted derivatives of 1-silacyclopent-3-ene
with methyl, phenyl, and vinyl radicals, hydro derivatives of 1-silacyclopent-3-
ene [106, 107], 1,1,3-trimethyl- and 1,1,3,4-tetramethyl-1-silacyclopent-3-enes
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[101, 108], three spiran compounds in which the spiro systems contain silacy-
clopentene [109], and silaindan [110] fragments were examined. Monomers and
polymers carrying mesogenic groups in side-chain substituents [111], amphiphilic
substrates having oxyethylene chains of various lengths [112], and germasilacy-
clopentene monomers and polymers [101, 113] were prepared.

1-Silacyclopent-3-enes lacking groups sensitive to RLi have been polymerized
to give rise to polymers with a structure which was a result of ring opening via the
Si-Cajiy1 endocyclic bond. The same is true for 1,1,3-trimethyl-1-silacyclopent-3-
ene and 1,1-dimethyl-1-germanocyclopent-3-ene. In their polymers, double bonds
occurred in cis-configuration; that is, the polymerization proceeded stereoselec-
tively.

Despite certain factors complicating polymerization, in all the above-mentioned
cases the resulting polymer chain consisted of identical units.
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Spiro compounds containing two silacyclopentene rings with unsubstituted dou-
ble bonds and one monosubstituted double bond afforded fully soluble polymers
being brought in contact with the n-BuLi/HMPA or MeLi/HMPA complexes in THF
[109], whereas the spiran monomer with one disubstituted double bond gave only a
dimer as a single product [110].

To gain better understanding of the behavior of silaspirocyclic compounds con-
taining silacyclopentene rings in low-temperature anionic polymerization in THF,
5-silaspiro[4,4]non-2-ene was synthesized and its interaction with n-BuLi in THF
at —78°C was investigated [114]. It turned out to be that this spiran monomer
also showed a tendency toward formation of the cyclic dimer and a low-molecular-
weight oligomer (even without HMPA additives). Moreover, the oligomer was a set
of predominantly cyclic molecules. The number of linear molecules in the oligomer
with the same degree of polymerization was an order of magnitude smaller.

To prepare comb-shaped silbutylidene polymers carrying mesogenic groups,
1-methyl-1-silacyclopent-3-enes and 1-phenyl-1-silacyclopent-3-enes containing
phenoxy-, biphenyloxy, and -naphthoxy groups linked to the silicon atom via
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the trimethylene bridge, were synthesized and successfully polymerized [111].
Two methods were developed for the synthesis of 1-methyl-1-[w-methoxyoligo
(oxyethylene)propyl]-1-silacyclopent-3-enes, which are necessary for obtaining
solvent-free electrolytes based on polymers having polysilacyclopent-3-ene main
chains and pendant groups responsible for hydrophilic properties. The AROP
of these monomers produced carbosilane polymers with the unsaturated silicon-
carbon backbone (polysilbutylidenes), in which substituents with hydrophilic
oligooxyethylene groups were attached to the silicon atom [112].

Furthermore, the synthesis of 1-methyl-1-(methylene-16/-crown-5')-1-silacyclo-
pent-3-ene in combination with its isomer containing the double bond in the second
position was described [112]. The desired polymer can be obtained using the initial
mixture of isomers.

When two various derivatives of 1-silacyclopent-3-ene (1,1-dimethyl- and 1,1-
diphenyl- 1-silacyclopent-3-enes) were loaded simultaneously, random copolymers
were obtained. The ratio of monomer units in them depended on the composition
of the initial monomer mixture [115]. In this case, characteristics of the copoly-
mers, such as the glass transition temperature and the melting point, changed
accordingly. It was unexpectedly found that the copolymer of 1,1-dimethyl- and
1-methyl-1-phenyl-1-silacyclopent-3-enes was characterized by the block structure
[116]. In the patent [117], the copolymerization of 1-phenyl-1-silacyclopent-3-ene
with 1-methyl-1-phenyl-1-silacyclopent-3-ene was realized and various derivatives
of 1-silacyclopent-3-ene were used as monomers and comonomers. The copoly-
merization of 1-methyl-1-phenyl-1-silacyclopent-3-ene with 1-phenyl-1-vinyl-1-
silacyclopent-3-ene, carried out in THF in the presence of n-BuLi at —78°C, resulted
in the random copolymer with a yield of 78% and M, /M;,, = 13,000/8,000 [118].

Silacyclopent-3-enes can form block copolymers with MSCBs (n-BuLi, —78°C,
THF/TMEDA) [119], as was demonstrated by two examples, namely, the copoly-
merization of 1,1-dimethyl- and 1-methyl-1-phenyl-1-silacyclopent-3-enes with
1,1-dimethyl-1-silacyclobutane. Since both comonomers of the first pair formed
living chains, block copolymers were produced if any of the comonomers was
polymerized first. In the case of the second comonomer pair, a mixture of homo-
and block copolymers was obtained.

1.2.3 Ring-Opening Metathesis Polymerization of 1-Silacyclopent-3-enes

The ROMP of silacyclopentenes led to polymers of the same structure as the AROP.
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The ROMP of 1,1-dimethyl-1-silacyclopent-3-ene was performed in the presence
of homogeneous catalytic system WClg-Al(i-Bu)3—NayO; [120] and heterogeneous
system RepO7/Al,03-BusSn (M, 5,000) [121]. Unexpectedly, high molecular
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weight of poly(1,1-diphenyl-1-silacyclopent-3-ene) was attained, when ROMP was
carried out in the presence of WClg—Ph4Sn in combination with cyclopentene (or
cyclohexene) as cocatalysts [116] (a yield of 66%; My, /M, = 4,36,309/143,611).
Thermodynamics of the metathesis polymerization of 1,1-dimethyl-1-silacyclopent-
3-ene in bulk was studied in [122]. It was demonstrated that the germanium analog —
1,1-dimethyl- 1-germacyclopen-3-ene-also yielded the polymer through the ROMP
mechanism in the presence of homogeneous system (CO)sW:C(OMe)Ph-TiCly
[123]. In the case of this catalyst, the ROMP of 1,1-diphenyl-1-silacyclopent-3-ene
yielded the polymer with the main chains consisted of solely cis-double bond units.

1.2.4 Ring-Opening Polymerization of Silaferroceno-, Silametalloceno-,
and Silaarenophanes

[1]Silametalloareno- (or -ceno)phane systems are heteroannular derivatives of arene
and cene structures with bridges between cycles containing one atom of Si, Ge,
or Sn. These compounds, which were synthesized for the first time less than two
decades ago, are of great interest as subjects for ROP and are useful for prepar-
ing promising polymer materials with a set of diverse characteristics. In all known
structures of this type — [1]sila(germa-, stanna-)metalloareno- (or —ceno)phanes
(ferroceno-, chromareno-, vanadareno-, etc.), valence angles between bonds of the
bridge Si-atom and CPD or arene ligands are distorted.

== Y& B B o)
B SO L 000 B B0

M=Si (1), Vi) (Vi) M=V;E=Si(VIll) (XI)
Ge (II) M=Cr;E=Si(IX)
Sn (lll) M=Cr;E=Ge(X)

This effect is accompanied with the nonparallel position of ligand planes and
causes strain of the cyclophane system. For example, in dimethyl- and dihy-
dro[1]silaferrocenophanes (I), angles between planes of CPD cycles are 20.8°
[124, 125], and 19.1° [125], respectively; in diphenyl[1]silachromarhenophane,
dimethyl [1]silachromarhenophane (IV), bis(methyl[1]silavanadarenophane) (V),
and trimethylene[1]silavanadarenophane (VI), the angles between planes of arene
ligands are 14.4° [126], 16.6° [127], 20.8° [128], and 19.9°, respectively [129].

A system of [1]silaferrocenophanes is so strained that all ROP methods typical
for SCBs, including TROP, became possible. Although the class of polyferrocenyle-
nesilanes had been discovered in the 1960s, the TROP of [1]silaferrocenophanes
was not described until 1992 [130]. The polymers had molecular weights in the
range from 500,000 to 2,000,000. Later on, the anionic polymerization of [1]sila-
ferrocenophanes [131, 132] and its polymerization catalyzed by transition metal
compounds [133, 134] was reported.
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The TROP methods made it possible to synthesize both the homopolymer
of dihydro[1]silaferrocenophane and its random copolymers with dimethyl[1]
silaferrocenophane [125, 135]. High activity of spirocyclic[l]ferrocenophane
(VII) in TROP has already been mentioned in 1.1.2 [24]. The polymerization
of dimethyl[1]silaferrocenophane and of its germanium analog under the action
of various complexes of Pt and Pd performed at room temperature and their
random copolymerization were reported in [134]. Based on study of polymer-
ization of [I]ferrocenophanes with the silicon-containing bridge, the mechanism
of their ROP on Pt catalysts was developed [136]. Manners et al. investigated the
AROP of dimethyl[1]silaferrocenophane catalyzed by butyllithium, phenyllithium,
and ferrocenyllithium and the multiblock copolymerization of this monomer with
styrene and hexamethylcyclotrisiloxane [137]. The TROP (homopolymerization) of
dimethyl[1]silachromoarenophane at 180°C caused its decomposition and did not
proceed at a lower temperature. However, at 140°C, this monomer can be involved
in copolymerization with dimethyl[1]silaferrocenophane [138, 139]. The copolymer
of the same structure was prepared with the AROP of these comonomers.

For 17 years since appearance of the first publication concerning the ROP of
[1]silaferrocenophanes (1992 year), many papers have described the syntheses
of various metalloceno and areno-cyclophane compounds capable of producing
polymers under thermal, anionic, or transition-metal initiation [133]. Recently, the
synthesis and polymerization of various new compounds of this type, for example,
telechelic poly(ferrocenylsilanes) [140], and [1.1]silaferrocenophane containing
pentacoordinated silicon moiety, have been reported [141]. A range of new 1-sila-
3-metallacyclobutanes (17°-CsHyFe)(CO),CH,SiR, was synthesized. The study of
their ring opening resulted in preparation of a new class of organometallic polymers
[142]. The synthesis and properties of polyferrocenylbutylmethylsilane with unsym-
metrical silyl groups [143], [2]silatrovacenophanes (n7—C7H6V(n5—C5H4SiR2),
R = Me, Ph) [144], and dimethyl [1]sila-trochrocenophane (-chromocenophane)
[Cr(n°—CsHy) (n7 C7HgSiMe,] (IX) were described. The latter was polymerized
on Karstedt’s catalyst [ 145]. There were no attempts to apply this catalyst in the case
of germatrochrocenophane (-chromocenophane) (X) [146], and the first synthesized
manganese cene-arene [147] while it was successfully used for ROP of dimethyl
derivatives of and silacyclobutane-bridged spirocyclic ansa-zirconocene complexes
containing two Cl atoms at the Zr atom (XI) [148].

The photolytic anionic polymerization [149-151] and the spontaneous polymer-
ization of [1]stannacenophane monomers leading to high-molecular-weight poly-
mers and their cationic polymerization were also performed [152].

n—N—m2

X
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2 Carbochain Polycarbosilanes

2.1 Ring-Opening Metathesis Polymerization of Silicon
Substituted Cycloolefins

Metathesis reaction of unsaturated compounds proceeds via opening of double bond
and intra- or inter- molecular exchange of alkylidene fragments using catalyst sys-
tems containing Ru, Mo, W, Re, and some other transition metals [ 153, 154].

In the case of cycloolefins, this reaction is named ring-opening metathesis poly-
merization (ROMP).

(CHy)n (CHy)n

N

Now ROMP is one of the most developed approaches to synthesis of polymers
having different desirable side substituents and main chain architecture [153—-157].
In principal, ROMP of strained cycloolefins has thermodynamic driving force be-
cause of a release of ring strain at opening monomer cyclic molecules. Table 1
demonstrates strain energy of some monocycloolefins and norbornene as well as
Gibbs free energy. AG® for cyclohexene is negative in contrast to other cycloolefins
because of low strain energy. That is why cyclohexene is not involved in ROMP.

Earlier it was shown that the presence of Si—C- and Si—H-fragments in unsatu-
rated substrates did not prevent their metathesis including ROMP. Therefore, many
original papers and several reviews devoted to metathesis of silicon-containing
compounds have been published over the last 40 years [153, 154, 162—-166]. How-
ever, the number of scientific results on ROMP of monocycloolefins bearing silyl-
containing substituents is limited due to complication of monomer syntheses.

Below we demonstrate a few examples of ROMP of monocycloolefin Me;Si-
derivatives.

Katz et al. realized ROMP of 1-(trimethylsilyl)cyclobutane in the presence of
Casey’s carbene with formation of polymer with exclusively cis-double bonds and
head-to-tail arrangement [167].

m

Table1 Strain energy and AG® for liquid cycloolefin ROMP into solid polymer at 25°C [158-161]

Cycloolefin C3 C4 C5(polymer) C6 C8 NB
Cyclic strain energy, 232 119.1 18.9 0 Trans 70 100.3
kJ mol~!
Cis 16
—AG° ROMP, kJ mol~! - 105 0.3 (cis) -6.2 13 (48% trans) 47

2.6 (trans) -7.3
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In general, cycloolefins having substituents connected directly with double bond
are not active in metathesis because of higher stability of metallo-carbene interme-
diates [153]. However, probably in the case of the cyclobutene derivative, a high
thermodynamic driving force became a predominate factor.

ROMP of trimethylsilylcyclooctatetraene was realized in the presence of the
tungsten-based Schrock complex as a catalyst [168, 169]. It led to conjugated
polymer as a result of isomerization of the structure with a predominantly cis
configuration to a predominantly frans one accomplished either thermally or photo-
chemically.

SiMe;

[ H \% wer, [NAAA,
MeS TN s H

Some data about oligomerization of 1-(trichlorosilyl)cyclododeca-4,8-diene in
the presence of typical ROMP catalyst WClg - EtOH-Alk; AICI resulting in low
molecular weight products of undefined structure (M, ~ 1,000) were also published
[170].

Strained norbornene and its derivatives are more popular substrates for ROMP.
Norbornene was the first monomer effectively involved in metathesis polymeriza-

tion [171].
- cat %:
by Y

Ever since, a lot of articles and patents devoted to ROMP of a great variety
of norbornene derivatives have been published, including a number of special re-
views and book chapters [153, 154, 156, 172, 173]. There are two reasons: (1) high
thermodynamic driving force realized as a result of opening strained bicyclic nor-
bornene skeleton and (2) accessibility of norbornene derivatives due to effective and
flexible Diels-Alder condensation of cyclopentadiene (or dicyclopentadiene) with
practically any olefinic compounds [174, 175].

It should be noted that today there are industrial processes based on ROMP of
norbornenes such as manufacturing of polynorbornene rubber (trade mark “Nor-
sorex”) and polycyclopentadiene thermoset material (trade marks “Telene” and
“Metton”). Both processes use effective “classical” Ru- and W- catalysts of the first
generation [176].

Syntheses of norbornenes and norbornadienes having Si-containing substituents
as a rule were carried out by the above-mentioned Diels-Alder condensation of cy-
clopentadiene (or dicyclopentadiene) and Si-containing ethenes or ethynes [177]
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commonly followed by modification of Si-containing groups. The presence of
electron — withdrawing substituents such as — SiR,Cl;_,, Si(OAlk), accelerated
reaction.

The other approaches to norbornenes and norbornadienes preparation start from
previously synthesized bicyclic structures:

1. Hydrosilylation of norbornadiene (nbd) by chloro- or alkyl-hydrosilanes in the
presence of Pd- or Mo-catalysts [178, 179] led to the corresponding silylnor-
bornenes. Norbornenes with ethane spacer between bicyclic nuclear and silicon
atom can be synthesized by hydrosilylation of 5-vinyl-2-norbornene [180].

2. Metallation of norbornadienes by Li or Na followed by interaction with
chloroalkylsilanes [181] as well as interaction of Cl (or Br) Mg-methylnor-
bornene with organochlorosilanes also resulted in norbornenes bearing
silicon-containing groups [182].

The presence of Si-containing substituents in norbornene is important for design
of desirable monomer and polymer structures. Highly reactive Si—Hal, Si—H bonds
allow introduction of such chemical groups which are difficult to incorporate using
traditional methods of organic chemistry. Furthermore, Si-containing groups are re-
sponsible for useful polymer properties, such as adhesion, high gas permeability,
transparency, and others [183—-186].

2.1.1 Polynorbornenes with Alk3;Si-Substituents

Mono-substituted norbornenes as a rule contain a substituent in the 5-position
and consist of endo- and exo-isomers. Since they are obtained by Diels-
Alder condensation, the endo-isomer is dominant in reaction isomer mixtures.
5-Trimethylsilylnorbornene (NBSiMes), obtained by condensation of cyclopen-
tadiene and vinyltrichlorosilane accompanied by methylation, contains predom-
inantly endo-isomer (70-75%) [177]. The interaction of dicyclopentadiene with
vinyltrimethylsilane at higher temperature (200-210°C) led to equimolar mixture of
endo- and exo-5-trimethylsilylnorbornene [187]. It was shown that silyl-substituted
norbornenes are extremely active in ROMP (Table 2), exo-isomers being more
active than endo-forms [153, 188].

cis trans
oy, =Y
i
SiR;

Different catalyst systems have been used for this ROMP: from so called
“poorly characterized” catalysts (RuCls - H,O, RuCl,(PPhs)s;, WClg/1,1,3,3-
tetramethyldisilacyclobutane-1,3 (TMSB), WClg/PhC=CH) to “well-defined”
Ru- and Mo- carbene Grubbs (Cl;(PCy;),Ru=CHPh — Grubbs 1) and Schrock
complexes [182, 187-190].
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R
Table 2 ROMP of mono substituted silicon containing norbornenes /
Mol ratio, Yield, Cis,
R Catalyst [M]/[cat] % M, I, 9%  References
RuCly* 3H,0O 180 76 215,000 27 12 [187]
SiMe, WCly/TMSB 1,000 99  4.0(@dLg") -
Grubbs 1 720 98 150,000 24 28 [188]
Re,0,/A1,04/SnBu, 350 30 1.7dLgh- -
SiMe,CH,SiMe; - 2 2 £ 1) [187]
WCly/PhC=CH 750 81 20(@Lg") -
-SiMe,(CH,);Crbz* RuCl,(PPhj;); 92 58 25,000 2.4 zr:nfs [189]
-SiMe(Crbz), Grubbs 1 200 100 57,000 1.3 - [190]
—CH, RuCl;* 3H,0 125 99  02(dL gl - trans
\SiQ 132]
Mé WCly/PhC=CH 500 99 01@dLgh- -

4Crbz carbazol

Polymer molecular weight can be controlled by adding a chain transfer agent
(CTA) or by monomer/catalyst ratio (for Grubbs-carbene 1). The cis:trans bond ra-
tio in polymer chains depended on catalyst type (NMR signals of allylic carbons and
protons located around them in polymers are quite informative for determination
of the stereo situation) [153]. The most selective catalyst is RuCl;H,O providing
90-98% of trans double bonds (Table 2). At the same time, Ru-carbene Grubbs-
complex turned out to be more sensitive to monomer structure [154, 156]. So, in the
case of silylnorbornene derivatives, greater amounts of cis forms in the correspond-
ing polymers were observed. Polymers obtained in the presence of W- catalysts
contained about equal amount of cis and trans double bonds.

