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Polyphenylsilsesquioxanes. New structures—new
properties

Maxim N. Temnikov{2? and Aziz M. Muzafarov

The review describes the synthesis and properties of various forms of polyphenylsilsesquioxane (PPSQ).
Among the forms described, we present the well-known ladder (l-PPSQ) and polyhedral (p-PPSQ) forms,
from the first studies to the latest achievements. The practical prospects of these compounds and the
possibility of their modification are estimated. These PPSQ have a regular polycyclic structure, which
allowed us to compare them with random polycyclic analogs (r-PPSQ). The last part of the review
describes the acyclic PPSQ (a-PPSQ) obtained recently. The methods for their synthesis and
modification are presented. Modification of (a-PPSQ) allows two new forms of PPSQ to be obtained. The
first one is a hyperbranched PPSQ. The second one is a globular PPSQ or a nanogel as it is called by the
authors. Both forms are of great interest because their physicochemical properties differ greatly from the
known ones (l-PPSQ, p-PPSQ, r-PPSQ). The areas of practical application of the new PPSQ forms are

rsc.li/rsc-advances predicted.

1. Introduction

Polyorganosilsesquioxanes with the general formula RSiO; 5
represent an important class of organosilicon polymers. Due to

“Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences,
ul. Vavilova 28, Moscow, 119991 Russia. E-mail: aziz@ineos.ac.ru

*Enikolopov Institute of Synthetic Polymeric Materials, Russian Academy of Sciences,
ul. Profsoyuznaya 70, Moscow, 117393 Russia

Maxim N. Temnikov graduated
from Moscow State University of
Fine Chemical Technologies in
2012. He received PhD in Poly-
~—  mer Science from Enikolopov
T Institute of Synthetic Polymeric
: Materials, Russian Academy of
Sciences in 2017. In present time
he is working as a senior
researcher in Andrianov Labo-

ratory of Organosilicon
Compounds at Nesmeyanov
Institute  of  Organoelement

Compounds of RAS headed by Aziz M. Muzafarov. Main direction
of his research is the synthesis of organosilicon monomers and
polymers.

This journal is © The Royal Society of Chemistry 2020

the synergy of the properties of organic and inorganic
compounds, they are widely used in various fields of industry
and in everyday life.">

A special place in this class of polymers belongs to poly-
phenylsilsesquioxanes (PPSQ). The phenyl radical at the silicon
atom gives these compounds enhanced thermal and radiation
stability.® In combination with excellent dielectric properties,
hydrophobicity and solubility, this allows them to be widely
used as protective coatings for electronic devices.*® Coatings
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based on commercial varnishes based on phenylsilsesquioxane
(or its copolymers with difunctional monomers) ensure long-
term operation of devices under high humidity conditions at
250-300 °C.°

The optical transparency and high refractive index make
polyphenylsilsesquioxanes attractive objects for optics and
optoelectronics. They are used as waveguides’™® and coatings
for optical devices."**

Incorporation of various lanthanide complexes into pol-
yphenylsilsesquioxanes allows one to obtain plastic lumines-
cent materials. The addition of luminophores to PPSQ by
chemical reactions appears even more attractive.’* Such mate-
rials are promising for the formation of multiband luminescent
optoelectronic devices.

Incorporation of PPSQ into copolymers improves various
physical properties of the latter. For example, its copolymer with
polyurethane has enhanced electrical insulating properties,*
while incorporation of 25% of polyphenylsilsesquioxane blocks
into polydimethylsiloxane (PDMS) noticeably increases the
radiation stability of the latter.>®

The concept of PPSQ incorporation into PDMS has been
implemented commercially. In Russia, FGUP NIISK (St.
Petersburg) produces a block copolymer under “Lestosil”
trademark. In this block copolymer, the rigid PPSQ block

15-17
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combined with flexible polydimethylsiloxane imparts superior
mechanical properties to these copolymers. Heat-resistant
insulating coatings which combine strength and hardness
with high elasticity are obtained on this basis.*»** A similar
formulation with an original structure, an analogue of Lestosil-
Blocksil, was developed at INEOS RAS (Institute of Organoele-
ment Compounds, Russian Academy of Sciences).>

As one can see from the above, PPSQ are used in various
human activities. They are used both in pure or copolymer form
(varnishes, compounds) and in composite materials. Moreover,
PPSQ can be used as a polymer matrix, filler or modifier in
composites.

