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Unique silsesquioxane materials, bearing highly sterically hindered carbosilane substituents at SiOs»
centre, were derived from a novel precursor — (Me3Si);CSiMe,CH,CH,Si(OEt); - in a hydrolytic conden-
sation process under nucleophilic catalysis conditions. As proved by analytical results, crystalline or lad-
der-like [(MesSi);CSiMe,CH,CH,Si052]n (PTsiSS) were obtained, depending on the applied reaction

conditions. Due to the intrinsic features of (MesSi);CSiMe,—-carbosilane substituent (the bulk and large
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amount of Si-C bonds), the obtained ladder-like silsesquioxanes show specific properties (good solubility,
low dielectric constant k).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Oligomers and polymers of silsesquioxane framework (POSS)
can be typically obtained by hydrolysis of trichloro- or trialkoxysil-
anes [1]. The steric effect, generated by an organic group at silicon
atom of RSiOR’; or RSiCls, is one of the most important factors
directing structure of a growing silsesquioxane molecule. Highest
yields of polyhedral, crystalline silsesquioxanes (RSiOs2)s [2] or
(RSiOs3p2)s [3] were achieved with precursors bearing sterically
demanding ligands. On the other hand an ordered structure of
polymeric silsesquioxane matrix can be generated by a specific
choice of reaction conditions [4] or a “self-template” effect pro-
vided by specific morphology of the used precursors [5]. Self-orga-
nization and nanostructuring in these hybrid organic-inorganic
materials can be also achieved by surfactant-mediated methods
[6].

Tris(trimethylsilyl)methyl group (Ts;), and its derivatives, are
well known for the steric hindrance they can provide [7]. Bulky
Ts; groups have already been applied in polymeric systems and
were shown to exert an exceptional effect on the structure and
properties of macromolecules [8]. The unique steric requirements
of Ts; moiety can be also taken advantage of in the preparation of
hybrid carbosilane-silsesquioxane materials. The sheer volume
and nonpolarity of (MesSi);CSiMe,CH,CH,— substituent should
provide a “self-template” effect and direct the condensation of alk-
oxysilyl groups into formation of regular (polyhedral or ladder-
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like) structures. The presented work is focused on the relationship
between the reaction conditions and the structure of the obtained
[(Me5Si);CSiMe,CH,CH,Si052], (PTs;SS) materials (analyzed by
XRD, NMR and FTIR). Moreover, characteristic properties of PTs;SS
were studied by TGA, DSC and permittivity measurements. It was
shown that PTs;SS, having an exceptionally high amount of alter-
nating Si-C bonds, are thermally resistant insulating materials.

2. Results and discussion
2.1. Preparation of [(MesSi);CSiMe;CH,CH,Si03)5], silsesquioxanes

Hybrid carbosilane-silsesquioxane materials, based on SigO;;
cube, were obtained so far using [NMey]s[SigO20] [9], or (HSiO3)2)s,
(CHZZCHSi()g/z)g, (CHZZCHSIMEZSIO?,/z)g and (HSiMeZSiO3/2)8 [10]
as respective precursors. Specifically, carbosilane dendrimers hav-
ing central SigO,, unit were prepared by building up the carbosi-
lane arms in consecutive hydrosilylation/vinylation steps [11].
We have chosen the “convergent” approach, and preparation of
silsesquioxane molecules surrounded by carbosilane groups, using
reactive trialkoxysilane (MesSi);CSiMe,CH,CH,Si(OEt); as the pre-
cursor (Scheme 1).

Condensation of the precursor in a typical acid/base catalyzed
sol-gel process was the initial synthetic approach. The first dis-
couraging experiments ended up with mixtures of unreacted
(MesSi)3CSiMe,CH,CH,Si(OEt); and short silsesquioxane oligomers
(a typical result for sol-gel reactions carried out using trialkoxysi-
lyl monomers with bulky organic substituents [12]). The sol-gel
approach was replaced then by hydrolytic condensation catalyzed
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(Me3Si);CSiMe,CH=CH, + HSi(OEt);
|

[Pt]

|

(Me3Si)3CSiMe,CH,CH,Si(OEt); —TBAF__ [(Me3Si);CSiMe;,CH,CH,Si032]n

Scheme 1. Preparation of [tris(trimethylsilyl)methyl]dimethylsilyl-silsesquioxanes.