Introduction of reactive substituents in norbornene gave a chance for cross-
linking or polymer modifications. Thus, 1-methyl-1-norbornenylmethyl-1-
silacyclobutane containing two reactive strained fragments is able to polymerize
according to two routes with formation of either polycyclopentylenevinylene
with silacyclobutane side groups or polysiltrimethylenes with norbornene side
groups. Simple heating of the polycyclopentylenevinylene up to 180-200°C pro-
vided crosslinking by opening silacyclobutane rings. Similar thermal treatment of
the polysiltrimethylenes resulted in retrodiene decomposition of norbornene side
groups [33].
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Polynorbornenes with highly reactive Si—Cl-containing substituents would be at-
tractive for transformations into other functional groups. It should be noted that
Si—Cl bond did not hinder ROMP of 5-(trichlorosilyl)norbornene in the presence
of WCLg-iBuyAlCI [170, 182]. However, primarily soluble polymer underwent
crosslinking when it was isolated. This could complicate polymer modifications
with help of side Si—Cl-containing groups. On the other hand, the introduction of
desirable substituents directly in monomer followed by ROMP is a much simpler
and steady method than polymer-analog reactions.

Polymers with carbazole pendant groups are promising materials for optoelec-
tronic devices [191-193]. Norbornenes having one or two carbazole fragments in
silicon-containing substituents were polymerized on Ru-catalysts [189, 190] with
high yields of polymers bearing carbazolyl-containing side groups.

Ru—carbene Grubbs I catalyst did not polymerize 5-trimethylsilylnorbornene
in a living manner (, > 1, Table 2). At the same time, it was shown that the
presence of functionalized substituents in monomer molecule is able to coordi-
nate the catalyst, decrease to some extent its activity, and lead a living process
[156]. Thus, block-copolymers of 5-(dicarbazolylmethylsilyl)norbornene and 5-
(trimethylsilyloxymethyl)norbornene (NBCH,OSiMe3) were obtained by living
polymerization in the presence of Grubbs 1 complex [190].

SiMe(Crbz)
/ (&UZ{Q}" Mgﬁ}{ﬁa__gﬁ}{ﬁg
SiMe,(Crbz), SiMe,(Crbz),CH,0SiMe, SiMe,(Crbz),CH,OH
L
N

I

Also a “protection—deprotection” technique was used for final introduction of
polar alcohol groups in target ROMP copolymers to avoid poisoning the catalyst. In
this case, OH-functions were protected with trimethylsilyl group by interaction with
trimethylchlorosilane. After copolymerization the OH-groups were regenerated by
simple deprotection reaction.

A similar technique was applied in copolymerization of NBSiMe3 with a series
of norbornenes having acid sensitive and polar groups, including nitrile, carboxylic
acid, hydroxyl, and anhydride functions in the presence of Grubbs 1 and Schrock
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Mo- catalysts to achieve random copolymers with suitable properties to be applied
as resist materials [194]. The original approach was employed to involve inactive
symmetrical cyclopentendiol-3,5in ROMP [195]. The protected strained cycloolefin
monomer was polymerized followed by hydrogenation of the obtained polymeric
silane and deprotection to give regioregular methylene-(vinyl alcohol) polymer.

/LA LROMP N M

2.Hydrogenation OH OH
—t-Bu O\ /O
/Si\
tBu t-Bu  t-Bu

It should be noted that copolymerization of NBSiMe; with unprotected
NBCH;,O0H (mol ratio 3:1) in the presence of Grubbs 1 catalyst (yield 73%) is
also possible [196].

2.1.2 Polynorbornadienes with Alk3Si-Substituents

Norbornadienes with silicon-containing substituents at the 2-position were also ef-
fectively polymerized according to the ROMP way (Table 3). Substituted double
bond is inactive in this reaction and therefore polymers obtained were soluble in

contrast to polynorbornadiene itself. [153]. Norbornadienes did not polymerize in
the presence of simple RuCls-catalysts, but W-containing and Grubbs systems were

very effective.
S o
- R

%ﬁ%

Table 3 ROMP of mono substituted silicon containing norbornadienes ~ R!

Monomer (M) Catalyst Mol ratio Yield, Cis,

R! 4 [M]/[cat] % M, I, 9% References
WCl¢/SnBuy 50 46 25,903 3.3 50 [197-200]
WCl¢TMSB 250 70 180,000 31 42

—SiMe;, 6 ’
Grubbs 1 500 88 53,000 1.9 -

“SiMe,(CH,);SiMe; WCl/TMSB 92 40 106,000 3.0 43 [199]

. 11,700
~SiMe,H WCly/SnBu, 43 53 17— [201]
Tg=7l°C

*

SiMezCHz—®* WCly/SnMe, 39 08 1;4231220%0 .
g
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It is interesting that ROMP could proceed along with hydrosilylation of nbd.
Thus, photochemically initiated hydrosilylation of nbd by triethylsilane in the pres-
ence of a catalytic amount (ca. 2 mol%) of the molybdenum complexes [Mo(CO)¢]
or [Mo(CO)4(n*-nbd)] gave 5-triethylsilylnorbornene (99:1 mixture of endo- and
exo-isomers).

P w3,

SiR,
R;=Et;, Cl;, Et,H, Ph,H

The latter under these reaction conditions was next transformed to the ROMP
polymer poly(5-triethylsilylnorbornene) (yield only 2%) [179]. This one-pot com-
bined reaction proceeded more effectively in the case of nbd and diethylsilane
interaction (80% yield of polymer and nbd conversion is 40%).

Polynorbornadienyl oligomer containing pentasilane bridge was prepared by
ROMP of a 1,5-bis(7-norbornadienyl)-decaphenylpentasilane on Grubbs 1 catalyst
[202], as a precursor for formation of electrically conductive films.

Q7

(5
(SiPhy)s

(PCy3),Cl,Ru=CHPh (SiPhy)s
e
1 mol %

AN ==

Me;Si-containing norbornenes and norbornadienes with two substituents in dif-
ferent positions also demonstrated high activity as monomers in ROMP (Table 4).

All prepared polymers were used for searching correlations between their struc-
tures and gas permeability. Along with mono-silyl substituted polynorbornenes and
polynorbornadienes, they showed the dramatic influence of SiMe-containing sub-
stituents on gas permeation properties (Table 5).

Table 5 demonstrates strong dependence between polymer gas permeability and
number and location of Me;3Si-groups. The introduction of MesSi-substituent in
monomer unit substantially enhanced gas permeability of ROMP polynorbornene
(Table 5 rows 1 vs 2, 4 vs 5). The introduction of the second MesSi-group in
monomer unit increased permeability coefficients approximately as much as the
first one did (rows 2, 11, 12, 14, 16).

Two MeSi-groups in the same substituent reduced gas permeability (Table 5 rows
3,7), probably due to self-plasticization. The polymers showed much lower Ty: thus,
polymers with SiMe3;CH,SiMe;- and SiMe3(CH>)3SiMe;- side groups had T, 24
and 5°C, correspondingly, that is, lower than T, of unsubstituted polynorbornene
(rows 1, 3, 15 in Table 5). Therefore, these low Ty mark the polymers as rub-
bers. Their gas permeability also reflects elastomeric properties: for example, the
permeability coefficients of heavier hydrocarbons are higher than those of lighter
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Table 4 ROMP of bis-substituted silicon containing norbornenes and norbornadienes

Mol ratio
Monomer Catalyst [M]/[cat] Yield, % M, I,  Cis, % References
RuCly 40-200 50-98 137,000 1.8 6
SiMe;
WCI¢/TMSB 50 93 100,000 2.9 54 [199]
SiMe3
Grubbs 1 700 99 116,000 2.4 65
RuCl; 50 50 62,000 1.8 1-2
SiMe; [203]

m WCIl¢/TMSB 100 98 500,000 3.2 60
SiMe;

Grubbs 2 200 32 33,400 2.2 [196]
SiMe; WClgTMSB 100 98 570,000 2.8 71
/ﬂi [200]
SiMes  Grubbs 1 1000 98 183,000 1.2 11
. RuCly 50 50 56,000 1.8 1-2
SiMey
WCly/TMSB 100 98 625,000 1.6 47 [200]
iMe;
Grubbs 1 1500 98 444,000 1.8 22
SiMe;

MCN WCIEtAl 150 24 63,600 3.0 - [204]
SiMe; .

NCN WCl-iBu;Al 177 17 43,700 2.4 - [204]
SiMe WCl-iBusAl 57 432 233,000 1.9 204
COOMe ' 6 01 : cT (204]

Mes—N N— Mes
Clo
Cl- Pllu
Grubbs 1: Cly(PCy;),Ru=CHPh; Grubbs 2: PCy; ph

4Silyl substituents were cleaved in the purification procedure

ones [31, 207]. A double bond in cyclopentene ring in the polynorbornadiene main
chain did not affect gas transport parameters of polymers (Table 5, rows 2 vs 14
and 11 vs 16). Polymers having two Me3Si-substituents located at different carbon
atoms in every monomer unit — polynorbornenes, polynorbornadienes, or polytri-
cyclononenes (Table 5, rows 11, 13, 16) — demonstrated better permeability with
respect to light gases, than in the case of geminal substituted polymers (run 12).
CN-group reduced gas permeability of polynorbornene (Table 5, rows 1, 4). The
replacement of Me-groups at the silicon atom for -OSiMes groups (Table 5, rows
8-10) substantially improved gas permeability of the corresponding polymers. Thus,
polynorbornene with (Me3SiO)3Si- substituent had the highest permeability coeffi-
cient among all known ROMP polynorbornenes (Table 5, row 10) [206].
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Table 5 Gas-permeation properties of different ROMP-polynorbornenes and polynorbornadienes
POy, (O

Polymer Ne R! R? R3 Ty, °C  Barrer 2) References
1 H H H 31 2.8 1.9 [205]
2 H SiMe; H 113 30 4.2 [205]
3 H SiMe,CH,SiMe; H 24 16 43 [187]
4 H H CN 140 0.53 6.3 [204]
5 H SiMe; CN 211 7.6 4.6 [204]
% %1: 6 H CH,SiMe, CN 128 11 4.2 [204]
n7 H SiMe,SiMe; CN 120 4.4 4.6 [204]
R! RZR3 8 H SiMe,0SiMe; CN 88 15.3 4.4 [204]
9 H SiMe(OSiMeys), H 27 99 3.3 [206]
10 H Si(OSiMes)s H 101 290 3.1 [206]
11 SiMe;  SiMes H 167 95 3.8 [199]
12 H SiMe, SiMes 203 54 39 [188]
%ﬁﬁ
13 SiMe; SiMe; H 129 89 3.7 [188]
r! R?
14 H SiMe; - 108 20 4.1 [199]
% %: 15 H SiMe,(CH,);SiMe; — 5 Rubbery — [199]
n
R 16  SiMe; SiMe; - 183 71 3.6 [188]

Recently, ROMP of silicon-containing norbornenes was used for creation of
inorganic-organic hybrid materials. Particularly, incorporation of the polyhedral
oligomeric silsesquioxanes molecule (POSS) in norbornene and its ROMP copoly-
merization with norbornene or norbornene-dicarboxylic acid gave POSS-containing
copolymers [208, 209].

R OH
\.—
SiCl 0o
1413 R\Sll’ O\Sl
~R NEt
(0] OH 3
/As/\/ + O/ \/R \ S/ R \,'
S 1— (@)
\/O' 1\0//0/ k&O/’O\S{ Y
_—Si Si” R
R ~o— I\R o ,\./ '/R

R=cyclohehyl, cyclopentyl

They are attractive for various applications such as liquid crystals, nanocompos-
ites, CVD coatings, and photoresists in lithographic technologies, based on their
high temperature and oxidation resistance properties compared to non-POSS con-
taining polymers [210].

In nanopattern fabrication, for the preparation of “smart” materials, surface
grafting methods have been employed to attach covalently polymer films to various
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inorganic substrates. Among different approaches, surface-initiated ring-opening
metathesis polymerization (SIROMP) is an effective method to attach polymer
chains to substrates including gold [211], silicon wafers [212], silicon (111) [213],
silica nanoparticles [214], and others. As a rule a surface was first treated with
5-trichlorosilylnorbornene [215], linear alkenylsilanes [212], or norbornenyltri-
ethoxysilane [216, 217] that interacted with surface OH-groups. Then Grubbs
Ru-catalyst was affixed to norbornene fragment on the surface and initiated ROMP
of norbornene or its derivatives [214, 218].
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The presence of a double bond in each monomer unit of ROMP-polymers im-
parts to them some disadvantages, in particular a rather high chemical activity and
poor thermooxidative stability. These problems can be solved with hydrogenation
of unsaturated polymers. [206]. However, it led to a decrease in permeability. This
phenomenon may be connected with either lower rigidity of hydrogenated polymer
main chain or its crystallinity or affinity to gases after hydrogenation [206].

2.2 Addition Polymerization of Silicon Substituted Norbornenes

Addition (“vinyl”) polymerization (AP) of norbornene and its derivatives proceeds
through opening of double bonds with formation of completely saturated polymers
containing bicyclic units in backbone.

R
/As/ [Ni, Pd, Ti, Co] < E
- s n

R
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AP of norbornenes requires catalyst systems on the basis of compounds contain-
ing some transition metals such as Zr, Ni, and Pd, that is in principle different in
comparison with ROMP catalysts. Polymerization and copolymerization perform-
ing according to the addition mechanism has recently attracted much attention of
researchers working in polymer chemistry [219, 220]. Such a situation arose due to
very useful properties of addition polynorbornenes. Among them, one can mention
high decomposition temperatures, good transparency, high plasma etch and chem-
ical resistance, low birefringence, and very small tendency to water absorption, all
of which makes them very promising for use in the development of microelectronic
and optoelectronic devices [221, 222].

Introduction of proper pendant groups in monomer unit of addition polynor-
bornene is the way to get polynorbornenes with desired properties. However, the
appearance of substituents in norbornene molecules resulted in a decrease of their
activity as monomers [220, 223]. In the case of ROMP, this effect is softened to
some extent by substantial thermodynamic driving force in the process appearing
as a result of opening highly strained bicyclic norbornene skeleton (see Table 1).
AP is not such a thermodynamically favorable process. Therefore, in this case the
introduction of side substituents, especially bulky or functional groups, led to a dra-
matic decrease in activity of norbornene derivatives [224-227]. Probably, this fact
is one of the reasons for the limited number of publications devoted to AP of silyl
substituted norbornenes.

Several works contain information of addition homo- and copolymerization of
5-(triethoxysilyl)norbornene (NBSi(OEt)3). It underwent AP under influence of
(1,5-cod)Pd(CH3)(C1)]/PPh; /Na™ [3,5-(CF3),C¢H3]4B~ catalyst with 88% yield
of saturated polymer characterized with low My, = 12,700 and I, = 1,5 [223].

Si(OE),
m pa {—g}

Si(OEt),

Also, 5-(triethoxysilyl)norbornene took part in addition copolymerization with
5-ethylidene-2-norbornene [223], 5-n-butylnorbornene [228], and unsaturated nor-
bornene [229] in the presence of Pd [223, 228] and Ni-catalysts [229]. Copolymer’s
thin films were crosslinked or hardened for use as polymer-based dielectric material
in the interconnection of semiconductor devices [230].

Notably, copolymers obtained with various catalysts substantially differed in
properties. For example, copolymer of NBSi(OEt); with norbornene obtained on
[(nﬁ-toluene)Ni(C6F5)2] catalyst, exhibited suitable mechanical properties (a ten-
sile modulus of 1.4 GPa, an elongation-to-break of 15%) while catalyst [(n3-
crotyl)Ni(1,4-COD)]PFg gave completely brittle polymers, despite the fact that they
had equal molecular weights [231]. Ludovice et al. suggested that these differences
could be connected with polymers microstructure: a more atactic polymer was brit-
tle, and a more stereoregular one had better mechanical properties [232]. However,
determination of microstructure of substituted polynorbornenes is a very intricate
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problem because they have unresolved NMR-spectra. Till now, addition polynor-
bornene has been depicted as 2,3- or 2,7-structures.

2,3-polynorbornene 2,7-polynorbornene

Only addition polynorbornene obtained with iPr(Ind),ZrCl,/MAO (Ind = in-
denyl, MAO = methylalumoxane) catalyst was actually proved to have 2,3- and
2,7- units simultaneously [233].

Behavior of NBSiMe; was studied under the conditions of addition poly-
merization initiated by some Ni- and Pd-containing catalysts [234]. The known
Pd-containing catalytic systems — [(n3—allyl)Pd(SbF6)] [235] and o, m-bicyclic
complex [NB(OMe)PdCl], [236] — turned out to be practically inactive in poly-
merization of this monomer. In contrast, Ni-based complexes demonstrated a real
activity. As a result, saturated cyclolinear polymers with yields up to 80% were
formed according to the AP.

SiMe;
. ;

/ [Ni] ,

SiMey

The absence of any unsaturation in these polymers was confirmed by both IR
(no bands in the 1620-1680cm ™! region) and '"H NMR spectroscopy (no signals at
5-6 ppm). Among studied Ni-based catalyst systems, Ni(I)naphthenate-MAO and
(n-CsH9NiCl),-MAO were the most active. Polymers obtained in the presence of
the catalyst Ni (I)naphthenate—-MAO had the highest molecular weights and demon-
strated better film-forming properties. They didn’t show any glass transition up to
340°C (DSC). GLC analysis of the final polymerization mixtures indicated that, in
the course of the reaction, the exo-conformer was consumed much faster than the
endo-formindependently of the type of catalyst system employed. It should be noted
that AP of NBSiMe3 proceeded substantially slower than that of unsubstituted nor-
bornene. Unlike ROMP, activity in AP depended to a great degree on the presence of
exo-conformation in monomer. The presence of a bulky group in the endo position
prevents the endo face coordination of monomers. As a result, activity of endo nor-
bornene derivatives was substantially lower in comparison with that of exo-isomers
[225, 234, 237], and in some cases endo-isomers were completely inactive [227].
According to [224] some steric hindrances arise even at more a suitable exo site.

Norbornenes and norbornadienes with two MesSi-substituents turned out to be
practically inactive in the presence of Ni- and Pd-catalysts [234, 238]. At the
same time their copolymerization with norbornene, 5-n-hexyl-2-norbornene, and
NBSiMe; could be readily realized with catalyst system Ni(Il) naphthenate-MAO.
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/ R R’ R2
R? —>
NB m n
1.R'=R?=SiMe3; R*=H Rl
2. R'=R3=SiMe3; R?>=H R R2

In the case of the studied bis-MesSi-norbornenes, one of the substituents is al-
ways in the disadvantageous endo-conformation. Probably this is the reason for their
inactivity in AP. But when the mixture of different conformers is used, a part of
the endo-form could participate in copolymerization with the exo-form. This fact
excludes the possibility of homopolymerization for these monomers but does not
exclude the proceeding of their copolymerization with norbornene itself nor with its
substituted exo-derivatives.

It is interesting that 2,3-bis(trimethylsilyl)norbornadiene-2 in AP conditions
formed only exo-trans-exo [24-2]-cyclodimer [238]. No formation of any polymeric
products in this reaction was observed.