Such a variety of application areas is not due to a special
versatility of PPSQ but to the variety of structural forms corre-
sponding to the same chemical composition of the polymer. In
the majority of the above cases, the properties of PPSQ for
a specific practical application were optimized by empirical
selection of synthesis conditions. The sensitivity of the PPSQ
structure to the conditions of its synthesis implies that the
properties can be optimized in structure-properties
coordinates.

In general case, PPSQ are prepared by hydrolytic poly-
condensation of a trifunctional monomer PhSiX;, where X = Cl,
OAIk or OAc. The main difference between PPSQ and products
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Fig. 1 Organosilsesquioxanes with different macromolecular structures.
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obtained by polycondensation of other trifunctional organo-
silanes (for example, methylsilsesquioxanes) is that, along with
mixed, so-called cyclolinear polymers (Fig. 1 (I)), compounds
with regular structures can also be synthesized (Fig. 1 (Il and
III)).> In other words, the statistical structure of I completely
degenerates into II or III under certain conditions. The ability to
form such structures is promising for the development of
selective synthetic methods, as well in studies of structure-
properties relationships.

As one can see from Fig. 1, though the PPSQ forms vary, they
have a common feature. All of them are polycyclic. Methods for
the preparation of an acyclic PPSQ were developed rather
recently.>**® Obviously, the new PPSQ form may expand its
application scope even further. Moreover, we will be able to find
out how the new form will affect the properties of the final
polymer.

The purpose of this review is to compare the known poly-
cyclic forms of polyphenylsilsesquioxane with the new acyclic
form in terms of synthesis and properties.

We will consider regular (ladder, macrocyclic, polyhedral
PPSQ) and PPSQ with statistical composition. These
compounds will be compared with hyperbranched a-PPSQ and
their derivative nanogel form, n-PPSQ. The applied and funda-
mental potential of the new PPSQ form will be estimated.

2. Polycyclic forms of PPSQ

2.1. Ladder PPSQ

One of the best known PPSQ representatives has a ladder
polymer structure (I-PPSQ) (Fig. 1 (II)). This unique compound
has been the focus of studies in many scientific centers for
several decades. An 1-PPSQ was first synthesized by Brown in
1960.>° The approach he used for this involved three stages.” At
the first stage, the hydrolysis of phenyltrichlorosilane (PTCS) is
performed in a solvent containing excess water. The reaction
products have a low molecular weight of about 10°. At the
second stage, the resulting hydrolyzate is subjected to an
equilibrium rearrangement in the presence of a strong base
such as KOH. The molecular weight of the so-called prepolymer
obtained at this stage is 10, At the final stage, a concentrated
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T =220-260°C |
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solution of the prepolymer is subjected to high-temperature
(250 °C) polymerization in the presence of KOH as a catalyst.

The reaction product is soluble in a number of organic
solvents and has a molecular weight of 10° to 10°. In this case,
the glass transition temperature is higher than the decompo-
sition temperature, which indicates that the rigidity of the main
macromolecule chain is extremely high.

Due to the ladder structure, -PPSQ compounds possess
a number of unique properties, namely, high thermal and
thermooxidative stability (up to 500 °C) and ability to form
strong films.”” The high molecular weight and good solubility
combined with the beneficial properties inherent in PPSQ
mentioned above make them very attractive polymeric matrices
for a wide range of composite materials.****>>

The formation of such a regular polymer under the drastic
conditions of the synthesis indicates the thermodynamic pref-
erability of the polycyclic structure that is formed in this
process. It was shown®® for the polymerization of a mixture of
tolylsilsequioxanes (close analogues of PPSQ) as an example
that at temperatures above 270 °C, the ladder/cage-like polymer
equilibrium shifted towards the formation of low molecular
weight cage-like structures, Fig. 2:

The authors attribute this to entropy factors. In other words,
a cage-like structure will be thermodynamically preferable at
high temperatures.