by an ionic catalyst - tetrabutylammonium fluoride (TBAF). TBAF
was previously successfully used for the preparation of octahedral
silsesquioxanes with cyclopentyl or cyclohexyl groups [13], as well
as octamethyloctasilsesquioxane [14]. It turned out to be the meth-
od of choice for PT;SS materials, which were obtained with good
yields under the applied conditions. Since commercially available
TBAF contains about 5% of water, that can be used in the hydrolysis
of alkoxysilyl groups, H,O itself was not added to the system. The
reaction was carried out under very mild conditions, at room tem-
perature, in a variety of solvents [ethanol, acetone, dichlorometh-
ane and tetrahydrofuran (Table 1)]. Precipitation of insoluble
products was observed for all the studied systems. In EtOH the
insoluble fraction I-A was separated (“A” for all experiments
throughout the text is a label for the insoluble product), and the
soluble residue (fraction I-B) was recovered from the filtrate and
purified. In THF and acetone all PTg;SS products precipitated as
insoluble fractions (respectively, II-A and IV-A). Insoluble PTg;SS
(II-A) precipitated also from CH,Cl,, but in this case the remaining
soluble residue was composed of two different type poly-
silsesquioxanes (fraction III-B - fine particles precipitating after
concentration of the filtrate, fraction III-C - fibrous polymer ob-
tained by precipitation of the most soluble part of PTsSS into
EtOH). All PT;SS products, separated as white solids from the reac-
tion mixture, were still soluble to various degree in organic sol-
vents (THF, CH,Cl,, CHCl3) after drying.

2.2. Characterization of the structure of hybrid carbosilane—
silsesquioxanes

A substantial solvent effect on the structure of PTg;SS material
could be anticipated, similar to the one observed for condensation
of 2,4,6,8-tetraethoxy-2,4,6,8-tetramethylcyclotetrasiloxanes [14]
or CpSi(OEt); [13] in the presence of TBAF. THF is reported to pro-
mote formation of highly condensed porous solids (especially in
the presence of an ionic catalyst as TBAF), whereas nonporous
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xerogels can be obtained in alcohols [15]. Indeed, the kind of reac-
tion medium controls also the structure of PTsSS. The type of
structure was evaluated on the basis of results obtained using com-
plementary analytic methods (XRD, NMR, FTIR).

2.2.1. X-ray powder diffraction

It was found that the separated fraction III-A (obtained in
CH,Cl,) is composed of regular, crystalline polyhedral species
(characteristic XRD lines at 20 = 5.96° and 20 = 11.86°, Fig. 1). Poly-
meric PTg;SS (I-A, II-A, 1lI-B, 1II-C and IV-A) show two characteristic
broad lines at 20 = 5.1° and 260 = 11.8° in their XRD spectra (Fig. 2).
These peaks indicate a certain degree of organization in the sils-
esquioxane framework of PTs;SS materials. In silsesquioxanes two
broad Bragg peaks can be an indicator (not a conclusive one) of
an ordered ladder-like organization of siloxane bonds [16]. Similar
broad XRD patterns were also reported for meso-structured lay-
ered POSS materials, built of alternating inorganic and organic
phases [17,18]. For example, two broad signals corresponding to
6.4 A and 15.7 A spacing, were observed for carboranyl-containing
[1,2-C2810H10-1,2-(CH2CH2CstiO3/2)2]n Silsesquioxanes []7] The
materials exhibited a lamellar structure due to periodic alternating
organo-carboranyl units and silica layers. XRD halos of polymeric
PTsSS correspond to spacing of 17.3A (20=5.1°) and 7.5A
(20=11.8°). The spacing can be compared to characteristic dis-
tances calculated for the proposed arrangement (Scheme 2). The
intramolecular chain-to-chain distance [i.e. the width (w) of each
double-chained ladder-like molecule] is close to 17.3 A, whereas
the spacing of 7.5 A indicates the average thickness (t) of the lad-
der-like polymer. The result (supported by NMR and FTIR data, as
well as very good solubility of the obtained materials) suggested
that PTs;SS indeed can be of ladder-like structure. A closer look
on XRD pattern of II-A revealed that along the ladder-like product
also a crystalline form of PTg;SS is present in the sample. Due to
their similar solubility in THF, both species precipitated together
from the reaction mixture. The XRD diffractogram of the crystalline
part of II-A differs slightly from the one recorded for III-A, and is
composed of a set of multiple sharp peaks overlapping the XRD
pattern of ladder-like material. Bragg peaks in sample IV-A ob-
tained in acetone, also correspond to the ladder-like model, but
are more sharp. Thus, as evaluated by XRD, the structure of PTg;SS
correlates with the type of solvent used for the reaction. Aprotic
solvents of low polarity (CH,Cl,, THF) helped most to the formation
of crystalline species. The material of the least regular structure
(judging by broadness of its Bragg peaks) was obtained in polar
and protic EtOH.

Table 1

Reaction conditions and characteristics of [(MesSi);CSiMe,CH,CH,Si03/2], products.

Sample Solvent Type ¢ Y Xoey onfoC  [C]/[G] Mng  PDIgyy  Mnpaus  PDIvaus  Mngaus  PDIgaus  [#7] Ry C H

I-A EtOH p-p 240 736 979 0.142  0.92 1400 1.1 2700 1.0 3300 1.1 0.0258 1.11 41.61 9.93
I-B EtOH p-p 24.0 84 885 - - - - - - - - - - 2391 6.26
II-A THF a 7.5 752 935 0.100 0.68 1600 1.4 3800 1.2 3900 1.2 0.0281 1.24 41.69 9.80
1I-A CH,Cl, a 9.1 241 99.7 0.100 0.12 1300 1.1 3300 1.3 3000 1.2 0.0247 1.09 45.04 10.09
1I-B CH,Cl, a 9.1 152 985 0.090 0.98 1500 1.2 4400 1.2 3400 1.1 0.0205 1.05 40.61 9.54
1I-C CH,Cl, a 9.1 433 984 0.100 0.98 1500 1.1 3900 1.0 4200 1.0 0.0229 1.14 4464 945
IV-A acetone  p-a 370 80.1 95.1 0.100  0.58 1400 1.1 4100 1.0 4000 1.1 0.0245 1.17 4353 9.06

¢ - dielectric constant of solvent.