NB
—

Ni/MAO Me;Si SiMe;,
// SiMe; — |

SiMe;

The same inactivity of norbornene monomers having geminal electron-
withdrawing ester and trifluoromethyl substituents in AP in the presence of common
Ni and Pd- catalyst systems was found by Grubbs et al. [239].

In contrast to bis-SiMes-norbornene derivatives, disubstituted tricyclononenes
turned out to be active monomers in AP [238, 240]. In tricyclononene molecule
both Me;Si-groups are moved by an additional one C-C bond away from
the double bond and therefore from the reaction catalytic center. Synthesis of
bis-MesSi-substituted tricyclononene was carried out from quadricyclane and
trans-1,2-bis(trichlorosilyl)ethylene. This route of synthesis provided formation
of norbornene-type monomers with 100% exo-configuration of cyclobutane frag-
ment that reduced steric hindrances in AP. That is why this monomer was active in
AP catalyzed with common Ni- and Pd-catalyst systems. As a result, the formation
of highly molecular weight polymer (M, up to 500,000 was observed [196].
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ﬁ + CL,SiCH=CHSiCl,

iMeMgI [Ni] n
SiMe;
Me;,Si SiMe;
/ i
SiMes [Nil n n
NB

Me;Si SiMe,

Gas transport properties of unsubstituted addition type polynorbornene and some
polyalkylnorbornenes have been under examination since the end of the last cen-
tury [241-243]. Some results were reported for norbornene-ethylene copolymers of
different composition [244]. Permeability coefficients of addition polynorbornenes
bearing alkyl and Si-containing side groups are presented in Table 6. For compari-
son, some data for poly(1-trimethylsilyl-1-propyne)— the most permeable polymer —
are also given. Table 6 shows that Me3Si-polynorbornene is characterized by much

Table 6 Permeability coefficients P of addition polynorbornene with different

n
substituents R
R Cat  P(He) P(H,) P(O,) P(N;) P(CO,) P(CH,) P(C4H ;)
H [237] Ni 294 415 69 1.5 336 26 -

Pd 174.4 — - 12.6 202.1 16.9 -
CH,242]

Ni  88.8 - - 43 81.1 5.6 -
n-C4Ho[243] Pd  66.7 110.7 33.3 11.2 1419 284 -

n-CyoH,[243] Pd 389 624 253 8.7 111.1 28.1 -
Si(OSiMes);
(Copolymer with Ni - - 239 - - . -

norbornene) [245]

SiMe; [237] Ni 840 1,800 980 390 4,480 993 17,500

ap, Barrer
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higher gas permeability coefficients than other addition polynorbornenes. Based on
the value of gas permeability coefficients, it can be considered among the group of
highly permeable polymers including poly(methylpentyne) (PMP) and other poly-
acetylenes [207, 246-248]. Recently measured data on gas permeability of addition
poly {bis(trimethylsilyl)tricyclononene } gave evidence that they were much higher
than that of poly(trimethylsilylnorbornene). For example, P(O,) = 1,800 Barrer
[196]. It can be also concluded that silyl-substituted addition polynorbornenes are
much more permeable than their structural isomers, the ROMP polymers containing
Si(CHs3)3 groups [187, 249, 250].

3 Conclusions

The presented data confirm that organosilicon polymers are not only polysilox-
anes, polysilazanes, or polysilanes having main chains consisting of just Si—O-,
Si—N-, or Si-Si bonds. Now it is obvious that polycarbosilanes are a special type
of organosilicon materials with their own distinctive range of promising physico-
chemical properties.

Depending on macromolecular structure, the polycarbosilanes can be glassy,
elastomeric, or thermosetting materials having 7, values in the range (—)100-(+)
350°C. They are of interest as thermostable adhesives, liquid crystals, photoresist
components, electrosensitive materials, precursors for ceramics, highly permeable
membranes for separation of light and hydrocarbon gases, etc. At the present time,
polycarbosilanes attract the attention of many scientists in different countries and
are the subjects of many publications and patents

At the same time, there are some difficulties preventing wide application of poly-
carbosilanes in modern technologies.

In the case of heterochain polymers, the main problem is the absence of techno-
logically promising methods of monomer syntheses.

In the case of carbochain organosilicon polymers, addition polymerization of
norbornene derivatives became problematic when they had more than one bulky
Si-containing group. For example, norbornenes with Si(OSiMes)s3- or two SiMes-
substituents gave only low molecular weight products or even didn’t polymerize at
all on simple Ni- and Pd-catalysts. According to detailed study of ROMP of poly-
norbornenes bearing the above-mentioned pendant groups, the corresponding highly
molecular weight addition polymers are expected to have distinguished membrane
and film forming properties.

From our point of view, of the problems which should be solved in the near
future with respect to polycarbosilanes, the most important ones are elaboration
of technologically suitable methods of monosilacyclobutane, disilacyclobutane,
silaferroceno-, and silaarenophane preparation, and finding the effective catalysts
for addition polymerization of norbornenes with bulky substituents.
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New Synthetic Strategies for Structured
Silicones Using B(C¢Fs)3

Michael A. Brook, John B. Grande, and Francois Ganachaud

Abstract The dehydrocarbonative condensation of alkoxysilanes + hydrosilanes
in the presence of the Lewis acid catalyst B(C¢Fs)3 (R3SiOR’ + HSiR} —
R3SiOSiR% + R'H) — described throughout this review as the Piers-Rubinsztajn
reaction — provides a new, mild strategy for the controlled synthesis of silicones.
In this review we examine the mechanistic parameters that control the reaction,
and outline the types of accessible small molecules, linear, branched, and cross-
linked materials (resins and elastomers) that can be prepared using this and related
reactions.

Keywords B(CgFs)s; - Controlled 3D silicone structures - Dehydrocarbonative
condensation - Piers-Rubinsztajn reaction - Silicone synthesis
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1 Introduction

1.1 Traditional Methods for Silicone Chemistry Rely
on Ionic Chemistry

Silicones, polymers based on an ~R,SiO~ repeat unit, constitute an important class
of materials [1, 2]. Their additional cost, when compared to organic polymers, is
justified by the exceptionally useful properties that the materials possess in terms of
thermal, electrical, biological, surface, and other behaviors.

These materials have been commercially produced since the 1940s, but little has
changed in their manufacture in the intervening time. Silicone synthesis starts with
nucleophilic substitution of chlorosilanes by water, leading to low molecular weight
linear and cyclic products (Fig. 1). These materials are finished into high molecular
weight and functional materials, also using nucleophilic substitution processes that
are normally catalyzed by acid or base [2]. Unlike many polymers that are formed
under kinetic control, the ‘equilibration’ process used for silicone manipulation is
completely reversible. While high molecular weight silicones are readily formed un-
der acidic or basic conditions, they also undergo degradation under these conditions

_Si. _Si___Si___Si. -H:0
- Ho0 HO™/ 07| O+| 0"V OH adid or base | | | |
ai . ol 6 Ly —— ,SL[ /Sil LSi__8i.
Pl
cl ¢l ~giT P catalysts HO™/ 107 | [? | O yOH

-~
\SiJO““,"Si’O“Si

H,O
| | | Dy

Fig. 1 Conventional industrial silicone synthesis
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if water is present, or if low molecular weight cyclics (e.g., D4, (Me;SiO)4) are able
to leave the system, typically by evaporation.

One consequence of the reactivity of silicones towards acidic or basic conditions
is that it is exceptionally difficult to reliably assemble complex silicone structures.
Almost inevitably, the reaction conditions used to create a structure also lead to
structural fragmentation. Even linear polymers of narrow molecular weight are dif-
ficult to prepare on a large scale and in good yield. The very few reports of controlled
silicone synthesis, for example, of a silicone dendrimer [3], utilize difficult-to-
reproduce and non-generic reaction conditions.

There is a need to create silicones with controlled 3D structures for a variety of
purposes. As one example, the class of silicone polymers known as MQ resins [4, 5]
exhibit very interesting surface activity and are utilized in high value formulations
including liquid crystals [6], antifoaming compositions [7] and pressure sensitive
adhesives [8]. There is significant interest for these applications in generating ex-
plicit MQ resins and other structures rather than mixtures of silicones, which is
the current state of the art. Traditional chemistry does not fulfill these needs in
most cases.

1.2 New Chemistry for Silicone Synthesis

In a series of seminal papers, summarized beautifully in an authoritative review [9],
Piers demonstrated that the reduction by hydrosilanes of carbonyls (Fig. 2a), thiocar-
bonyls, imines, and other functional groups could be catalyzed by catalytic (but not
insignificant 5-10 mol%) quantities of the hydrophobic Lewis acid B(CgFs)3. As
part of his careful synthetic and mechanistic studies, Piers noted that over-reduction
of the intermediate alkoxysilane could lead to complete reduction to the alkane and
the formation of a siloxane by-product (Fig. 2b) [10].

Rubinsztajn and Cella looked at this outcome from the perspective of the silicon
chemist. What may be by-products to organic chemists could be the synthetic target
for a polymer chemist [11-13]. Thus, the Piers-Rubinsztajn reaction refers to the re-
action between a hydrosilane and alkoxysilane that leads, with loss of an alkane, to a
siloxane (Fig. 2b). The process can be performed on small molecules or can lead to
large, complex structures. In the following sections, we will provide the mechanistic
background for the reaction from both the organic and silicone perspectives, and

a p b
RO B 2o R"\ko B(CoFe) R _H
H.,t.R sr5l3 g 87543 fo)
Y + 8i Sifa 5 \<H + RS TSR,
H H H
R H. R
s
R

Fig. 2 Origins of the Piers-Rubinsztajn reaction. (a) reduction of a carbonyl, is followed by, (b)
reduction at carbon of the alkoxysilane
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then demonstrate the flexibility of the process in the synthesis of silicones and sili-
cone copolymers. In addition, comments will be made about the analogous coupling
of hydrosilanes with alcohols and silanols that lead to siloxane bonds. While we
have tried to provide an overview of the entire field, we have done so selectively to
provide representative examples rather than providing exhaustive referencing. Both
the primary and patent literature are presented.

2 Mechanistic Considerations

2.1 From the Organic World

B(C¢Fs)3 owes its Lewis acidity to the absence of necessary valence electrons to
complete an octet and to the inductive effects provided by the perfluorosubstitution
of the three aromatic rings. Most undergraduates when presented with such a highly
electrophilic borane 1 would predict that its interactions would be dominated by
strong Lewis bases such as amines, alcohols, ethers, etc. (Fig. 3a,c). Parenthetically,
we have been to many conferences where experts have espoused this conventional
view. However, in addition to the traditional type of Lewis acidity, B(CgFs)3 effec-
tively forms complexes with hydrosilanes (Fig. 3b) 2, which is a much less easily
predicted interaction based on Lewis acid theory, given that the silane possesses no
Lewis basic electron pairs.

F F
F F
RXH RySiH
CaF CyF CaFs. | _CeF
? a8 S\B/ 6 51 8 5{j $/ 6 52
Xt Xoo Y H. O+
H™ ™R Y [ c SiR,
R
F
F F
F F
CsFs <, ?_/CSFS
*XYY
R 3

Fig. 3 Lewis acid/base complexes of B(CgFs)3; (a) with active hydrogen compounds, (b) with
hydrosilanes, and (c) with carbonyl groups and imines
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A comparison of B(C¢Fs); with other Lewis acids using either the Childs
strategy (complexation with crotonaldehyde) [14, 15] or Gutman’s acceptor num-
ber (AN) [16] — both NMR-based methods — suggests that the Lewis acidity of
B(C¢Fs)3 falls between TiCly and BF;3. It is thus a very strong Lewis acid. When
combined with an appropriate Lewis base, including phosphines or 2,6-lutidine,
B(C¢Fs)3 can even split Hy [17, 18]. In addition to electronic effects, the complexa-
tion behavior of B(C¢Fs)s is particularly sensitive to steric factors. When assessing
its reactivity, perhaps the most important factor to consider is the very fast exchange
in solution of the Lewis acid/Lewis base complexes of B(CgFs)3 when compared to
the NMR time scale [9].

Piers examined the equilibria between B and B-carbonyl complexes in a study of
C=O0 hydrosilylation (Fig. 3¢, X = O, Y = H, Me, OEt). Equilibrium constants were
found to favor the carbonyl complex 3 by about 10> depending on the nature of Y
[19]. However, the rates of the hydrosilylation reaction were inversely proportional
to the carbonyl concentration, suggesting that complexes such as 3 inhibit the reac-
tion. These observations led to a mechanistic interpretation involving the reversible
formation of a borohydride complex 2, which is the active species in the subse-
quent reductive silylation process via 4 or 5, shown for carbonyl reduction (Fig. 4).
Analogous processes have been invoked for the conversion of aldehydes/ketones
to alkanes [20], alcohols to alkoxysilanes [21], and then to alkanes [22], and the
hydrosilylation of C=C bonds [23].

Further support for this hypothesis comes from studies of the hydrosilylation of
imines [24]. Less basic imines were found to undergo hydrosilylation more readily,
consistent with the necessity for free B(CgFs)3 in solution to complex with the
hydrosilane giving 2. ''B and '°F NMR showed that less basic imines do not form
complexes with the boron Lewis acid. Of greater significance, the hydridoborane
complex HB ™ (C4Fs); of ketimine derivatives could be detected directly using !'B
and '°F NMR. The *°Si NMR data of the same mixture showed the presence of a
nitrogen/silicon complex analogous to 4 or 5.
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Fig.4 Proposed mechanism for C=0 hydrosilylation catalyzed by B(C¢Fs )3 (a) equilibrium with
heteroatoms, (b) competing equilibrium with hydrosilanes
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These data convincingly show that borohydride complexes of B(C¢Fs )3 are key
intermediates in the reduction of a variety of oxygen (and nitrogen) based organic
functional groups. Piers [10] and others [25] have observed the formation of dis-
iloxanes when large excesses of HSiRj3 are present in the reaction mixture. This
observation, which is of less interest to synthetic organic chemists, provides a new
strategy to synthesize silicones.

The use of enantiomerically pure silanes has permitted a more detailed view of
this mechanistic picture. Rendler and Oestreich found that the hydride transfer from
the Lewis acid-complexed silane takes place enantioselectively, favoring inversion at
silicon [26]. Normally, substitution reactions with hydrosilanes occur with retention
(Fig. 4a) [27, 28]. The process of retention has been rationalized to occur through a
trigonal bipyramidal complex (either intermediate or transition state) in which the
incoming nucleophile is apical, but the only-slightly-polarized hydrogen remains
equatorial, such as in 4 [29]. Displacement of hydride by heteroatom nucleophiles
thus occurs from the same face of the molecule, giving retention of stereochemistry.
In the case of B(C¢Fs)s catalysis, however, the exceptional Lewis acidity of the
highly polarized boron-H complex should favor placement of hydride in the apical
position, anti to the incoming carbonyl, see 5 (Fig. 4b). The substitution reaction is
thus reminiscent of, or may be, an SN2 process with inversion of stereochemistry.

Reduction ultimately involves transfer of a hydride to a silyloxonium ion. It re-
mains unclear whether this involves direct reaction of a second borohydride complex
2 with 5, with a tetrahedral oxonium ion 6 or some other process. Irrespective, the
data does not support the intermediacy of a free silylium ion intermediate [24].

2.2 Additional Mechanistic Subtleties: The Silicone World

Rubinsztajn and Cella, looking at the results with alkoxysilanes described above
through the lens of a silicone chemist, saw not a strategy for reduction of vari-
ous functional groups including silyl ethers, but rather an opportunity to convert
alkoxysilanes (= silyl ethers [30]) into silicones [11]. The breadth of silicone
structures that are synthetically available through the use of this reaction will be
discussed below. Here, distinctions are made between the previously described or-
ganic mechanistic information and the chemistry that occurs at silicon centers.

Chojnowski and coworkers demonstrated that the formation of small siloxanes
catalyzed by B(CgFs)3 is a second order process. The complexation of the boron to
hydrosilane is a rapid equilibrium step that precedes the rate determining step [31].
They proposed a mechanism in which the boron-hydrosilane complex is attacked by
the alkoxysilane nucleophile leading to a zwitterionic oxonium ion (Fig. 5a).

The group of Kawakami observed inversion of stereochemistry at the hydrosi-
lane in this process, and retention at the alkoxysilane partner during formation of
a disiloxane (Fig.5b) [32]. While retention at the oxygen bearing silicon is ex-
pected, inversion of the hydrosilane is somewhat unexpected as noted above. These
processes can be understood by comparing Piers-Rubinsztajn disiloxane formation
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(Fig. 5a) with the analogous carbonyl hydrosilylation shown in Fig. 4. Formation of
a pentacoordinate silyl-H oxonium complex 7 from 2 by addition of the alkoxysi-
lane is followed by substitution at the SiH partner with inversion. Rearrangement to
an alkane complex 8 is followed by decomposition to product.

2.3 Metathesis

Unfortunately, the reaction is not quite as simple as implied above. When more
than one type of silicon compound is present, metathesis (Fig.6a—c) can occur
in addition to direct disiloxane formation (Fig. 6a,b) [31, 33]. That is, in addition
to conversion of hydrosilane to silicone, it can also be converted to alkoxysilane.
Chojnowski and coworkers rationalize both processes using a common intermediate.
The borohydride-oxonium intermediate 9 can decompose in three distinct ways:
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Fig. 7 (a, b, ¢) Structural manipulation through metathesis of various siloxanes

hydride migration back to starting materials (Fig. 6a); the desired hydride trans-
fer to give the alkane and siloxane 10; or migration of hydride to the other silyl
group leading to metathesis 11. The metathesis process is clearly disadvantageous
as the formation of by-products removes a level of synthetic control from the re-
action (Fig.6b) [31]. As is noted in the silicone synthesis section below, complex
resins can be a consequence of metathesis when the Piers-Rubinsztajn process is
used with polyfunctional precursors [34].

Metathesis is particularly problematic with the hydrosilane reacting partners. For
example, Cella and Rubinsztajn described linear, homologous polymer growth with
concomitant loss of Me,SiH, when starting from the simple, small silicone tetram-
ethyldisiloxane (Fig.7a) [35]: in certain circumstances such a process could be
beneficial, but generally will lead to complex mixtures of products [36, 37]. The effi-
ciency with which various silanes participate in such reactions has been determined
by Chojnowski and coworkers. An examination of the efficiency of insertion of var-
ious silanes into the ring-strained [38] silicone monomer D3 showed the compounds
to exhibit the following order of reactivity: PhMeSiH, > HMe,SiOSiMe,H >
PhMe,SiH > HSiMe,OSiMes3[33]. During the course of the reaction, larger linear
and cyclic structures were formed, which increased in molecular weight over time
(Fig. 7b).

The efficiency of a metathesis at a given silicon nucleus is affected by the nature
of the organic groups found there. Arylsilanes undergo metathesis less efficiently
than methylsilanes. Vinylsilanes also undergo metathesis provided that low con-
centrations (~1mol%) of B(C¢Fs)3 are used (Fig. 7c). At higher concentrations of
catalyst the desired Piers-Rubinsztajn reactions compete with hydrosilylation of the
vinyl group (see below) [39]. Fortunately, metathesis is not always observed.'