The drastic conditions used in the preparation of I-PPSQ
result in a certain defectiveness of the polymer structure. This
undoubtedly reduces its regularity; negatively, or rather
unpredictably, affects the properties, and makes it much more
difficult to control them.** Analyzing these defects is not an easy
task. The problem of overcoming these drawbacks, as well as
the recent high interest in studying the properties of regular
polymers, served as a driving force for the search for new
selective approaches to the synthesis of highly regular 1-PPSQ.

At the first stage, the effect of the pre-organization of
precursors was estimated. Switching to disiloxanes and other
phenyltrichlorosilane partial hydrolysis products obtained
using the ingenious method of vapor-phase hydrolysis devel-
oped at INEOS RAS showed that monomers with different
numbers of silicon atoms give rise to macromolecules with
different hydrodynamic characteristics. This was attributed to

[\

Fig. 2 Equilibrium in a ladder/cage-like polymer system.?®
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Fig. 3 Scheme for the synthesis of a cyclic [-PPSQ. Reprinted with permission from ref. 40. Copyright 2020 American Chemical Society.

differences in the structure of the products.*® As a quintessence
of this approach, tetraphenylcyclotetrasiloxane-tetraol, or
“tetrol”, was used as the starting reagent as a mixture of
stereoisomers*® or as individual stereoisomers.*”*® In this case,
the rigidity of ladder macromolecules increased greatly, as it
was quantitatively confirmed later.*

It should be noted that the most satisfactory results were
achieved by preliminary hydrolysis and/or condensation of
organosilicon monomers. The resulting prepolymer was then
subjected to anionic polymerization. The structure of such

1) MeOH

a polymer is also of interest. One of the modern examples
describes a method for the preparation of a macrocyclic ladder
oligomer* (Fig. 3):

The polymer structure was confirmed by a set of state-of-the-
art methods. The methods included PXRD, MALDI-TOF MS, FT-
IR, GPC, solid-state >°Si NMR, as well as the more conventional
'H and ®C NMR in CDCl; solution. The data obtained were
correlated with computer calculations. It is likely that in the
studies cited above (1970-1990), similar (possibly more defec-
tive) structures were obtained. However, the level of analytical
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Fig. 4 Scheme for the synthesis of [-PPSQ. Reprinted with permission from ref. 41. Copyright 2020 American Chemical Society.
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methods available at that time did not allow the exact structure
of the condensation products to be determined.

Later, pre-organized predecessors were resorted to again at
a new round.” The idea was to organize structural units
preliminarily using the hydrogen bonds of the SiOH groups and
the m-m stacking of the phenyl substituents. Further, the
hydrogen bonds were converted to covalent bonds by a chemical
reaction. Thus, the pre-organized (ladder) structure was fixed.
This method developed by Zhang includes three sequential
steps:

(1) Synthesis of a four-functional monomer (“a” in Fig. 4).

(2) Self-organization of the monomer followed by lyophili-
zation (“b” in Fig. 4). It results in ladder superstructures (LS).

(3) In situ polycondensation on an inert flask surface (“c” in
Fig. 4).

Powder X-ray diffraction (PXRD) data are the main evidence
of the ladder structure. Fig. 5 shows the diffractograms for the
products obtained:**

It can be seen from the figure that if different solvents are
used at the stage of LS pre-organization, the width and intensity
of the peaks in the diffractogram vary (Fig. 5a—c). It has been
shown in previous studies*>** that the peak around 7° corre-
sponds to the intramolecular interchain distance (in other
words, the chain width, see Fig. 9, w), while that at about 20°
corresponds to the chain thickness (see Fig. 9, ). It was shown**
that these distances well correlate with the results of theoretical
calculations. Further evidence about the pre-organized ladder
structure in LS is provided by the authors' experiment with
addition of urea. Once it was added, the width, maximum and
intensity of peaks in the diffractogram (Fig. 5d) changed
significantly. This observation was attributed to a violation of
the ladder structure due to destruction and rearrangement of
hydrogen bonds.
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Fig. 5 XRD patterns of ladder superstructures (LS) lyophilized from
monomer solutions (0.1 mol L™% 0 °C) in different solvents: (a) 1,4-
dioxane, (b) acetonitrile, (c) acetonitrile/toluene (1 : 1, v/v), (d) aceto-
nitrile/toluene (1 : 1, v/v) + urea (excess), respectively; (e) XRD pattern
of the ladder polymer |-PPSQ prepared via monomer self-organiza-
tion-lyophilization-surface-confined polycondensation. The inserted
chart illustrates the ladder width (w, w’) and ladder thickness (t, t') of
the ladder superstructure and |-PPSQ, respectively. Reprinted with
permission from ref. 41. Copyright 2020 American Chemical Society.
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In addition to XRD, ?°Si NMR spectroscopy data can also
provide evidence of the ladder structure. Fig. 6 presents the
NMR spectra of the products obtained:**