! Rubinsztajn, Chojnowski, and I have discussed why, in their hands, metathesis is frequently en-
countered, while we typically do not observe it. One possible explanation is the order of addition
of reagents. Typically, we add catalyst to a mixture of the hydrosilane and alkoxysilane, while
Chojnowski and coworkers use one of two alternate strategies (see Sect. 4.1). It is clear, neverthe-
less, that metathesis does not occur under all reaction conditions.
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2.4 Steric Effects and Thermal Control

The Piers-Rubinsztajn reaction is normally initiated by adding B(Cg¢Fs)3 to a mix-
ture of alkoxysilane and hydrosilane (see, however, Sect. 3.1). There is normally an
induction time during which, presumably, the equilibria described above become
established. Thereafter, there is a rapid evolution of flammable (alkane) gas that
clearly has safety implications (hydrogen can form from the analogous reactions
with silanols or alcohols under these conditions — see below). Increased steric bulk
at either the hydrosilane or alkoxysilane centers retards the rate of the reaction, but
this can be overcome at higher temperatures in most cases.

Steric control in the Piers-Rubinsztajn reaction was demonstrated by the reaction
of tetraalkoxysilanes with small model silicones [40]. The unhindered methoxysi-
lane 12 reacted completely with the slightly hindered HSiMe,-terminated silicone
13 at room temperature to give the tetrasubstituted star 14, as did ethoxy and
propoxysilanes (Fig. 8a). The lower yield observed with Si(OMe)y is a consequence
of the high volatility of the starting material and challenges of isolation. In all three
cases, pure compounds were isolated simply by removal of residual starting mate-
rials at low pressure (and the boron catalyst was removed by adsorption on neutral
alumina). Si(OMe); also reacted cleanly with the branched hydrosiloxane 15 to give
the tetrasubstituted star 16 (Fig. 8b). However, the bulkier Si(OEt)4 did not react at
all at room temperature, and could only be forced to the trisubstituted compound
17 at elevated temperatures. Attempts to stop substitution at the disubstituted com-
pound, or to push the reaction thermally to the tetrasubstituted product 16, were
unsuccessful. These data are completely consistent with the intermediacy of oxo-
nium ions like 9. Steric pressure exerted either by the alkoxy group or the groups
adjacent to the SiH group will decrease the efficacy of the reaction. Chojnowski and
coworkers note that more bulky silanes, including isopropoxy-derivatives, are yet
more selective in reactions and require higher temperatures to initiate reaction [31].
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2.5 Complexation of Methylsilicones with B(C¢F5); Does Not
Catalyze Redistribution

Brgnsted acids and bases, the most common way to create or manipulate silicone
structures, also facilitate degradation of silicones through redistribution, depolymer-
ization processes, or hydrolysis. The presence of Lewis acids can also facilitate
depolymerization [41, 42]. However, it is generally understood that a proton is the
active agent in these cases [43]. As a consequence, high molecular weight materi-
als can undergo chain scission and ‘unzipping,’ leading to lower molecular weight
materials and well-defined materials that can lose their structure in the presence of
acids or bases. Avoiding such acid/base reactions when performing traditional sili-
cone synthesis with chlorosilanes or related materials that generate acid or base is
extremely challenging [3].

B(C¢Fs )3, like other Lewis acids, can complex with water, leading to the forma-
tion of Brgnsted acids [9, 44]. An examination of the structures and reactivities
of such structures is examined in detail in Sect.6.1. Here we note that, while
such Brgnsted acids could in principle be deleterious to silicone structures, it is
our experience and that of others [33] that redistribution of alkylsilicones during
B(CgFs)3-catalyzed reactions is not problematic. It is, for example, not necessary
to dry scrupulously solvents and glassware. Some reactions leading to silicones and
other polymers may even be run in water (see below) [45]. Similarly, when consid-
ering the synthesis of silicones, while hydrosilanes are more susceptible to Brgnsted
acid-catalyzed reactions than the alkoxysilane reaction partner, selective reactions
can generally be realized by the use of an excess of the alkoxysilane in the reaction
mixture.

3 Silicone Synthesis

Rubinsztajin and co-workers reported in 2004 that Piers’ observations that alkoxysi-
lanes and organohydrosilanes will react in the presence of B(CgFs )3 could be more
generally applied to silicone synthesis (Fig. 9) [11, 12, 46]. Very low levels of catalyst
were required, typically less than 1 mol%. Under these conditions the condensation
process proceeds to produce nearly perfectly alternating siloxane polymers (i.e., no
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Fig.9 (a, b) Two examples of polycondensation between diphenyldimethoxysilane and dihydrosi-
lanes catalyzed by B(CgFs)3
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metathesis) containing phenyl moieties (58-95%), with M,, values of 10-50,000.
By contrast, the use of dimethoxydimethylsilane was accompanied by “scrambling”
(metathesis) of the silyl groups, which gave rise to more disordered structures.
Metathesis was shown to be, among other things, dependant on the nature of the
groups on the alkoxysilane reacting partners (see also Sects. 2.3 and 2.4).

3.1 Resins

The Piers-Rubinsztajn reaction has also proven useful as a simple and mild method
for the synthesis of highly branched alkoxy substituted polysiloxane resins consist-
ing of a combination of M, D, T, and Q units [5], as noted by Chojnowski and
co-workers [34]. Initial experiments with low levels of catalyst had long induction
times, followed by very fast, uncontrollable reaction. Two distinct methods were
developed to minimize the effect of impurities such as water, to control catalyst
concentration, and to manage the highly exothermic nature of the reaction. Both
methods used higher concentrations of catalyst to reduce the induction time neces-
sary for reaction. Variant I involves the slow introduction of the hydrosilane to a
mixture of alkoxysilane and B(CgFs )3 in toluene. Variant II, which involves the ad-
dition of both hydrosilane and alkoxysilane to a solution of B(CgFs)3 uses yet higher
catalyst concentrations, but is performed at lower temperatures, to minimize induc-
tion time (Fig. 10a). The polydispersity of the products can be controlled through
either manipulation of the silane:alkoxysilane ratio, or through temperature manip-
ulation. For example, use of —25°C as reaction temperature was accompanied both
by higher tetraalkoxysilane conversion and a lower PDI of the resin.

More recently, Chojnowski’s group has expanded this strategy to the preparation
of more highly crosslinked TQ resins. Phenylsilane (PhSiH3):TMOS (Si(OMe),)
were mixed in a molar ratio of less than 0.9 to yield alkoxy-rich products [47].
As with the DQ resins, the TQ resins are free of unwanted hydrophilic silanol
groups, which leads to an increase in polymer hydrophobicity, solubility in organic
solvents, and long-term stability (Fig. 10b).
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During the growth of both of these resins, significant evidence was provided
that an undesired, reversible metathetic process was occurring leading to functional
group exchange. Mechanistic studies, described in more detail above, convincingly
suggest the reaction proceeds through a disilyl-oxonium ion intermediate (similar
to Fig.6) [31]. At low conversion, evidence for exchange, resulting in a decrease
in control associated with the condensation process, was provided by 2°Si NMR
spectroscopy and GC analysis: new reactants, bearing two Si—H groups, two Si—-OR
groups, or a mixture of the two, were formed. This leads, for example in the case of
DQ [5] resins, to unequal distribution of D units in the product polysiloxanes, rather
than perfectly alternating copolymers.

3.2 Silicones with Controlled 3D Structures

With appropriate control of the reaction conditions, and in particular by exploiting
the rules of steric control described in Sect. 2.4, the Piers-Rubinsztajn reaction can
be employed to synthesize well-defined complex 3D siloxane architectures. Small,
readily available alkoxysilanes and silicones can be rapidly assembled into MDTQ
[5] silicones (Fig. 8): in our work, metathesis was not observed [40]. These struc-
tures would be exceptionally difficult to synthesize using traditional means because
of the susceptibility of siloxane bonds to strong electrophiles and nucleophiles, espe-
cially in the presence of water, and the ability of silicones to undergo redistribution
under acidic or basic conditions.

A key intermediate for the synthesis of large structures was 17. Although it is
a Q [5] unit, it possesses a single residual ligand that will react in the presence of
B(C¢Fs)3. Only non-branched, terminal hydrosilanes are small enough to react with
the ethoxysilane. Thus, linear or highly branched silicones are readily available by
the rapid assembly of hydrosilane building blocks (Fig. 11).

Many interesting applications of silicones exploit their unusual surface activ-
ity. Mixtures of silicones and silica are used as defoaming agents [48]; MQ [5]
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Fig. 11 Synthesis of nearly perfect 3D silicone structures
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resins can destabilize foams as well [7]. More interesting, in terms of surface activ-
ity, are functional silicones including copolymers with polyethers, liquid crystals,
and others, which rely for their properties, in part, on organic groups or polymers
chains. Piers’ studies on the mechanism of B(CgFs )3-catalyzed hydrosilylation pro-
vide clues about the types of functional groups that will be tolerated during the
synthesis of functional silicones [10, 24]. Very basic ligands will shut the process
down by irreversible complexation with boron [9]. In addition, hydrosilylation of
alkenes has been reported at high [23], but not low [39, 49], boron catalyst con-
centrations. Otherwise, little was known about the functional group tolerance of the
reaction.

As was expected from Piers’ results [21], even primary amines suppressed the
reactivity of the Piers-Rubinsztajn reaction (Fig. 12a) [50]. Softer and less basic
functional groups such as thiols participated in the reaction, but not exclusively
(Fig. 12b): hydrosilanes show approximately equal reactivity towards alkoxysilanes
and thiols in the presence of B(C¢Fs)3 (see also silanol and alcohol coupling with
hydrosilanes in Sect. 5). Attempts to direct the reaction exclusively to one or other
functional groups have not yet been successful. A broad series of alkyl halides,
including chlorides and iodides, and of allyl- and vinylsilanes (Fig. 12c,d), reacts
cleanly and exclusively at the alkoxysilane. Normally, B(C¢Fs)3 loadings of up
to 5 mol% are required to facilitate hydrosilylation [23]. However, o,[-unsaturated
carbonyl compounds behaved quite differently (Fig. 12¢). Even at low catalyst con-
centrations (<0.5%), C=C hydrosilylation dominates the reaction process: both
regioisomers were isolated, but the alkoxysilane was untouched. Also of interest
is the fact that silylation of the carbonyl group (either 1,2- or 1,4-hydrosilylation),
which often occurs in the presence of transition metal catalysts [51], was not
observed. These observations broaden the applicability of the Piers-Rubinsztajn re-
action, as they demonstrate it is compatible with a variety of organic transformations
that can be used to functionalize silicones or convert them to copolymers.
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4 Analogous Reactions with Silanols: Silicone Copolymers

A series of papers has reported that B(C¢Fs)3 will also catalyze the related reac-
tions of silanols [52] or alcohols with hydrosilanes to give alkoxysilanes (Fig. 13b)
[53, 54]. Traditionally, such reactions are promoted by transition metals including
tin- [55] and platinum-based catalysts (Fig. 13a), although such catalysts are not
always necessary [56]. When transition metals are present, platinum and rhodium
in particular, hydrogenation of any alkenes (or alkynes) present may occur using
the hydrogen that spontaneously evolves during the process. The alternative boron-
based catalyst system thus offers an advantage because, except in the absence of
complementary Lewis bases [57, 58], hydrogenation of alkenes will not take place
provided the catalyst concentration is kept low.

Tradition and experience in the silicone industry has led to an understanding that
polymeric structures with embedded SiOC linkages are inherently unstable and,
therefore, ‘unsatisfactory.” However, there is now a large literature demonstrating
that hydrolytic instability of alkoxysilanes can be overcome by use of appropriate
steric congestion at silicon [59, 60]. In addition, certain SiOC linkages are intrin-
sically kinetically stable, including phenoxysilanes. Moreover, in some cases, the
ultimate use of the material will occur in anhydrous environments, such as bat-
tery electrolyte carriers, in which case concerns about hydrolysis are avoided [53].
Finally, silicone recycling might be aided by the addition of appropriate catalysts to
facilitate hydrolysis of SiOC linkages.

As a consequence of the potential utility of materials that contain an SiOC link-
age, it is not surprising that several developments in the preparation of surface
active, silicone-grafted polyethers have been reported in a series of publications
and patents. The processes start with poly(ethylene glycol) or copolymers with
poly(propylene oxide) that are typically capped on one end with a methyl group
[61-63]. The residual alcohol can react with silicone polymers bearing terminal, or
pendant SiH groups: the silicones and polyethers necessary for these reactions are
commercially available in many molecular weights and SiH contents (Figs. 13b and
14a,b [53, 54, 64]).

The enhanced thermal stability that in-chain aromatic groups bring to polymer
chains has been exploited in many contexts in silicone chemistry. The ability of
the aromatic ring to self-assemble can lead to hard blocks, while the silicones pro-
vide exceptionally soft blocks. In an elegant study, Cella and Rubinsztajn have
described the preparation of a series of such siloxane-modified aryl polymers
starting from phenols, based on both ‘soft’ tetramethyldisiloxane and longer sili-
cones, and ‘hard’ bis-silylaryl compounds, using catalysis by B(C¢Fs)3. Polymers
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Fig. 13 (a, b) B(C¢Fs)3-catalyzed condensation of silanols or alcohols with hydrosilanes
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with molecular weights from ca. 14,000 to 105,000 with Tys ranging from 44 to
98 °C were prepared (Fig. 14c) [36]. Related processes were described starting from
vinyl-containing alkoxysilanes, which may involve relatively simple [39] or much
more complicated copolymers [49]. Another interesting outcome was the discovery
that, analogous to the alkoxysilane reactions described above, methoxyphenol com-
pounds will undergo reductive demethylation leading to aryloxysilanes (Fig. 14d),
a process that can be exploited in polymer synthesis [36].

The combination of silanes and silanols is not limited to simple methylsilicones
or arylsilicones but can be extended to much more complicated systems. Kawakami
and coworkers described the synthesis of complex ‘double decker’ siloxanes and
their alternating copolymerization with a dimethylsilicone chain (Fig. 15a) [65].
They have also shown that asymmetrical copolymers can be prepared enantiose-
lectively using this strategy (Fig. 15b) [66].
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Silica surfaces are often hydrophobized with Me3Si or related groups to improve
reinforcement in silicone polymers. Typically, base-catalyzed (which may include
the surface itself) reaction with chlorosilanes completes this conversion. A related
SiOH + HSi coupling process catalyzed by B(CgFs)3 has been utilized to create
hydrophobic silicone surfaces (Fig. 15¢) [67].

5 The Special Case of Water as a (Co)Solvent

5.1 B(C¢F5)3: A Unique, Water-Tolerant Lewis Acid

The interaction of B(CgFs )3 with water has been studied in the bulk and in different
solvents (toluene dg, acetonitrile) principally by 'H and '°F NMR. The generation
of boron catalyst:water complexes with 1, 2, or 3 molecules of water inside the
sphere of the molecule could be observed by simple titration [68]. Two of these
three water molecules are found in the inner-sphere, whereas only one is B-bound,
the two others being H-bound. The most abundant neutral complex in conventional
non-dried conditions, H,O-B(CgFs)3-2H,0, undergoes deprotonation in the pres-
ence of strong bases (e.g., KOH/crown ether [69] or a bulky tertiary amine [44]),
to give a salt, [HO-B(CgFs)3]~K*-(crown), which in the bulk naturally crystallizes
together with the adduct HyO-B(C¢Fs)3. The Brgnsted acidity of this intermediate
is rather weak, with a pKa value close to that of HCI in acetonitrile (pKa = 8.6).
This fact explains why redistribution of silicones is not typically observed in reac-
tions catalyzed by B(CgFs)s when adventitious water is present. It also explains the
relative exchange rate of B-bound water molecule against acetonitrile molecules,
300:1, showing that the B(CgFs )3:water complex is highly labile in the presence of
other Lewis bases.

The mechanistic complexity in B(CgFs)s-catalyzed reactions increases signifi-
cantly when water is present. In wet solution, that is, in the presence of excess water
compared to catalyst, or in aqueous media, both the Lewis acidity (of the free cat-
alyst) and the Brgnsted acidity (of the water bound complex) must be taken into
account. In addition, the Si—H moiety is very sensitive to water in the presence of
the catalyst and is converted into Si—~OH with concomitant release of hydrogen gas
(Fig. 16). Alkoxy groups can also hydrolyze in the presence of B(CgFs)3 to gener-
ate silanol groups, but this reaction is less exothermic and occurs at a considerably
slower rate than the reaction of Si—H groups. The silanol function can then react
with the HSi group through a Piers-Rubinsztajn related process to generate a new
siloxane bond (this is sometimes used as a powerful technique to dry a vessel, for in-
stance using a hydrosilane similar to the one quoted in Fig. 15¢). The silanol-silanol
condensation does not occur in solution, but slow condensation reactions can be
observed in aqueous media (see below).
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Fig. 17 Piers-Rubinsztajn reaction starting from various precursors. (a) Synthesis of PDMS from
MHMH and dimethoxydimethylsilane. (b) Synthesis of hydrogenated hybrid silicones by two com-
plementary pathways

5.2 Polymerization in Moist Conditions

Using conditions complementary to those of Chojnowski, Ganachaud and cowork-
ers carried out model studies of the Piers-Rubinsztajn reaction in non-dried solvent
conditions using simple bifunctional alkoxysilane and hydrosilane molecules to
generate poly(dimethylsiloxane) (PDMS) chains (Fig. 17a) [70]. MEMH [5] could
be added either in one shot or by several aliquots to the solvent/Me,Si(OMe), mix-
ture that also contained a low concentration of B(CgFs)3(0.1mol% compared to
monomers). The main observation from these preliminary experiments was that a
large content of cyclic molecules were initially formed in these conditions, and that
the D4—Dy [5] content remained constant with time. Small linear polymer chains
were also prepared under these conditions, although the process with respect to
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product ratio and molar mass of linear polymers was not very reproducible. Also, the
fact that some Si—H groups are easily hydrolyzed in the presence of water may ex-
plain the important shift of the polymer distribution over time on a long run. Indeed,
molecular weight increases through the condensation reaction between silanol ter-
minated polymers and MHMH chains (analogous to the Piers-Rubinsztajn reaction)
were already apparent in blank experiments. NMR and MALDI mass spectrometric
techniques both showed that chains bearing Si~-OCH3 and Si—OH moieties coexisted
in the mixture. Note that, in these wet conditions, silanol-silanol condensation does
not occur, demonstrating the low Brgnsted acidity of the B(CgFs)3:water complex
when a low concentration of water is present in the medium.

We also prepared hybrid alkane-co-silicone polymers from precursor blocks con-
taining Si—H or Si-OMe moieties, respectively, and a simple disiloxane or disilane,
again in wet conditions (Fig. 17b) [70]. The best results were obtained using the
precursor M, since the MMM co-reactant crossreacted readily with the methoxy
precursor without undergoing self-condensation. Triple detection size exclusion
chromatography revealed that, in toluene, large macrocycles of alternating alkyl and
silicone moieties resulted from dominant end-biting reactions. This result was con-
firmed by the total absence of chain-end peaks in the 2°Si NMR spectra. The best
strategy to generate longer linear chains would be to condense together both M and
H precursors (Fig. 17b), work that remains to be done.

5.3 Silicone Synthesis in Aqueous Medium

Analogous dihydrosiloxane-dimethoxysilane reactions were carried out in an aque-
ous medium [45]. To that end, MEM™ (1 mol equiv) was added drop by drop to an
aqueous solution of diethoxysilane (1 equiv) and B(CgFs)3 (0.01 equiv) [31]. Using
a stoichiometric equivalent of each, stable suspensions of long PDMS polymer
chains with low contents of cyclics (D3, D4, D5 [5], etc.) were generated. Initially,
significant quantities of D3 formed under these conditions, a compound that was not
seen in the solution process. These strained cycles were nevertheless reopened by
B(C¢Fs)3, leading to the synthesis of higher molecular weight polymers. Conden-
sation reactions between SiOH and SiH or SiOH groups occurred together under
these conditions to generate linear silanol-terminated polymer chains of large molar
mass. It was noted that the consumption of polar silanol groups, mainly located
at the droplet interface, was accompanied by a decrease of the colloidal stabil-
ity of the emulsions, in agreement with recent results published by Vincent and
coworkers [71].

Of most interest is the specificity of the process. When conventional, strong
Brgnsted acids (e.g., HCl) were used under the same conditions, hydrosilane +
ethoxysilane did not generate polymers. Each individual reactant gave reactions
with B(CgFs)3 that were too fast (Si—H molecules) or too slow (ethoxy molecules)
to be used on their own to create PDMS polymers. Thus, cross-condensation is the
preferred and controlled reaction, and leads in high yield to silicone polymers.
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6 Other B(Cg¢F5);-Catalyzed Reactions Relevant to Silicones

We have focused in this review on the ways in which B(CgFs)3 can facilitate silicone
and silicone co-polymer formation through the synthesis of siloxane bonds. It should
be noted that the same catalyst can promote other reactions relevant to the field of
silicones. Three examples are summarized briefly here.

6.1 Hydrosilylation

It was noted above that synthesis of silicones, including those possessing vinyl-
containing silane groups, readily occurs from SiH and SiOR in the presence of
B(CgFs)s (Fig. 7c). Note that the concentration of catalyst required for the Piers-
Rubinsztajn reaction is typically less than 1 mol%, a concentration at which hy-
drosilylation is not observed. However, at higher concentrations of the catalyst it is
possible to perform hydrosilylation [23]. This could be quite useful, as it may be
possible first to assemble the silicone without crosslinking, and then to crosslink the
elastomer simply by adding more B(CgFs)3 (Fig. 18a). Regiocontrol strongly favors
the introduction of the silyl group on the least hindered carbon.

6.2 Coordinated Anionic Polymerization

Allylic or vinyl molecules bearing strong electron-withdrawing (EWD) substituents
such as sulfones or phosphonated groups behave differently from other olefin
monomers in the presence of SiH/B(CgFs); complexes. Indeed, the generation of
an intermediate carbanion from the transfer of the hydride to the activated monomer
gives rise to a fast chain oligomerization through an ‘ate process,” until irreversible
end-capping occurs (Fig. 18b) [72]. Such reactions only proceed in the total absence
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Fig. 18 (a) Example of aromatic allyl hydrosilylation and (b) ate-type oligomerization of EWD
monomers catalyzed by B(CgFs)3
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of water, although water is frequently found in solutions of these polar monomers.
The removal of water can be accomplished simply by adding a hydrosilane to the
system, which converts the water to H, and a disiloxane (triisobutylaluminum can
also be used as a drying agent, but with caution).

The fact that the polar monomers polymerize in a Markovnikov fashion may be
ascribed to the strong withdrawal of electrons from the double bond, rendering the
o carbon more electronegative than the B one. This method allows one to prepare
polar block or grafted silicone copolymers of unique properties, e.g., thermoplastic
elastomers [73].

6.3 Competing Reactions: Epoxide Ring Opening

An entire class of polymers is based on epoxide ring opening. Epoxy groups are
readily introduced onto silicones, frequently through the hydrosilylation of allyl
glycidyl ether with hydrosilanes or hydrosilicones. Epoxy groups undergo acid- or
base-catalyzed ring opening: oligoamine curing agents are normally used for this
process.

Epoxy-modified silicones were prepared by selective monohydrosilylation
of HyMeSi-silphenylenes. The remaining hydrosilane participated in B(CgFs)s3-
catalyzed coupling with silanol-terminated silphenylenes to give compounds such
as 18 (Fig. 19a) [55]. These materials underwent normal crosslinking processes
with diamines. Notable is the absence of epoxy ring-opening in the presence of
B(C¢Fs)3. By contrast, Ganachaud and coworkers demonstrated that in water
B(CgFs)s is sufficiently acidic to catalyze epoxide ring opening, which was used to
create grafted poly(vinyl alcohol)-silicone copolymers (Fig. 19b) [74].

This example demonstrates the catalytic subtlety of the hydrophobic Lewis acid
B(C¢Fs)3. Careful control of reaction partners SiOH, SiOR, and R’3SiH (including
steric bulk of R and R’) and reaction conditions, including catalyst concentration
and the presence of water, allow for very high levels of control in assembling pure
silicones or, alternatively, silicone/organic materials.
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Fig. 19 (a) Epoxy-functional silicones and (b) their reaction with poly(vinyl alcohol)
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7 Conclusion

The Piers-Rubinsztajn reaction provides a convenient and practical alternative to
traditional nucleophilic substitution reactions catalyzed by acids and bases. The
B(C¢Fs)3-catalyzed coupling of alkoxy- and hydrosilanes, or the analogous cou-
pling reactions of silanols and hydrosilanes, provide new, selective methods to create
complex siloxane structures that can optionally bear synthetic organic entry points.
A broad range of linear, highly branched, and explicit 3D structures are available
from inexpensive readily available starting materials. It is likely that these processes
will increasingly be exploited, including in commercial settings. In addition, one
may expect many similarly useful reactions based on silicon chemistry and the un-
usual properties of B(CgFs)3 to be discovered.
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Abstract Features of the formation of cage oligomeric silsesquioxanes, including
several new compounds, are described and possible reaction mechanism is pro-
posed. Synthesis of phenyl oligomeric silsesquioxanes selectively functionalized
at the 4-position is reported. Formation and utilization of incompletely condensed
oligomeric silsesquioxanes are also described.
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5,15-Di[(2-triethoxysilyl)ethyl]-5,15-dimethyl-
1,3,7,9,11,13,17,19-octaphenyl-
pentacyclo[11.7.1.1311.17:19 1%:17]decasiloxane
5,15-Dimethyl-5,15-dihydro-1,3,7,9,11,13,17,19-
octaphenylpentacyclo[11.7.1.1311.17:19 1917
decasiloxane
5,5,15,15-Tetramethyl-1,3,7,9,11,13,17,19-octaphenyl-
pentacyclo[11.7.1.1311.17:19 19.17decasiloxane
5,15-[Di(triethoxysilyl)oxy]-5,15-dimethyl-
1,3,7,9,11,13,17,19-octaphenylpentacyclo-
[11.7.1.131.17:19 1917 decasiloxane
5,15-Dimethyl-5,15-dihydroxy-1,3,7,9,11,13,17,19-
octaphenylpentacyclo[11.7.1.13:11,17:19 1%:17].
decasiloxane
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Number-average molecular weight

Mass spectrometry

Weight-average molecular weight

Nuclear magnetic resonance spectroscopy

Naphthyl

Phenyl

Polyhedral oligomeric silsesquioxane
Spherooctasilicate

Relative distance of development of solutes

Size exclusion chromatography
Tetrabutylammonium fluoride

5% Weight loss by thermogravimetric analysis
Tris(pentafluorophenyl)borane

Glass transition temperature

Thermogravimetric analysis

Tetrahydrofuran

Melting temperature

Trimethylsilyl

Trimethylsilylphenyl

Number of silicon atoms in the POSS frame structure
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TOF Time of flight

Tolyl 4-Methylphenyl

T; Softening temperature
Vi Vinyl

XRD X-ray diffraction

1 Introduction

Polysilsesquioxanes are a class of compounds having the empirical formula,
[RSi(O)3/2]n, in which three oxygen atoms and one alkyl or aryl group are at-
tached to the silicon atom. These compounds are formed under various reaction
conditions, and can take various three dimensional structures. They can be random,
ladder, or even cage. Cage polyhedral oligomeric silsesquioxane (cage POSS) is
usually abbreviated to Ty, in which n indicates the number of silicon atoms in the
frame structure.

Scott initially discovered completely condensed methyl-substituted oligomeric
silsesquioxane in 1946 [1]. Later, Barry showed the cubic or hexagonal prismatic
shape of the completely condensed molecules [2]. The structure of a cage with eight
R-substituted silicon atoms( namely RgTg) is shown in Fig. 1.

Tg is often called “cubic.” Brown reported the formation of cubic cage-structured
octaphenyloctasilsesquioxane (Phg Tg) [3—3]. The other typical cages are hexahedral
hexasilsesquioxane, T¢, decahedral decasilsesquioxane, T, and dodecahedral do-
decasilsesquioxane Ty,.

A cage can be a completely or incompletely condensed structure [3—39]. Over
the past decade, incompletely and completely condensed cage POSS, obtained by
hydrolysis and condensation of tri-functional alkyl- or arylsilane, have been firstly
used to support metallic species [40], and later to enhance the physical properties,
such as thermal stability, glass transition temperature, dielectric constant, oxidative
resistance, and even the opto-electronic properties of the cage POSS-based hybrid
systems [41-51]. A clustering effect, with POSS cages interacting via non-bonded
interactions was suggested [52].

Brown also isolated all-cis tetraphenyltetrasiloxanetetrol (PhyTy4-tetrol), and
mentioned the possibility of the compound as the intermediate to the PhgTg cage.
Meanwhile, Flory showed that the 8-membered ring, cyclic octamethyltetrasilox-
ane, and the 10-membered ring, decamethylpentasiloxane, are thermodynamically

R R
R o) \ / /R
Si_{_O\SI/O\SI R R
/ ~ Sl— \O
O\ O S/
Si— SI ~ I\ R
RT O\ g/ s|/\ o7
Fig. 1 Framework of RgTg R R R
cage with R as the substituent
on the silicon atom ReTs
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the most stable rings and are the major components in the equilibrium mixture of
cyclic oligomers and linear polymer of dimethylsiloxane [53-56]. This observation
may hold even for the formation of POSS derivatives with controlled structure, i.e.,
cyclic tetrasiloxane and pentasiloxane frames might be the key to construction of
specific structures. It should be commented that all-cis cyclic tetrasiloxanetetrol
(namely all-cis Ty4-tetrol) or its alkali metal salt is often selectively formed under
acidic or basic conditions [57]. All-cis cyclic pentasiloxanepentaol (namely all-cis
Ts-pentaol, shown in Fig. 2) or its alkali metal salt might also have been produced
in the reaction, although this has not been confirmed.

In the formation of cage or ladder structures of silsesquioxanes, the stereo-
chemical structure around the silicon atom also seems important. When two all-cis
Ty-tetrols condense by forming a siloxane linkage, there are two arrangements,
facing and apart for the two rings, as illustrated in Scheme 1.

One could imagine that the facing arrangement might give the Ty cage by fur-
ther intramolecular condensation. By contrast, the apart arrangement might lead

R
R\ sl
R R o0—Si—o_ R
R\s|—o’§i§/\o‘3‘/R \S'/O \s{
~ i VRS 1 1
HO' oy 0" on AR O |\
OH o\ | .o OH
Si— _—Si
] (0]
||| o
(O —5—(OH)s
R4 T,-tetrol RsT5-pentaol

Fig. 2 Cyclic all-cis T4-tetrol and Ts-pentaol

OH
R
OH
R OH HO
R
OHHO
facing
R
R.R
OH
R | HO
HO OH .4
HO
apart

Scheme 1 Two possible facing and apart arrangements for the two all-cis T4-tetrols in forming a
siloxane linkage (indicated by bold line)
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Ph Ph
) i-Pr D i-Pr =8i-0 Si—i-Pr pyridine
Pry L jipr  iPr 7O
si—0-$1I7~0—si Cl cl
/ \o///Si\o/ \
HO SH\ OH 2) AICI,-HCI  3) H,0

OH

Ph Ph
i-Pr \/Sio S{-i—Pr pyridine
Cl Cl

Scheme 2 Step-by-step procedure for synthesis of a ladder structure

to the formation of a ladder structure by successive intermolecular condensation.
Unno synthesized a partial ladder structure by step-by-step synthesis, as illustrated
in Scheme 2 [58-63].

Cages including hexahedral T¢ and dodecahedral T, could be imagined to form
through condensation of all-cis T4-tetrols and Ts-pentaols of facing arrangement as
one of the key steps in forming a siloxane linkage, as shown in Scheme 3. Kudo re-
ported the molecular orbital calculation of formation energy of such cages, assuming
a similar reaction mechanism [64, 65]. Of course, this scheme is an imaginative one
without scrambling of cages (Sects. 3.3 and 5.4) and does not express the real reac-
tion mechanism. We found it possible to construct T, from three all-cis T4-tetrols
if scrambling of cages was suppressed. Nevertheless, the all-cis T4-tetrol might be
a possible key intermediate for the formation of various Tg structures [3-5, 64—66].

Formation of completely or incompletely condensed POSS is not a simple re-
action, but includes many equilibration steps, depending on the reaction conditions
[6-10, 14-20, 29, 30, 33-36, 38, 39, 67-69].

In this article, formation of cyclic T4-tetrol with all-cis configuration is de-
scribed first, followed by description of the formation and functionalization of cages.
Finally, applications of incompletely condensed cages are described.

2 Cyclic Tetrasiloxanetetrol (R4 T4-tetrol)

We have reported the formation and isolation of all-cis PhsTy-tetrol in i-propanol
(i-PrOH) from phenyltrimethoxysilane in the presence of equimolar amounts of
sodium hydroxide [38, 39]. Unno reported the formation of all-cis i-PrsT4-tetrol
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Scheme 4 Formation of all-cis R4T4-tetrol

[31]. Shchegolikhina [70-72], Klement’ev [73], and Makarova [74] reported
the formation [70-72], characterization [70-72, 74], isomerization [73], and
derivatization [74] of all-cis PhsTy-tetrol, or all-cis vinyl(Vi)4T4-tetrol. Mean-
while, Matsumoto reported the formation of an isomeric mixture of phenyl
(i-propyl)tetrasiloxane containing the cis-cis-trans isomer as the major compo-
nent, and commented on the possibility of isomerization of all-cis PhyT4-tetrol
[75]. A synthetic scheme under basic condition is shown in Scheme 4.

Alkaline hydrolysis of an alkyltrialkoxysilane in the presence of controlled
amounts of water gives all-cis R4Ty4-tetrol alkaline metal salt as the crystalline ma-
jor product. Neutralization of the product gives all-cis R4T4-tetrol. The stability of
R4T4-tetrol depends on the substituent, and only the alkali metal salt could be iso-
lated in some cases. There are also cases where only small amounts of all cis isomer
are formed.
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Table 1 Formation of all-cis R4 T4-tetrols at room temperature [57]
Time Yield %’Si NMR

Trialkoxysilane Solvent Product (h) (%) (ppm)
i-BuSi(OCHj3)3 Hexane [i-Bu(OH)SiO]4 48 34 —-57.9
[i-Pr(OH)SiO]4 93 [75] —59.7[31]
PhSi(OCH3)3 i-Propanol [Ph(OH)SiO]4 20 3040 —69.7
4-CH30PhSi(OCH3)3  n—Butanol [4-CH30Ph(OH)SiO]s 48 44 —67.2
4-BrPhSi(OEt)3 EtOH [4-BrPh(OH)SiO]4 48 Trace -
[4-BrPh(ONa)SiO]4 41 [80] -
ViSi(OEt)3 Hexane-EtOH [Vi(OK)SiO]4 15 34 -

74 [72] -
4-ViPhSi(OEt)3 EtOH [4-ViPh(ONa)SiO]4 71 [80] -
NpSi(OCH3)3 n—Butanol [Np(OH)SiO]4 69 30 —68.4
4-CH;ONpSi(OCH3); n-Butanol [4-CH30Np(OH)SiO]s 19 6 —68.8

As a typical example, phenyltrimethoxysilane (9.9 g, 50 mmol) was added to
i-PrOH (50 mL), water (0.9 mL, 50 mmol), and sodium hydroxide (2.0 g, 50 mmol)
at room temperature, and stirred for few hours. Formed crystalline material was col-
lected, dissolved in THF or ether and carefully neutralized with acetic acid. Selected
results on the formation of all-cis R4T4-tetrol are summarized in Table 1.

Reasonable yields were obtained for all the trialkoxysilanes examined. Vinyl,
vinylphenyl, and bromophenyl derivatives gave higher yield, but the products could
be isolated only as the sodium or potassium salt, or as trimethylsilyl derivatives.
Each aromatic derivative showed only one 2°Si signal at —69.7, —67.2, —68.4,
and —68.8 ppm. The isobutyl derivative gave only one peak at —57.9 ppm in ace-
tone, which is close to the reported value (—59.7 ppm) for all-cis i-Pr4T4-tetrol in
dimethylsulfoxide [31]. The 2°Si signal at —69.7 ppm for PhyT4-tetrol was thought
due to the all-cis isomer [17, 71, 74]. Other aromatic derivatives are also considered
to be all-cis. Methoxyphenyl, naphthyl, and methoxynaphthyl derivatives are good
intermediates for further functionalization via electrophilic substitution reactions.
By selecting suitable reaction conditions, all-cis isomers could be obtained for the
substituents examined.

When PhsTy-tetrol was obtained by the hydrolysis of phenyltrichlorosilane,
stereoisomers other than all-cis were present in the product, as evidenced by >°Si
NMR (Fig. 3a). There are four stereoisomers in the tetramer, which should pos-
sibly give six signals. Actually, five signals were observed. Overlapping of the
signals might have occurred. Since only limited information was available on the
isomerization and separation of the stereoisomers depending on the conditions,
isomerization of all-cis PhyTy4-tetrol (0.68 g, 1.25 mmol) was carried out in acetone
(10 mL) with 1 M hydrochloric acid (4 mL) at room temperature. After 10 min,
the products remained as one peak in size exclusion chromatography (SEC), and
showed [M+Na]™ = 575.50m/z in matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS), consistent with the T4-tetrol. Four
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Fig. 3 Identification of stereoisomers of PhyT4-tetrol by 2°Si NMR. Signals of the mixture of
isomers (a) and of four component isomers (b—e) are shown.

new peaks appeared in 2°Si at —70.5 (weak), —70.4, —70.2, and —70.1 ppm, with
the consumption of the peak of all-cis at —69.7 ppm. Configuration of the silicon
atom in the ring seems to have been inverted.

A mixture of PhyTy-tetrol (1.0 g, 1.81 mmol, shown in Fig. 3a) was used for
separation. Most of the all-cis isomer was removed by precipitation after dissolving
in ether (5 mL) and pouring into hexane (20 mL) (~25%, Rs = 0.05).