One can see from the figure that I-PPSQ has a narrow peak
with a chemical shift of about 78-80 ppm (Fig. 6a). If the reac-
tion is performed in acetonitrile, peak broadening is observed
(Fig. 6b). In the case of a pre-organized ladder structure,
a singlet that can be attributed to the (Ph,Si(OH),),O monomer
is observed (Fig. 6¢). In general, it should be noted that XRD and
298i NMR spectroscopy alone are insufficient to prove a ladder
structure. The use of these methods is based on a number of
previous studies where the evidence base was much more
comprehensive.

If this approach is followed, the resulting I-PPSQ has
a molecular weight of up to 2 x 10* (according to GPC) and
a glass transition temperature of 7, = 140-160 °C. The fact that
the 1-PPSQ synthesized in this work have a T, indicates that the
actual MW is considerably smaller than that measured by GPC.
This can be explained by the conformation of the ladder
structure. This conformation is rod-shaped due to an extremely
high rigidity of the macromolecular chain. The MW of the I-
PPSQ obtained were estimated by GPC using polystyrene stan-
dards. In this case, the same hydrodynamic radius of a poly-
styrene coil and 1-PPSQ will correspond to different MW values.
The MW of a polystyrene coil is greater than that of I-PPSQ.
Therefore, analysis of 1-PPSQ based on polystyrene standards
should give overestimated MW values.

Though this approach was rather unsuccessful (high
molecular weight structures were never obtained), its funda-
mental difference was that the preliminary self-organization of
functional structural elements was attempted. It should be
reminded that pre-organized precursors were used in the
previously known variants, and their subsequent treatment was

—| |—W,,

| |—w,,

L and
R RRRR R AR AR AR AR R R R AR AR R R SRR R AR RRRRRRRARE]
20 0 -20 -40 -60 -80 -100
&/ppm

Fig. 6 2°Si NMR spectra of (a) |-PPSQ prepared via monomer self-
organization-lyophilization-surface-confined polycondensation, (b) -
PPSQ prepared via solution polycondensation in acetonitrile, (c) ladder
superstructure self-organized in acetonitrile solution at 25 °C.
Reprinted with permission from ref. 41. Copyright 2020 American
Chemical Society.
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performed by the traditional scheme with preliminary
precursor condensation followed by anionic polymerization.

The idea of preliminary self-organization of structural
elements and abandoning polymerization processes was further
developed by X. Yang et al***® who used an endo-template
approach. It involves the use of ethylenediamine at the stage of
phenyltrichlorosilane hydrolysis as shown in Fig. 7:

The I-PPSQ thus obtained had a highly regular structure and
a molecular weight of about 5 x 10%. Their structure was
confirmed by XRD and *°Si NMR spectroscopy, like in the
previous paper.

It should be noted that this approach was already demon-
strated previously elsewhere.*® Unlike in this study, para-phe-
nylenediamine was used. Moreover, the resulting
siloxanesilazane polymer was not converted to 1-PPSQ.

The simplest way for synthesizing ladder 1-PPSQ was sug-
gested by S. Choi et al* The hydrolysis of phenyl-
trimethoxysilane (PTMS) occurred at room temperature in the
presence of K2CO3 as a weak base. The molecular weight of the
resulting polymer was 1.5 x 10*. At the same time, the product
contained nearly no residual hydroxy groups. Yet another
important conclusion made in the article concerns the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 7 Scheme of synthesizing l-PPSQ by the endo-template method.** Reproduced with the permission of Springer.

concentration of the starting PTMS. In fact, if the initial
monomer content was high (above 4.5 M), selective formation of
1-PPSQ occurred, whereas polyhedral oligophenylsilsesquioxane
(p-PPSQ) with general formula [PhSiO1.5]12 (Fig. 8) was ob-
tained at concentrations below 4.5 M.