After removal of the all-cis isomer, three isomers with Ry of 0.29 (~40%), 0.53
(~15%), and 0.64 (~1%) (toluene-ether,1:1) were separated chromatographically.
The 2°Si scans are also shown in Fig. 3b—d. It was clearly shown that possibly six
signals appeared as five overlapped signals (Fig. 3a). The structure of the isomer
with Ry = 0.64(*°Si at —70.5 ppm, Fig. 3e) was further confirmed by single-crystal
XRD [57]. Matsumoto reported the XRD of cis-cis-trans and cis-trans-cis T4-tetrol
with i-Pr substituents. They also reported one 2°Si peak at —58.97 ppm for the
cis-trans-cis isomer and three signals at —59.69, —59.12, and —59.00 ppm for the
cis-cis-trans isomer [75].
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3 Octahedral Octasilsesquioxane (RgTyg)

3.1 Formation of RgTg from R4T-tetrol

Feher reported the condensation of Ty-tetrol to give Tg cage under pressurized
hydrogen [76]. We and Bassindale reported such condensation in the presence
of ammonium salts, where scrambling of the stereochemistry of the tetrol and
scrambling of cages occurring [66, 77]. When the all-cis R4Ty4-tetrol was treated
with benzyltrimethylammonium hydroxide (BZTMAH), a Tg cage was obtained as
shown in Scheme 5.

The typical procedure was as follows: To all-cis PhyT4-tetrol (1.384¢g,
2.50mmol) placed in a 30-mL flask under dry atmosphere, benzene (10 mL) and
BzTMAH (0.28 mL, 40 wt% methanol solution, 0.60 mmol) were added. After
the reaction system was stirred for 2 h at refluxing temperature of the system, the
formed solid was filtered and washed successively with benzene and methanol
(15mL each). The product was pure enough for further analysis, confirmed by
2981 NMR and MS, and was determined to be PhgTs. Another effective catalyst was
tetrabutylammonium fluoride (TBAF). The results under various reaction conditions
are summarized in Table 2.

It is interesting to note that benzene is the best choice as solvent for production
of PhgTg from PhyTy-tetrol, as is the same for the direct synthesis of PhgTg from

R

R AC 010N/

R o_ ] o R si~— 0§l 0=S{
\ \Si N Cat / /Si~R o)
/SI—O\IS_/O—SI —_— o 0\ \0 /

7Si= i

HO HO \ R OH /Siio/Si/\0/SI\
OH R O/S\I\o R

R
R,T,-tetrol RsTs

Scheme 5 Formation of RgTg from all-cis R4T4-tetrol

Table 2 Formation of PhgTg from all-cis PhyT4-tetrol (0.25 M) by ammonium catalysts

Catalyst [PhyT4-tetrol]/[Catalyst] Temp. Time (h) Solvent Yield (%)
BzTMAH 4.2:1 Reflux 2 Acetone 1.5
Methanol Randomized
Chloroform 16
Benzene 95
TBAF 100:1 Reflux 2 Benzene 82
100:1 r.t. 72 Acetone? 85
1.7:1 24 Acetone® >95 (Tg and T1g)
100:1 72 Methanol® Mix
100:1 72 Chloroforma® 61
‘0.14M

"1.7 M, ref [66]
Mix : randomized with identifiable PhgTg
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phenyltri(ethoxy)silane in the presence of BZTMAH. TBAF showed higher reactiv-
ity than BZTMAH in benzene, as evidenced by the fact that 82% yield was obtained
in the presence of 1 mol% of the catalyst compared with 95% yield with 24 mol%
BzTMAH [33-36]. Acetone is another choice for selective production of Tg when
TBAF is used as the catalyst. A lower concentration of 0.14 M was selected to ob-
tain reasonable yield under mild reaction conditions. Chloroform can be also used
as a solvent. When a higher concentration of TBAF was used, a mixture of cages
was formed [29, 66]. Under such conditions, the kinetic rate of the formation and
further scrambling and decomposition (Sects. 3.3 and 5.4) seem competitive. The
solubility of the products, governing their crystallization out from the solvent, is
another important factor in determining the actual products. When the yield is low,
the Ty-tetrol was changed into randomized oligomeric unidentified products. The
reaction with TBAF was applied to (4-Tolyl-)4, i-Buy, Np4T4-tetrol derivatives, and
the results are shown in Table 3.

(4-Tolyl)4T4-tetrol gave randomized products. In chloroform, Ty was formed
in rather low yield with hydrochloric acid. In ethanol, Tg could be produced from
4-TolylSi(OEt)3 under refluxing condition for 5 days with hydrochloric acid. In the
case of 4-methoxylphenyl (4-CH30Ph),T4-tetrol, (4-CH3OPh)gTgcould be identi-
fied in the reaction mixture, although the yield was poor.

Table 3 Yield (%) of RgTg R

from all-cis R4 T4-tetrol -

(0.14 M) in vai‘i(jus solvents Solvent 4—T01y1 i-Bu pr

with 1 mol % TBAF at room Acetone Mix* 93¢ 86

temperature for 3 days - 4404 21¢
Acetonitrile Mix? 91¢ 80°
Ethyl acetate Mix? 93ef 63°
Chloroform 178 88¢ 80P
Hexane Mix? 88¢ 94b
Benzene Trace® 74¢ 45b
Toluene Mix? 67¢ 10°
Ether - 77¢ 89°
Tetrahydrofuran Mix? 91 77°
Methanol Mix? 91¢ 83b
Ethanol 18" - -
i-Propanol 1-2 - -
Mix : randomized with identifiable RgTg
‘1 day

"With 0.25 M Np4T4-tetrol, 5 days
:With 10 mol% TBAF
Reflux, 4 hr.
:0.25 M Np4Ty-tetrol, reflux, 4 hr.
1 day
(4-TolyD) 10 T1o
From 4-TolylSi(OEt); with 1:1.5 molar ratio of HCI,
reflux for 4 days
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The isobutyl derivative gave good yield of Tg in various solvents. Reaction in
THF gave 91% yield. A shorter reaction time of one day was sufficient in acetone.
Not only acetone or THF, but also acetonitrile and ethyl acetate were good sol-
vents. In addition to these solvents, hydrocarbon solvents, ethers, and even alcohols
can be used. In case of Np4T4-tetrol, the reaction was slower than for the isobutyl
derivative, and higher concentration of the reagents and a longer reaction time were
applied. Reasonable yield of Tg was attained in various solvents. Heating in acetone
lowered the yield.

The formation of Tg from T4-tetrol was originally intended to synthesize unsym-
metrical Tg from the combination of two different T4-tetrols. It is interesting that
in the formation of Tg from Ty4-tetrol, Tg could also be attained from the stereoiso-
meric mixture of PhyTy4-tetrol, and that scrambling of the component of T4-tetrol
in produced Tg had occurred. To study the situation, the mixtures of PhyT,-tetrol
and (Ph-ds)4Ty-tetrol, and of (4-Tolyl)4T4-tetrol and PhyTy-tetrol were treated
in the presence of BZTMAH in benzene. The MALDI-TOF MS of the product
(shown in Fig. 4) clearly indicates the random distribution of each component in
the produced Tsg.

Both Ph and Ph-ds units are distributed statistically in the Tg cage. Decomposi-
tion of Ty4-tetrol and reassembling to Tg occur simultaneously in the reaction system.
This reaction can be applied to synthesize Tg with mixed substituents in the cage.
When (4-Tolyl)4T4-tetrol and PhyT4-tetrol were treated with BZTMAH in benzene
for 24 h, a mixture of crystalline products was obtained in 30% yield. This product
had mass ranging from 1032 m/z [peak of PhgTg with Na*] to 1130 m/z [peak of
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Fig. 4 MALDI-TOF MS of the product PhgTg from the mixture of PhsT4-tetrol and
(Ph-ds)4T4-tetrol
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a

ppm

Fig. 5 '"HNMR of the product Tg from the mixture of PhyT4-tetrol and (4-Tolyl), T4-tetrol. Iso-
lated (a) and as-produced crystalline product (b) are shown

(4-Tolyl)7PhTg with Na*], indicating that the cage product was composed of mixed
substituents of 4-Tolyl and Ph. Using proton NMR (Fig. 5a), the ratio of 4-Tolyl to
Ph was determined to be 4:1.

Relatively low yield of isolated Tg cages and absence of (4-Tolyl)sTg cage may
indicate that complete scrambling of the components had occurred but that at least
five to six non-substituted phenyl groups are needed to make the cages crystallize
and precipitate from the reaction mixture.

3.2 RgTg from Condensate

To widen the applicability of cage POSS derivatives, it is very important to in-
troduce functional groups in the POSS structure. Chujo used silane-functionalized
HgTg cage as the core for the synthesis of a dendritic structure with hydrophilic
sphere groups via hydrosilylation [78]. Unno introduced carboxylic acid function to
the phenyl group of dimethylphenylsilylated spherooctasilicate (Qg) core shown in
Fig. 6 by chloromethylation and oxidation [79].

The problem of this compound lies in the presence of a rather labile Si-O-Si
linkage stemmed from the core. However, it is normally very difficult to directly syn-
thesize functionalized PhgTg cage, and thus functionalization of the phenyl group
directly attached to the core silicon atom has been desired.

There are some cases where the R4Ty4-tetrol cannot be isolated as pure tetrol,
or where neutralization of the alkali metal salt with acid gives complex product
mixture. A typical example is the 4-bromophenyl derivative [80]. The alkali metal
salt of (4-Br substituted phenyl)4T4-tetrol could be isolated as a solid crystalline
material, but neutralization gave complex oligomeric condensed products.
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Fig. 6 Framework of Qg
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Fig. 7 "H NMR of (4-BrPh)gTg obtained by BZTMAH from condensate of (4-BrPh)4T4-tetrol.
Boxed area is shown in greater detail above

When the condensed product was treated with BZTMAH, (4-BrPh)gTg was
obtained as the pure crystalline material in reasonable yield (30%); the 'H NMR
is shown in Fig. 7.

This is the first report on the direct synthesis of pure (4-BrPh)gTg, although Laine
reported the synthesis of 4-BrPh Tg by the bromination of PhgTg, and obtained a
complex mixture of the product [81, 82]. The brominated Tg can be used in the
synthesis of new POSS systems.

3.3 Scrambling of the Components in the Formation
and Reaction of RgTg

The amino group is one of the most versatile functional groups for construction of a
new structure by condensation or addition reactions. Introduction of the nitro group
is the key step in introducing the amino group directly onto the aromatic group.
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Olsson and Laine reported the nitration of PhgTg by fuming nitric acid [83, 84] and
further functionalization and application of the product [84], but the extent and po-
sition of nitration was not controlled. This compound has been used without further
purification to construct many cross-linked systems. However, the multi- but incom-
plete functionalization of the phenyl ring often made it unclear how to correlate the
properties of the system with the structure.

It is well known that the aryl-silicon bonds are susceptible to cleavage by elec-
trophilic reagents. For an example, we reported synthesis of an optically active
bromosilane by cleavage of the naphthyl-silicon bond of optically active silane [85].
Benkeser reported the nitration of methyl(triethylsilyl)-substituted phenyl rings, and
showed a stronger directing effect of the methyl group than of the trimethylsi-
lyl group [86, 87]. Eaborn reported that nitration of 1,4-bis(trimethylsilyl)benzene
by fuming nitric acid resulted in the substitution of one trimethylsilyl group by a
nitro group [88]. It will be interesting to study the possibility of selective cleav-
age of the phenyl-silicon linkage in phenyl-trimethylsilyl as compared to phenyl-
silsesquioxane groups.

(4-Tolyl)sTg, (4-i-PrPh)gTg and (4-trimethylsilyl-substituted phenyl)sTg
[(4-TMSPh)gTg] were obtained by direct acidic hydrolysis of (4-tolyl)triethoxy-
silane, (4-i-PrPh)triethoxysilane, and (4-TMSPh)triethoxysilane in the presence of
hydrochloric acid as shown in Scheme 6.

Simple passage through a silica gel column with hexane as an eluent to remove
less-soluble oligomeric products with silanol groups gave pure Tg cage. Hydrol-
ysis of (4-TMSPh)triethoxysilane in the presence of TBAF gave a mixture of
(4-TMSPh), Tg, T19, and T, cages (n = 8, 10 and 12, respectively for Tg, Ty,
and Ty;), with T as the major fraction (Scheme 7.).

Treatment of the mixture firstly with hexane at —30°C removed the Tg cage as
a crystalline material. Crystallization using ethanol-hexane (1:4) gave the T, cage
as crystal. Final crystallization using acetonitrile-hexane (3:5) gave the T}, cage as
crystal. Each fraction was purified by further recrystallization. The results of the
synthesis of 4-TMSPh cages, including the rearrangement of the cage structure, are
shown in Table 4.

Formation of Ty and T, cages might be the result of the decomposition of
the Tg cage and re-assembling to thermodynamically similarly stable cages, as

- . /
= Si _Q—Si
R‘@'Si(OEt)a HCI /SFI‘ O\,Si/ \
B @
\ /
. ; Si
Si Si ~7
R=M, i-Pr, TMS /©/ Yg:Si/:g/ @\
R R
R

Scheme 6 Formation of (4-substituted phenyl)sTs under acidic conditions
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Table 4 Synthesis of 4-substituted Ph-POSS cages
Yield of Tg  Yield of Tjp Yield of T,

R in R(triethoxy)silane Catalyst Solvent (%) (%) (%)
4-TMSPh HCl EtOH 21 —a —a

4-TMSPh TBAF CH,Cl, 11 30 6.5

4-Tolyl HCI EtOH 21 —a —a

4-Tolyl TBAF CH,Cl, 10 40 —b

4-i-PrPh HCI EtOH 9 —a —a

“Not formed

® Could not be isolated

i i
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Scheme 8 Cage rearrangement of Tg to T and T, in azidation

proposed in Scheme 3. Tg cage can be constructed only from four eight-membered
Ty-tetrol rings, in contrast to Tyg, which can be constructed under the coexis-
tence of two 8- and 10-membered rings. T2 cage can be constructed from four
10-membered rings. They are similarly stable. Such rearrangement and scrambling
of POSS cage structures is commonly observed [29, 32, 39, 66]. Yokozawa reported
the formation of Tg, T, and T, in the hydrolysis of cyclic hexasiloxanehexaol or
dodecasiloxaneodecaol, phenylsilanetriol, or trialkoxysilanes [32]. Bassindale re-
ported the formation of a mixture of cages in the presence of TBAF [29, 66].

We noticed that such a rearrangement even occurred in the nucleophilic substi-
tution reaction of chloropropyl substituents on Tg cage by sodium azide [89], as
shown in Scheme 8.



Polyhedral Oligomeric Silsesquioxanes with Controlled Structure 201

Extensive rearrangement of the Tg cage under azidation of octakis(3-chloro-
propyl) octasilsesquioxane to produce a thermodynamically stable mixture of
octakis(3-azidopropyl) octasilsesquioxane (APgTg), deca(3-azidopropyl)decasilses-
quioxane (AP1gTg), and dodeca(3-azidopropyl)dodecasilsesquioxane (AP, T15) is
probably because of the necessary use of pure DMF of high polarity as the solvent
under severe reaction conditions and a long reaction time to achieve a complete
conversion of the eight functional groups.

The first treatment using ethyl acetate-hexane (2:5) as solvent could separate only
the Tg cage (Rf = 0.60; 0.25 g) APgTg as pure form. Tyg and Ty, cages gave very
similar Ry values (0.55) and could not be obtained as pure form. Second separation
using ethyl acetate-hexane (2:9) gave the Ty (Ry = 0.35; 0.45 g) cage APoTg
and the Ty (Ry = 0.30; 0.18 g) cage AP, T}, as pure form. 2?Si NMR peaks of
the cage APgTg and AP(T;g appeared at —67.04 and —68.94 ppm, respectively, as
singlets. The signal of AP1(T; consisting of eight- and ten-membered rings resulted
in an up-field shift of about —1.90 ppm from that of APgTg. The 2°Si chemical
shift of AP,T|, appeared at —68.69 and —71.36 ppm, with an integral ratio of 1:2
corresponding to the presence of two different types of silicon atom in the cage of
D4 symmetry. Three 10-membered rings were obviously connected and rolled up
to each other by sharing two disiloxane linkages (a total of eight Si atoms), leaving
one silicon atom in each ring unconnected (total four Si atoms) (see Scheme 3).
Once a pair of unconnected silicon atoms was connected via a siloxane linkage, two
eight-membered rings would be formed (total four eight-membered rings). Such a
cage rearrangement was also reported by Rikowski [90].

4 Nitration of Cage 4-Trimethylsilyl-Substituted
Phenyloligosilsesquioxanes

First, nitration of (4-Tolyl)gTg was examined. Nitration by fuming nitric acid at
room temperature was not clean, and gave various products. Nitration by copper(II)
nitrate trihydrate [copper(Il) nitrate/octasilsesquioxane = 1.2:0.125 molar ratio at
room temperature] seemed clean but slow. When the starting material’s peak in
'"H NMR had disappeared, three aromatic protons at 8.32, 7.87, and 7.45 ppm,
and one CH3Ph at 2.64 ppm appeared, which strongly supported the formation of
4-methyl-3-nitro-phenyl group. Nitration with fuming nitric acid at —30°C also gave
a clean reaction product. 2Si NMR showed only one peak at —79.4 ppm assignable
to a T? structure in the absence of T! (approximately —68 ppm) or T2 (approximately
—70 ppm) structure. Cubic octasilsesquioxane structure seemed to have been main-
tained during the reaction.

Nitration of (4-i-PrPh)gTg by fuming nitric acid gave unsatisfactory incomplete
substitution of the isopropyl group with direct substitution on the ring.

Nitration of (4-TMSPh)gTg by fuming nitric acid was carried out. Although the
reaction at room temperature gave some decomposed products, the nitration reaction
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Scheme 9 Clean and complete nitration at 4-position of phenyl groups of 4-TMSPh POSS cages
(see also Scheme 7)

itself, by substitution of the trimethylsilyl group attached to phenyl ring, could be
completed in 10h. The reaction at —30°C gave almost pure completely nitrated
products. Cleavage of Si—oxygen or Si—phenyl in the silsesquioxane structure was
not noticed. The reaction scheme is shown in Scheme 9 [91].

5 Incompletely Condensed Oligomeric Silsesquioxanes

5.1 Heptaphenyltricyclo[7.3.3.1>!! [heptasilsesquioxane-3,7,
14-triol (heptaphenylheptasilsesquioxanetriol: Ph;T7-triol)
and Octaphenyltetracyclo[7.3.3.3%7 Joctasilsesquioxane-
5,11,14,17-tetrol (octaphenyloctasilsesquioxanetetrol:
PhgTg-tetrol)

When application to the synthesis of new cage-containing structure is considered,
the completely condensed systems are not convenient. Incompletely condensed
systems, in which silanol functional groups are included, can be used with
more versatility. Feher obtained three incompletely condensed POSS, namely,
(cyclo-CsHy)7Si709(OH)3, [(cyclo-C7H;3)7Si709(OH)3], and tetrol [(cyclo-
C7H3)6Si607(0OH)4], in 29, 26, and 7% yield, respectively [16]. A typical
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Scheme 10 Formation of incompletely condensed R;T7-triol and RgTg-tetrol cages

incompletely condensed cage is heptasilsesquioxanetriol (T7-triol), which is usually
used to synthesize a POSS-functionalized monomer like methacrylate [21-28].
As already discussed, it has been well-recognized that the structure of the
products — cages, branched or double-chain polymers, completely or incompletely
condensed cage — depends on the reaction conditions. Products seem to be generated
from multistep processes via many different intermediates [6—10, 14-20, 29, 30, 33—
36, 38, 39, 67-69]. Ty-triol can be obtained for various alkyl or aryl substituents.
We have paid attention to tetra-functional Tg-tetrol [37-39], possibly produced for
aromatic substituents according to Scheme 10.

5.2 Formation of PhgTg-tetrol

As already discussed, when phenyltri(methoxy)silane was reacted with water in the
presence of sodium hydroxide (Si:Na:H,O = 1.0:1.0:1.0) in i-PrOH or i-BuOH,
all-cis PhyTy4-tetrol tetra-sodium salt was formed. Neutralization with acetic acid
(0.5 M) gave the tetrol. Meanwhile, when phenyltrimethoxysilane (0.24 mol) was
treated with sodium hydroxide (Si:sodium = 2:1) at refluxing temperature of i-PrOH
(240 mL) for 4 h under nitrogen, a crystalline compound was formed [38, 39].

The compound after treatment with trimethylchlorosilane was determined to be
tris(trimethylsilylated) Ph;T7-triol using MALDI-TOF MS, 298i NMR and X-ray
single-crystal analysis. After 40h of stirring, another product with 1379.47 m/z
(calculated 1379.24 m/z) and two 2°Si signals at —76.12 and —78.94 ppm
(O3S8iPh) was obtained after trimethylsilylation, which was determined to be
tetrakis(trimethylsilylated) PhgTg-tetrol, (68.2% yield). Single-crystal XRD anal-
ysis confirmed the double-decker structure of the compound. The crystal of
PhgTg-tetrol included two THF molecules. The XRD structure is shown in Fig. 8.
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Fig. 8 XRD structure of PhgTg-tetrol
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Scheme 11 Bridging of PhgTg-tetrol by dialkyldichlorosilane

In Fig. 8b, it is shown that the oxygen—oxygen distances in a deck are on average
3.62and 3.71 A (0;-03 and 0,—04), and the silicon-silicon distances are 4.16 and
4.29 A (Si;-Si3 and Siy—Siy), respectively. The distance between terminal oxygen to
facing terminal silicon atoms (3.966 and 4.566 A) is much longer than the ordinary
Si—0 bond (1.609 A). Whereas tetrakis(trimethylsilyl) derivatives completely lost
their weight upon heating to 800°C, PhgTg-tetrol lost less than 2.6 wt% between
240 — 500°C, presumably due to the desorption of adsorbed or condensed water.
Decomposition began at 505°C, and the residue yield was 81.5%.

The intramolecular bridging reactivity of Tg-tetrol tetra-sodium salt is quite
interesting and the general reaction scheme is shown in Scheme 11. Reaction
with dimethyldichlorosilane gave completely condensed 5,5,15,15-tetramethyl-
1,3,7,9,11,13,17,19-octaphenylpentacyclo|[ 1 1.7.1.13 111719 19,17 decasiloxane,
M;:M,-Bjg (R, R* = CHj3) in almost quantitative yield. Such high and selective
reactivity of facing sodium salt of silanol in the PhgTg-tetrol structure will open
the possibility to selectively synthesize unique structures of new polysiloxanes and
higher order silsesquioxane structures.

5.3 Reactivity of Four Silanol Groups of PhgTg-tetrol

The reactivity of each silanol in PhgTg-tetrol seems quite similar, and selective func-
tionalization was difficult. Treatment of PhgTg-tetrol with an equimolar amount of
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dimethyldichlorosilane usually gave bis(dimethylsilyl)-substituted product, M,; M-
B, as shown in Scheme 12.

By controlling the reaction conditions, facing diol function could be bridged to
give capped product at only one side, M,Bg-diol. Introduction of a polymerizable
group to the remaining disilanol gives a new type of monomer. One example is
shown in Scheme 13.

This system will give a new silsesquioxane and polycarbosilane hybrid system.
Trialkoxysilane functional groups can be also introduced to the PhgTg-tetrol struc-
ture, as shown in Scheme 14.
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Scheme 12 Selective functionalization of PhgTg-tetrol (See also Scheme 11)
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5.4 Scrambling of the Components in the Formation
of PhgTg-tetrol

The cleavage of PhgTg under strongly basic conditions was studied with the in-
tention to obtain PhgTg-tetrol, which could be a new procedure for forming cyclic
tetramer, incompletely condensed Ph;T7-triol, and PhgTg-tetrol through framework
rearrangement of PhgTg. Apparent reaction paths are shown in Scheme 15 and the
synthetic results are summarized in Table 5.
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Scheme 15 Formation of incompletely condensed T7-triol and Tg-tetrol cages via the hydrolysis
of the Tg cage mixture

Table 5 Products in the hydrolysis of the mixture of PhgTg and RgTg followed by
TMS-capping

Temperature  Time

No. Ph/R Solvent °C) (hr) Product

1 Ph/Ph? i-Propanol  r.t. 40 Ph4T4-tetrol-4TMS

2 Reflux 24 PhgTg-tetrol-4TMS

3 i-Butanol 90 24 PhgTg-tetrol-4TMS

4 Ph/Ph® i-Propanol  Reflux 24 Ph;T7-triol-3TMS

5 Ph/Ph-ds° Reflux 24 R/gTg-tetrol-4TMS
R’7T7-triol-3TMS

6 Ph/Ph-ds¢ Lt. 40 Only R/4Ty-tetrol-4TMS

7 Ph/o-Tolyl® Reflux 24 R’7T7-triol-3TMS

PhgTg:H,O:NaOH = 1:2:4 (molar ratio), 0.17 M
PhgTg:H,O:NaOH = 1:1:2,0.1 M
ZPhng:(Ph—d5)ng:HZO:NaOH =1:1:4:8,0.04 M
PhgTg:(Ph-ds)gTg:HyO:NaOH = 1:1:4:8 (molar ratio), 0.045 M
PhgTg:(0-Tolyl)g Tg:H>O:NaOH = 1:1:4:8), 0.11 M

-
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When PhgTg was hydrolyzed with water and sodium hydroxide (PhgTg:H,O:
NaOH, 1:2:4 in molar ratio) in i-PrOH at room temperature for 40 h, PhyT4-
tetrol with all-cis configuration was produced as the major component. PhgTg-
tetrol was obtained in high yield when the hydrolysis was carried out in refluxing
i-PrOH or at 90°C in i-BuOH for 24 h. When the molar ratio of raw materials
(PhgTg:H,0:NaOH) was changed from 1:2:4 to 1:1:2, PhyT7-triol became the main
product. Consequently, hydrolysis of PhgTg by sodium hydroxide in water—alcohol
solvents was a selective method for obtaining cyclic tetramer, Ph;T5-triol, and
PhgTg-tetrol frameworks depending on the reaction temperature and the ratio of raw
materials. When co-hydrolysis of PhgTg and (Ph-ds)sTg was carried out, not only
Tg-tetrol but also T7-triol with mixed substituents was formed, as in the case of hy-
drolysis of PhgTg (Table 5). The molar ratio, estimated from 2°Si NMR, was about
1.5:1. The weight ratio after column chromatography was 2.33:1. In 2°Si NMR,
peaks of silsesquioxane frameworks of both the T7-triol and Tg-tetrol were sepa-
rated into two different chemical shifts. The reason is that phenyl and phenyl-ds
substituents were randomly distributed in T7 and the Tg frameworks, and that the
silicon atoms linked to phenyl and phenyl-ds substituents have only slightly differ-
ent electronic effect. More quantitative data were obtained by MALDI-TOF MS, as
shown in Table 6.

Deuterated substituents were distributed randomly in both R}-T7-triol-3TMS
and RgTg-tetrol-4TMS. The scrambling of substituents occurred even at room
temperature for T4-tetrol, although not as extensively as for Tg-tetrol and T7-triol at
the refluxing temperature of the solvent.

If the hydrolysis of PhgTg is a simple decomposition process, the frameworks
of Ph;T7-triol-3TMS and PhgTg-tetrol-4TMS should consist of only one kind of
the same substituent (Scheme 16), but this is not the case. Random distribution
of substituents in the products in the co-hydrolysis of PhgTg with (Ph-ds)sTs and

Table 6 MALDI-TOF MS data for R;T7-3TMS and RTg-tetrol-4TMS obtained from
PhgTg and (Ph-ds)gTg co-hydrolysis after capping
Ph/Ph-ds  Relative intensity [M+Na]", found [M+Na]*, calc.

R’ T7-triol-3TMS 6/1 25 1174.61 1174.21
512 63 1180.15 1179.25
4/3 100 1185.22 1184.28
3/4 99 1189.26 1189.31
2/5 64 1195.16 1194.34
1/6 34 1199.09 1199.37
R§Tg-tetrol-4TMS  7/1 11 1384.50 1384.27
6/2 21 1389.99 1389.30
5/3 40 1394.82 1394.33
4/4 45 1399.65 1399.36
3/5 41 1403.99 1404.39
2/6 26 1409.81 1409.42

1/7 11 1415.48 1414.46
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Scheme 16 Decomposition, scrambling, and reassembling of cages

(o-Tolyl)gTg provides strong evidence for the hydrolysis of these POSS as a reshuf-
fling process, by which completely condensed POSS decomposed into smaller
fragments, and then reassembled to form T7-triol and Tg-tetrol structures.

6 Polymers and Higher Order Structures with Cage Oligomeric
Silsesquioxane Core

It is generally accepted that many of the properties of polysiloxanes are a con-
sequence of the static and dynamic nature of the siloxane backbone [92]. Linear
poly(dimethylsiloxane)s have been well-known to show particular characteristics
such as low glass transition temperature (7, ), thermo-stability, stability against ox-
idation due to a strong and flexible main chain, and physiological inertness and
hydrophobicity based on mainly methyl side chains. However, low T, and easy
cleavage of Si—O-Si bonds under acidic or basic conditions, or by thermal treatment,
often limits their applications [93, 94]. Introduction of bulky and rigid moieties like
phenylene, naphthylene, anthrylene, phenanthrylene, or adamantylene moieties in
the main chain increases T, and the thermal stability of the polysiloxanes [95-98].
These polymers, especially, poly(arylene-dimethylsiloxane)s are good candidates
for high-temperature elastomers because of the flexible Si—O-Si backbone and in-
creased thermal stability given by the presence of an arylene moiety [99-101].
Although the introduction of bulky and rigid organic moieties improves some ex-
pected properties, it breaks the continuity of the Si—O-Si backbone in the polymer.
If double-decker silsesquioxane consisting of only siloxane bonds was introduced
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into polysiloxane backbone instead of an organic counterpart, the resulting polymer
would be expected to exhibit higher 7, and better thermal stability than found with
organic moieties, because of the stronger siloxane bonds. In addition, the cage part
might introduce toughness and enhanced gas permeability to the polymer because
loose packing leaves some free volume, and also reduce its dielectric constant be-
cause of the low polarity of cage silsesquioxane [21, 42—44].

By selecting a suitable bridging group of PhgTg-tetrol, functional groups can
be introduced to the cage POSS structure to produce R,R’;R,R’-B;(y with polymer-
izable groups (See Schemes 11, 13, and 14). A typical functional group is SiH,
namely a silane functional group. Usually, hydrosilylation is the choice of reac-
tion for construction of a polymer structure using hydrosilyl-bridged R,H;R,H-B g
[102, 103]. We have been interested in constructing higher order structures of poly-
mers or silsesquioxanes by borane-catalyzed siloxane bond formation.

6.1 Siloxane Bond Formation in the Presence
of Tris(pentafluorophenyl)borane

To construct the above-mentioned structures, an efficient method of forming the
siloxane linkage is essential. Condensation of silane functional group with either
silanol, alkoxysilane, or alcohol catalyzed by tris(pentafluorophenyl)borane (TFB)
has been proved useful for forming siloxane linkages [104—113]. Transition metal
catalysts can be also used [114, 115]. The reaction catalyzed by TFB is considered
to proceed by the activation of the silane functional group by TFB (Scheme 17).

Some of the reactions are even stereospecific [116]. However, the steric effect
on the reaction is not well studied. Methoxysilane has much higher reactivity than
ethoxysilane, and propoxysilane is almost not reactive in the reaction. In some cases,
a slightly elevated temperature was required [107].

We noticed that the reactivity of the silane and silanol (alkoxysilane) compo-
nents in the condensation was very much dependent on the steric environment of
the silicon atom bearing the functional group. To construct new polymer structures
consisting of only POSS cage, understanding the reactivity of silane and silanol in
POSS structures during siloxane formation is essential.

RsSiH + B(CeFsls —~——— RgSi—H"~~"B(CeFs)s

RS ,SiRs

H, + RgSIOSIR; <€ O----HB(CgFs)s

|/

H

Scheme 17 Proposed reaction mechanism of the TFB-catalyzed dehydrogenative coupling
reaction
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6.2 Synthesis of Silane-, and Silanol-Functionalized Cage
Oligomeric Silsesquioxanes

The structures of the silanes and silanols studied, including dimethylsilyl (DMS)
derivative, are shown in Fig. 9.

The synthetic route to i-Bu,OH;i-Bu,OH-B g is shown in Scheme 18 [113].

The reaction of PhgTg-tetrol tetra-sodium with i-butyltrichlorosilane was
performed in THF solution in presence of triethylamine. The capping with
i-butyltrichlorosilane takes a longer time (12h) than with methyltrichlorosilane
(1h). Steric hindrance of the bulky i-Bu group results in the longer reaction time.
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Fig. 9 Structure of silane- and silanol-functionalized cage oligomeric silsesquioxanes
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Scheme 18 Capping of PhgTg-tetrol tetra-sodium salt with i-butyltrichlorosilane
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Fig. 10 The cis and trans configurations of i-Bu,OH;i-Bu,OH-B ¢

Comparatively less polar i-Bu,OH;i-Bu,OH-By was more soluble in toluene, and
formed insoluble products on reducing the volume of toluene. Drying the solvent
from the clear filtrate gave i-Bu,0OH;i-Bu,OH-B as colorless solid product.

Three signals were observed in 2°Si NMR at —67.27, —78.90, and —79.26 ppm
(corresponding to e, f and g, respectively, in Fig. 10) for i-Bu,OH;i-Bu,OH-B (. The
signal of trans isomer should appear as one signal (g), and that of cis isomer could
appear as two signals (g; and gp), as can be understood from Fig. 10. Actually,
the signal g has split into three peaks, which suggested the existence of isomeric
structures for i-Bu,OH;i-Bu,0OH-B . Existence of two doublets at 0.81 ppm (CH>)
and another two doublets at 0.91 ppm (CHs), in 'H also strongly suggests the exis-
tence of isomers for i-Bu,OH;i-Bu,OH-B .

Isomers of i-Bu,OH;i-Bu,OH-B;( were separated by fractional crystallization
and column chromatography. A solution of isomeric mixture of i-Bu,OH;i-Bu,
OH-Bp (2g) dissolved in chloroform (10mL) and hexane (25mL) was kept
in a refrigerator overnight to induce formation of solid. The solid formed was
separated by filtration and contained a mixture of isomers with intensity of 8:2
(isomer-1:isomer-2). Hexane (15 mL) was added to the filtrate and the mixture kept

—30°C for 24 h to induce further precipitation, which contained an isomeric ratio
of about 2:8 (isomer-1:isomer-2).

The solid fraction [1g of isomeric mixture of ratio 8:2 (isomer-1:isomer-2)]
was developed on a silica gel column using toluene as solvent. The isomers were
successfully separated as two fractions [isomer-1, Ry = 0.29, 0.72 g (80%) and
isomer-2, Ry = 0.23, 0.18 g (20%)]. A slight difference in solubility was utilized
to separate them. Before final separation of isomers on a silica gel column, frac-
tional precipitation was performed to create a different isomeric ratio in the mixture.
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A relatively long column was used for better efficiency. Pure isomer-2 was obtained
easily from the mixture having isomeric ratio of 2:8 in the same manner.

Fine crystal of isomer-2, suitable for X-ray crystallography, was obtained by
slow evaporation of a 10 wt% CHCI;/benzene (1:2) solution. Together with the
'H, 2°Si NMR, and MALDI-TOF MS, single-crystal XRD definitely confirmed that
the isomer-2 with Ry = 0.23 is the cis isomer. The more soluble i-Bu,OH;i-Bu,
OH-B|( isomer is trans isomer. The cis isomer exists as aggregates due to inter-
molecular hydrogen bonding. The simplified structure is shown in Fig. 11.

Bis-silane, i-Bu,H;i-Bu,H-Bjgwas synthesized similarly to the synthesis of
i-Bu,OH;i-Bu,OH-B( in Scheme 18, as shown in Scheme 19.

Other silane- or silanol-functionalized compounds were also synthesized as
shown in Scheme 20 [22, 117].

Trisilanol i-Bu;T7-triol was easily converted into i-Bu;TgCl in ca. 70% yield.
End-capping of i-Bu;T7-trisilanol with trichlorosilane, or with tetrachlorosi-
lane followed by reduction with lithium aluminum hydride gave i-Bu;TgH.
Hydrolysis of i-Bu;TgH readily gave i-Bu;TgOH. Treatment of i-Bu;TgOH with
dimethylchlorosilane gave i-Bu; TsODMS.

Fig. 11 Simplified configuration of cis i-Bu,OH;i-Bu,OH-Bgbased on the analysis of single-
crystal XRD
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i-Bu,H;i-Bu,H-B1o

Scheme 19 Synthesis of i-Bu,H;i-Bu,H-BofromPhg Ts-tetrol tetra-sodium salt
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Scheme 20 Synthesis of i-Bu;TgX (X=H, Cl, OH, ODMS) from i-Bu;T7-triol

6.3 Reactivity of Silane and Silanol Functions in Cage
Oligomeric Silsesquioxanes

The reaction between triphenylsilane and triphenylsilanol in the presence of TFB
proceed without any problem at room temperature. The reactions of triphenylsilane
with M,OH;M,0OH-B, i-Bu,OH;i-Bu,OH-B g, or i-Bu;TgOH, and that of triph-
enylsilanol with M,H;M,H-B¢ or i-Bu; TgODMS proceeded smoothly.

Some effects of the structure were observed for the reactions of cage
silsesquioxane derivatives. Reaction of M,H;M,H-B;y with M,OH;M,OH-By,
or i-Bu,0OH;i-Bu,0OH-B also proceeded without major problems. For an example,
M,H;M,H-Bjp (0.97 g, 10.9 x 1074 mol) and an isomeric mixture of i-Bu,OH;
i-Bu,0H-Bj( (0.1 g, 1.8 x 10~* mol) and TFB (0.0074 g, 1.5 x 1073 mol, 2 mol%)
were reacted in toluene (5 mL) at room temperature for 24 h. The resulting solution
after filtration through a Florisil column was reduced in volume under vacuum
and precipitated slowly via slow addition into methanol (40 mL) to obtain a white
polymeric solid (0.98 g).