It was shown by 2°Si NMR spectroscopy that, like in the case
described above, the formation of a ladder or polyhedral phe-
nylsilsesquioxane was preceded by 1,3-diphenyltetrahydrox-
ydisiloxane (Fig. 8 “3”). It is possible that this monomer
subsequently undergoes self-organization. In this case, the
concentration determines the pathway of the product forma-
tion. K,COs is required for catalyzing the condensation of SIOH
groups. It is a weak base that cannot rearrange the siloxane
frame under mild conditions.

These works demonstrate the complexity of synthesizing
regular 1-PPSQ with low defectiveness. On the other hand,
decreasing the defectiveness by using milder synthesis condi-
tions results in a decrease in the product's MW. For compar-
ison, we can refer to a work by Unno***° who developed
a complicated but very efficient scheme for synthesizing
a ladder polysiloxane with isobutyl substituents at silicon
atoms. This unique model work made it possible to synthesize
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Fig. 8 Scheme for synthesizing (A) I-PPSQ and (B) [PhSiOj sl;». Reprinted with permission from ref. 47. Copyright 2020 American Chemical

Society.
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Fig. 9 Structures of the most common polyhedral PPSQ.

rather a large completely defect-free “ladder”. Unfortunately,
the chemical technique used employs phenyl substituents at
the silicon atom as the functional groups, and therefore the
compounds obtained cannot be used as actual regular models
for 1-PPSQ. Nevertheless, the study of their properties gave
ample data for evaluating the regularity values of this class of
polymers.

Despite all the rich prerequisites, PPSQ did not find wide
practical application in its original form. However, they aroused
great interest as components of copolymer systems (Lestosils
and Blocksils, see above) and as objects for chemical modifi-
cation. For example, incorporation of nitro groups to a phenyl
radical by electrophilic substitution improves the compatibility
of 1-PPSQ with a polyimide matrix.>* Subsequent reduction of
the nitro group to an amino group resulted in chemical cross-
linking of the ladder polymer with the polyamido acid. The
composite thus obtained had higher glass transition tempera-
ture and Young's modulus. Yet another use of electrophilic
substitution for I-PPSQ modification involves the incorporation
of sulfonic acid groups at an aromatic substituent.”* Conductive
heat-resistant films based on modified I-PPSQ and polyaniline
were successfully obtained using this approach. The chemical
unambiguity of this modification raises many questions due to
the possible cleavage of the silicon-phenyl bond that readily
occurs under electrophilic conditions.? Apparently, the authors
were primarily interested in the properties rather than in the
process chemistry.

The examples presented above allow us to conclude that 1-
PPSQ that were first obtained in the 60 s of the past century
are still of interest for scientists. This is due to their unique
structure that makes them promising objects for further studies
on the structure-properties relationships. The specifics of the
synthesis make it possible to vary the molecular weight and
regularity of the resulting polymers, which noticeably affects the
properties of the latter. Moreover, modifying 1-PPSQ allows one
to expand its application field considerably. This is particularly
promising, taking into consideration the potential of new
methods for PPSQ synthesis under mild conditions.

2.2. Polyhedral polyphenylsilsesquioxanes

Polyhedral polysilsesquioxanes (p-PPSQ) (Fig. 1 (III)) represent
yet another well studied class of compounds. They attract

This journal is © The Royal Society of Chemistry 2020

particular attention as building blocks for nanocomposite
materials,>° i.e., objects used in catalytic systems®>* and as
precursors for the preparation of porous media.®

At the same time, the most studied representatives of this
class of phenylsilsesquioxanes, namely, [PhSiO1.5]z (Tg),
[PhSiO1.5]10 (T;6) and [PhSiO1.5]12 (Ty,) (Fig. 9), do not attract
particular attention, mainly due to poor solubility in the
majority of organic solvents.®

However, as it will be shown below, when they are modified
by electrophilic substitution at the phenyl ring, it is possible to
improve the solubility considerably and, accordingly, expand
the application scope of such compounds. The synthesis of
polyhedral phenylsilsesquioxanes is possible both under acidic
and alkaline conditions, though the yield of a target product is
usually higher under alkaline conditions.