The reaction of triphenylsilanol with i-Bu,H;i-Bu,H-B( or i-Bu;TgH did not
proceed well. The reactions of i-Bu,H;i-Bu,H-By with M,OH;M,OH-B( or with
i-Bu,0OH;i-Bu,0OH-B ¢ did not give any polymers, even at 110°C and a long reaction
time (72 h). Steric hindrance around the silane function in i-Bu,H;i-Bu,H-B{y seems
quite high in the presence of isobutyl substituent, as shown in Scheme 21.

The reaction of i-Bu;TgH with i-Bu,OH;i-Bu,OH-B, or of i-Bu,H;i-Bu,H-B
with i-BuyTgOH did not occur either. The reaction of i-Buy;TgH with i-Bu; TgOH
showed interesting aspects concerning the catalyst activity, as shown in Scheme 22.
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Fig. 12 Structure of the silane function in various cage silsesquioxane structures

The TFB-catalyzed dehydrogenative coupling did not occur, nor any trans-
formation; whereas the reaction in the presence of platinum 1,3-divinyl-1,1,3,3-
tetramethyldisiloxane [Pt(dvs)] resulted in formation of the coupling product in very
low yield (<2%) as well as unidentified compounds.

The reactivity of the silane is improved in M,H;M,H-B( (D structure). Not sur-
prisingly, if one more silicon atom is covalently introduced onto the Tg framework
structure, the reactivity of the produced i-Bu; TgODMS (M structure) is very much

improved compared with that of i-Bu;TgH in which the hydrogen is attracted to the
T-structured atom, as shown in Fig. 12.
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Scheme 23 Tentative reaction mechanism for dehydrocoupling reaction catalyzed by TFB

A tentative reaction mechanism for the TFB-catalyzed dehydrogenative coupling
reaction of the POSS silane with POSS silanol is shown in Scheme 23, following
the accepted mechanism shown in Scheme 17 [107, 112, 112].

Formation of i-BuyTg-O-i-Bu;Tg was possibly caused by nucleophilic
substitution. Product was isolated in 45% yield, in accordance with the detailed
description of synthetic procedure in [117].

6.4 Polymers with Cage Oligomeric Silsesquioxane
in the Main Chain

Based on the above-mentioned results, polymers were synthesized using i-Bu,OH;
i-Bu,0OH-B g and linear oligosiloxane (Scheme 24).

The polymers Pg;s, Prran, and Ppyix were isolated in 92, 87 and 86% yields, re-
spectively, according to the detailed procedure described in [113]. The results of
polymerization are summarized in Table 7.

Figure 13 shows the 2?Si NMR of polymers. The peak at around —55.95 ppm
assigned to the T2-structured silicon O,Si(i-Bu)(OH) completely disappeared and
a new signal at —67.27 ppm was observed, corresponding to the T3-structured
silicon atom, which also confirms the condensation between the hydroxyl group
of i-Bu,0OH;i-Bu,0OH-B g and hydrogen atom (HSi) of tetrasiloxane. Furthermore,
two new signals at —21.18 ppm and —20.63 ppm (Fig. 13a—c) are assignable to
the silicon chemical shifts of tetrasiloxane. These two signals again support the co-
condensation of i-Bu,OH;i-Bu,0OH-B and tetrasiloxane units.
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Scheme 24 Cross-dehydrocoupling polycondensation of i-Bu,OH;i-Bu,OH-Bjy and 1,1,3,
3,5,5,7,7-octamethyltetrasiloxane to obtain polymers Pg;s, P;yqns, and Ppix

Table 7 Polymerization of i-Bu,OH;i-Bu,OH-B o with octamethyltetrasiloxane with feed ratio
1:1 catalyzed by TFB at 60°C and the thermal properities of the formed polymers

Polymer properties

i-Bu,OH; i-Bu,OH-B Tys4°C) Residual (wt%)
Structure 7,,(°C) (MW/Mn)b x 1073 T,°(°C) T,°(°C) Np  air Ny air
cis 304 P.s 50/29 ~30 ~39 500 470 77 52
trans 357 P rans 64/39 ~35 ~82 500 460 79 53
mix 295 Pmix  42/27 ~34  ~45 450 400 71 53

Determmed by DSC (30°C/min)
By GPC with polystyrene standard
By TMA (10°C/min)

5% weight loss by TGA (10°C/min)

Chemical shift of Si atoms of i-Bu,OH;i-Bu,OH-B (except for capped Si atoms)
gave a singlet at —78.90 and a triplet at —79.28 ppm, which after polymerization
gave a triplet with an enhanced intensity of the centered signal at —79.63 ppm
(Fig. 13c).

The above-described polymerization can be applied to oligosiloxanes with dif-
ferent length and substituents. Longer chain length gave softer polymer having
lower 7. The use of phenyl groups as substitute in linear siloxane instead of methyl
groups, or oligosiloxanes shorter than trisiloxane gave insoluble polymer.

The thermal properties of polymers Pjs, Psrans, and Pix were studied using DSC,
TGA, and TMA, and the results are summarized in Table 7 and Fig. 14.

All the polymers exhibit good thermal stability above 450°C. The high thermal
stabilities of these polysiloxane polymers arise due to the presence of a B¢ unit in
the main chain. It can be seen that 5% weight loss temperature (Tys) for the P.;; and
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Fig. 13 2°Si NMR of
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Fig. 14 Thermogravimetric
analysis of polymers
Peis,Pirans, and Ppix in
nitrogen and air with a
heating rate of 10°C/min
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P;ans are around 500°C in nitrogen atmosphere ,whereas that of Py is 450°C. The
distinguishable low degradation temperature recorded for Pp,;x compared to that of
P.;s and P;,4,s might be due to the presence of random cis and trans sequences of
B in the backbone. The residual weights at 760°C for Pg;s, Pyrans, and Ppix are 77,
79, and 71%, respectively, in nitrogen. The residual weight at the same temperature
analyzed in air was 53%, which was consistent with the complete removal of only
organic moieties from the polymer structure via oxidation, namely as SiO; (53%).
Apparently, no cleavage of tetrasiloxane or cage component occurred. Accordingly,
some of the organic moieties still remained at 760°C, while maintaining all the
siloxane-connected main chain under nitrogen atmosphere.

Although clear T, values could not be seen for all the polymers at heating
or cooling rate slower than 30°C/min, they might be in the range of 30-35°C,
even with tetrasiloxane as connecting unit. Since the 7, analysis did not show
a clear difference between the polymers, detailed information was obtained by
thermo-mechanical analysis on film samples. It is interesting to note that the
P;yans showed considerably higher softening temperature than P;; or Pyx. These
T, or softening temperatures are much higher than those of linear polydimethyl-
siloxane (—123°C). Poly(arylene-disiloxane)s with disiloxane as connecting unit
showed Tj in the range of —20 to 60°C [95, 96]. The present value is comparable
with these data. The improved T, of polymers Pis, Prrans, and Py are due to
the presence of the bulky and rigid double-decker silsesquioxane unit in main
chain. The double-decker silsesquioxane unit is comparatively bulkier and more
rigid than organic moieties. 7; of the polymer synthesized from i-Bu,OH-Bjg
and oligosiloxane [HSi(CH3),O{Si(CH3),0},-Si(CH3),H), average n = 14 as
determined by 'H NMR] was found to be around —80°C. Although Zhu et al. com-
mented on the toughening effect of short and long polydimethylsiloxane chains in
a polysilsesquioxane network [118], detailed discussion on the effects of the incor-
poration of oligodimethylsiloxane chain in the molecular structure of the polymer
backbone could not be made.

Although polymers Pgis, Prrans, and Ppix have a high content of double-decker
silsesquioxane (82 wt%), they provide excellent film qualities with high trans-
parency. Films with thickness 50-85 um were prepared. The optical transparency
of a polymer can be seen by comparing photographs of the silsesquioxane symbol
taken directly and taken through the polymer, as shown in Fig. 15 for P;,.
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Fig. 15 Photographs of silsesquioxane symbol on white paper, taken (a) directly and (b) through
a thick film (83 um) of P



Polyhedral Oligomeric Silsesquioxanes with Controlled Structure 219

Polymers were also synthesized from M,H-B o with M,OH-B( or i-Bu,OH-B g,
based on previously described data. M,H-B¢ (0.2 g, 0.173 mmol) and M,OH-Bo
(0.21g, 0.173mmol), or M,H-B;y (0.18¢g, 0.16 mmol) and i-Bu,OH-Byy (0.2 g,
0.16 mmol) were reacted in the presence of TBF (0.0035g, 2mol %) in toluene
(1 mL) at 90°C. After a few minutes of stirring, the monomers went into solution
with hydrogen bubbling, which confirmed the progress of reaction. The reacting
solution was stirred for a further 12h, and the mixture was then poured into
methanol to give a precipitate, which was dried in vacuum to give 0.28 g and 0.29 g
(68%, 72% yield) of polymers P1 and P2, respectively. The crude polymers were pu-
rified by repeated re-precipitation from THF into methanol. The results of synthesis
and thermal analysis are shown in Table 8 and Fig. 16.

The reaction between M,H;M,H-By and M,OH;M,OH-B |, was also examined
in the presence of various transition metal catalysts of Pt, Pd, and Rh. These

Table 8 Polymerization of M,H;M,H-B ¢ with M,OH;M,OH-B o and
i-Bu,OH;i-Bu,OH-B o

Tg5°(°C)  Residual (wt%)

Polymer M,,/M,? Tgb °C) N, Air N, Air

Pl 40,000/13,000 245 520 - 76 -
23,000/9000 484 484 77 35

P2 24,000/9000 522 501 81 51

sz GPC with polystyrene standard
‘Determined by DSC (10°C/min)
5% weight loss by TGA (10°C/min)

100 —
N

90

80
9 — — — - P2-air
@ 70- —— P1-nitrogen
3 — — — P2-nitrogen
S 60
(]
=

50

40

30 T T T

200 400 600 800

Temperature (°C)

Fig. 16 Thermogravimetric analysis of polymer from M,H;M,H-B o with M,OH;M,OH-B, (P1)
or i-Bu,H;i-Bu,H-B((P2) in air and nitrogen with a heating rate of 10°C/min
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Scheme 25 Polymerization of M,H;M,H-B o with R,OH;R,OH-B ¢

catalysts, especially tris(dibenzylideneacetone)dipalladium [Pd,(dba);], have been
found to be efficient catalysts for the cross-dehydrogenative coupling polymeriza-
tion of linear hydrosilanes and linear silanols, as described in our previous paper
[95], but they were not effective for this reaction. Simple heating of compound M,
OH; M, OH-B did not give polymer, either. Interestingly, the reactions proceeded
at a lower temperature (90°C) in 12 h (Scheme 25).

Polymers with molecular weight by gel permeation chromatography (GPC) of
My /M, = 24,000/9000 Da and M,,/M,, = 23,000/9000 Da were obtained from the
combination of M,H-B¢ and M,OH-B( or i-Bu,OH-B .

7 Higher Order Polysilsesquioxanes with Oligomeric
Silsesquioxane as Constitutional Units

Although some interest has been given to the construction of dendritic polysilox-
ane systems [111, 119], research on the preparation of higher order silsesquioxane
systems with cage oligosilsesquioxane as constitutional units has been limited,
until now. Wada reported on alkylene-bridged higher order POSS as a model for
a silica catalyst surface [120]. This was the first attempt to prepare the giant
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silsesquioxanes with dendritic structure, in which POSS was incorporated as cores
and periphery. However, there have been almost no reports on the construction of
higher order silsesquioxane systems composed of POSS with definite structure con-
nected through siloxane linkage, which allows enhanced thermal stability of the
materials compared with those made of alkylene linkages.

Until now, some investigations of POSS dimers or trimers covalently linked
through siloxane linkage have been reported. The synthesis of POSS dimer was
first reported by Fei [121] for bis(silsesquioxanyl) ether [Cy;TgOCy;Tg, where Cy
is c-CgHj1], prepared by controlled hydrolysis of Cy;TgCl in the presence of tri-
ethylamine, Anderson obtained similar compounds by the reaction of R;TgCl and
R;TgOH (R = Cy or Cp; where Cp is c-CsHy) in the presence of n-butyl lithium or
triethylamine. The structure of the dimer, R;T§OR7Tg, was characterized by XRD
and theoretical calculation. A POSS trimer was also synthesized [117]. However,
the reactions were extremely slow even when heated to high temperature. We used
the knowledge described in Sect. 6 to construct higher order silsesquioxane struc-
tures with POSS, starting from either cyclic tetrasiloxanetetrol (R4T4-tetrol) or a
polyhedral spherosilicate (Qg) as cores.

7.1 Dehydrogenative Coupling Reactions for Synthesis
of the Higher Order Silsesquioxane Structures

Dehydrogenative coupling reaction of cage silsesquioxane silanes with cage
silsesquioxane silanols were carried out similarly to the procedures described in
Sect. 6 in the presence of TFB. Based on the results that M-type silane showed high
reactivity, even toward silanol groups in cage silsesquioxane, i-Bu;TgODMS and
Qg-8DMS were selected as silanes, and R2T4-tetr01 and i-Bu;TgOH were selected
as silanols. The reaction schemes and the structure of the compounds are shown in
Schemes 26-28.

The reaction of PhyTy4-tetrol with i-Bu; TsODMS was rather slow when equimo-
lar amounts of the reagents were used. POSS dimer (PhgTsOPhgTg) was formed
as a minor product, which should have resulted from a side reaction of the
hydrolyzed silanol with i-Bu;TgODMS. Simple passage through a Florisil column

i-Bu ICH3 R'\ RHO\S/'~R' /Fl'
i —s5i— 07O g Siz—0~>'/~0—si
Bu_ 0% oS \ o’ —si—o”
R S T W A R o—9 0 CHy i8u
1-Bu ~Si~ < i i
i Si—0 1-0—Ssi OR' Si i-Bu
4 ° "B"\\Si/o £ oo '\O/S\i\o/ on _TFB_ chy 0 /°/,Si/gtsi/
.-0"> oSt “si—05rsi]
SiZo-Si~g’ Nigy OH /'A o \\,’.Bu\o
i-Bu i-Bu Ry tetrol o "B“\\S./o
Zo—Si- I
i-Bu;T,0DMS ra’ O NO B

R'4T-tetrol-4[Si(CH),-0-i-Bu;Tg]

Scheme 26 Dehydrogenative coupling reaction of i-Bu; TgODMS with R4 T4-tetrol (R=Ph, i-Bu)
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Fig. 17 29Si NMR for the product from PhyT4-tetrol with i-Bu; TgODMS. The number indicate
the position of silicon atom in the structure

was sufficient to obtain the completely substituted product by removing the incom-
pletely reacted compounds with remaining silanol groups, or excess PhyTy-tetrol.
'H, 13C, and ?°Si NMR signals are shown in Fig. 17. MALDI-TOF MS gave the
value of 4135 m/z for [M + Na]™ for the calculated molecular weight, based on the
most abundant isotope, 4110 m/z. The compound was concluded to be the target

compound.
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entry 5. rt, 24h

entry 4: .t 24h

entry 3.1t 24h

entry 2:r.t., 24h

entry 1:rt, 12h

I I
-f9.3 -60.0 ppm

Fig. 18 PhSiO; 2°Si NMR for the product from i-Bu;TgODMS in 1:4.5 (entry 1-3) and 1:6
(entry 4 and 5) molar ratio at the designated times; r.f., room temperature

The change in the NMR signal during progress of the reaction under various
reaction conditions is shown in Fig. 18. The stereochemistry of the starting tetrol,
when the mixture of the stereoisomer was used, was maintained in the products in
the earlier stage of the reaction at room temperature (entries 1 and 2 in Fig. 18).

Interestingly, when the reaction was carried further at 1:6 molar ratio of PhyT4-
tetrol with i-Bu;TgODMS for a longer reaction time (24 h, entry 4), the con-
figuration of the product became all-cis. This was also true for the reaction of
i-BuyT4-tetrol, as shown in entry 5 in Fig. 18. This is another example of scram-
bling the constitutional units of the POSS cage.
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-80 -90 -100 -110 -120 Ppm

Fig. 19 298i NMR for the product from Qg—8ODMS with i-Bu; TsOH. The numbers indicate the
position of silicon atom in the structure

The reaction of all-cis PhsTy-tetrol with i-Bu; TgODMS gave a slightly lower
yield (ca. 70%, entry 5) than the reaction of the mixture of stereo-isomers under the
same reaction conditions (ca. 80%, entry 4). All-cis i-BuyTy-tetrol gave a similar
yield of ca. 70%. The MALDI-TOF MS also gave a reasonable value (4051 m/z for
4025 m/z).

Various transition metal catalysts of Pt, Pd, and Rh were not effective in this
dehydrogenative cross-coupling condensation reaction, even though some of them
had been reported as efficient catalysts for linear hydrosilanes and silanols in our
previous paper [95, 115].

To further investigate, the reaction of Qg-8ODMS with i-Bu;TgOH was per-
formed at room temperature or at 60°C. When 14 equivalents of i-Bu;TsOH were
used, a product was obtained after passing through a long Florisil column to remove
excess i-Bu;TgOH. The NMR signals of this product are shown in Fig. 19.

Hydrosilane resonance (8 4.7 in 'H) completely disappeared, and a new silox-
ane methyl signal appeared at 0.2 ppm. 2°Si NMR indicates the presence of
Q- (—118 ppm), T- (—70 ppm), and D-type (—18 ppm) silicon atoms. The pres-
ence of D-type Si signal also clearly indicates the formation of siloxane linkage
between Q and Tg cages. The Q-type signal was shifted to a higher field com-
pared with its original position (—108 ppm), and the T-type signal was also shifted
from —100 ppm. Thus, the NMR signals qualitatively support the formation of the
desired product.

However, MALDI-TOF MS gave the considerably lower ion mass peak at
6867 m/z ([M+Na]™) than expected (7658 m/z as [M]™1). It is not clear whether
such inconsistency was caused by the incomplete structure of the compound, or by
the decomposition of the compound in MS analysis. Because quantitative analysis
of the ratio of A and T cages was not possible due to the absence of proton signal
of the Q cage, and inconsistent values in MS analysis were obtained, we admit that
there is still doubt about the accurate structure of the product. Nevertheless, we can
conclude that a higher order POSS structure was constructed from T4 and Qg cores.
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8 Conclusion

In the first half of this article, the features of the formation of cage oligomeric
silsesquioxanes, including several new functional cages, were described and a pos-
sible reaction mechanism was proposed. Synthesis of selectively functionalized
phenyl POSS at the 4-position was reported, based on the new synthetic proce-
dures. In the second half of the article, the formation and utilization of incompletely
condensed POSS to construct new polymer structures or higher order structures was
described.

Possible future applications of completely condensed cages will be found in re-
inforcing of nanohybrid materials. Introduction of functional groups in a controlled
manner is important. The functionalized cage will find application in the synthesis
of new higher order silsesquioxane structures. Incompletely condensed cages will
find applications in functionalization of silsesquioxane derivatives as core material
for the construction of opto- and electroactive materials. Such compounds can be
used for improvement of the performance of holography gratings and high resolu-
tion next-generation resist materials. These materials will also find application as
transparent insulating materials or optoelectronics materials. Application in hard
coating materials is also interesting.
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