A p-PPSQ was originally obtained by A. Barry et al.** Using
basic catalysis, they isolated [PhSiO; 5], n = 6. However, it was
found after clarifications that the product contained 8 rather
than 6 units. Later, Brown® isolated and described all the p-
PPSQ presented in Fig. 9. Currently, p-PPSQ are usually ob-
tained by basic® or acid hydrolysis®” of phenyltrichloro- or tri-
alkoxysilane. Tg is the main product of this reaction. To obtain
p-PPSQ with other sizes, a more careful selection of the
synthesis conditions is required. A synthesis of T;, was already
described above.” An approach to a synthesis of Ty, was
developed by R. Laine et al.®® Under optimal conditions, the
yield of Ty reached about 50% (after isolation). The approach
involves the use of tetrabutylammonium fluoride (TBAF) as
a catalyst. In that work, the rearrangement of Ty in the presence
of 1-10% mol. TBAP at various temperatures and in various
solvents was studied in detail. Based on the data obtained, three
possible mechanisms were assumed. It is better to use the
original publication to learn more about them. Here, we only
point out that this is a complex process in which the rear-
rangement involves the breakdown of some polyhedron faces
and the formation of new ones. This results in numerous
intermediates, as confirmed by MALDI-TOF and '’F NMR
spectroscopy.

It should be noted that Bassindale®”* was the first to use
TBAP for the synthesis of p-PPSQ. The resulting octapheny-
loctasilsesquioxane had a very unusual feature. A fluoride anion
was arranged inside its molecule (Fig. 10):
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Fig. 10 Octaphenyloctasilsesquioxane with a fluoride anion inside and a tetrabutylammonium counterion outside. Reprinted with permission

from ref. 70. Copyright 2020 American Chemical Society.

The compound thus obtained has a much better solubility
due to the presence of the tetrabutylammonium counterion.
This fact may expand the scope of p-PPSQ application.

The structure with encapsulated F~ is confirmed by single-
crystal X-ray crystallography data, as well as 'H, *°F, >°Si NMR
and MALDI-ToF data.

It should also be noted that in the above work by Laine,*®
neither Tg nor any other cell-like compounds with fluoride
encapsulated inside were detected. However, Tg with a five-
coordinated silicon atom in one of the corners was detected
as a transition state. Based on the data obtained, the authors
suggested the structure of such a compound with an exo-bound
fluorine atom, Fig. 11:

As noted above, p-PPSQ alone did not attract much interest
of scientists, except for applied researchers for whom the
“cubes” turned out to be a kind of “magic dust”, a magic powder
that improves the properties of everything: numerous polymer
formulations for adhesives, coatings, etc.”>”* It should be noted
here that, whether consciously or not, these compounds are
used in such formulations as a molecular nanoscale filler.

The situation changes upon their modification. Incorpora-
tion of functional groups into the organic component by
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Fig. 11 Exo and endo forms of p-PPSQ with F~ (ref. 68).
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electrophilic substitution reactions allows p-PPSQ to be subse-
quently used for synthesizing a variety of compounds. The most
common of these reactions are nitration’*”” followed by
reduction to an amino group, as well as halogenation.”®** The
feasibility of performing this reaction is rather unusual. This is
due to the fact that reactions of this kind usually result in the
electrophilic substitution of silicon at the ipso position of the
phenyl ring. However, in the case of p-PPSQ, the preservation of
the silsesquioxane core may be due to its high thermodynamic
stability, as well as its screening by phenyl substituents. More-
over, the silsesquioxane core exhibits strong acceptor properties
comparable in strength to those of the CF; group.®” The pres-
ence of functional groups at the aromatic core of p-PPSQ makes
it possible to subsequently incorporate nearly any organic and
inorganic functional and non-functional groups into these
compounds. Such transformations significantly expand the
scope of p-PPSQ practical use.

Yet another modification approach involves a partial
destruction of the inorganic core by reactions of the latter with
strong bases. Ja