Solvent type - a (aprotic), p-a (polar aprotic), p-p (polar protic).
Y - yield (%).

Xorr) - degree of hydrolysis of alkoxysilyl groups by "H NMR (%).

on/sC - refractive index increment (in italics are artificial on/6C, assumed for less soluble samples on the basis of the value found for III-C).
[C.)/IG] - index of concentration (C. - calculated by apparatus, C; - of the prepared solution before filtration).

RI, MALLS, RALLS - detection methods.
[n] - intrinsic viscosity (dL/g).
Ry, - hydrodynamic radius (nm).

C - amount of carbon found for completely condensed [(Me3Si)3CSiMe,CH,CH,Si03)2], (wt%) (calculated 45.53%).
H - amount of hydrogen found for completely condensed [(Me3Si);CSiMe,CH,CH,Si052], (wt%) (calculated 10.03%).
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Fig. 1. XRD of crystalline PTg;SS (III-A).
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Fig. 2. XRD of ladder-like PTs;SS.
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Scheme 2. Proposed ladder-like arrangement in PTgSS [O and @ indicate
(MesSi);CSiMe,CH,CH, - substituents, w — width and t - thickness of a silsesquiox-
ane ladder].

2.2.2. NMR study

NMR analysis proved high degree of condensation in the stud-
ied PTs;SS samples. 'H NMR spectra confirmed almost complete
hydrolysis of Si-OEt moieties (Table 1). Also only T3 [T3: CSi(OSi)s]
type siloxane units were observed in 2°Si CP MAS NMR spectra at
—65.4 ppm (Fig. 3). No Ty [To: CSi(OR)s3, R=H or Et], T; [Ty: CSi(O-
Si)(OR),] or T, [T5: CSi(0Si),0R], (expected at ~—42 ppm, —49 ppm
and —57 ppm [19], downfield to T3) were detected. The range of
29Si NMR chemical shift of T3 units in silsesquioxanes depends
on the geometry of the system and type of substituents at silicon
atoms. For example, T3 are more deshielded in strained six-mem-
bered triangular cycles and show their resonances in the region
(—54) to (-55) ppm [2]. The chemical shift of T3 unit moves upfield
on decrease of the steric strain in siloxane ring [20]. 2°Si CP MAS
spectra obtained for PTgSS (I-A, II-A, III-A, 11I-B, III-C and IV-A)

-18.2 109.2
n-c

n-B

n-A

100 50 0 -50 -100 -150
o [ppm]

Fig. 3. 2°Si CPMAS NMR of PT;SS obtained in CH,Cl, (samples III-A, I1I-B and III-C).

did not show any significant resonance between 40 ppm and
60 ppm. Consequently, all PTg;SS are predominantly composed of
eight-membered siloxane rings.

NMR spectroscopy can be also a powerful tool for confirmation
of regularity of a silsesquioxane ladder. Typically, if a macromole-
cule demonstrates two Bragg peaks in its XRD pattern, and the res-
onance peak corresponding to the repeating Ts units in its NMR
spectrum has a narrow width at half peak (W;2), the macromole-
cule can be considered as a highly-ordered one (the narrower Wy s,
the higher the structure regularity). A substantial difference be-
tween Wi, of T; peak at —65.3 ppm in crystalline sample III-A,
and other fractions was observed. Peak of III-A is sharp (W;); =
0.8 ppm) and well defined (typical for a polyhedral POSS). It differs
from the broad resonances (W;, ~ 5 ppm) recorded for ladder-like
polymeric PTg;SS. As shown for other silsesquioxane systems with
bulky substituents [21], resonance line broadening for ladder-like
PTs;SS can be attributed, beside stereochemical differences in the
environment of T3, to large steric hindrance of (MesSi);CSiMe,-
CH,CH,- group that results in reduced mobility of Tz unit.
Resonances corresponding to MesSi— (1.3 ppm) and -SiMe,-
(2.4 ppm) groups, which are situated in the exterior of the mole-
cule, appear as sharp signals (W;;; = 0.8 ppm for all the samples).
13C CP MAS NMR spectra (Fig. 4) show similar dependence.

6.0

1.8

n-c

-B

-A

T T T T T T T

80 60 40 20 0 -20 -40
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Fig. 4. '3C CPMAS NMR of PT;SS obtained in CH,Cl, (samples III-A, I1I-B and III-C).
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It proves that polymeric silsesquioxanes of postulated ladder-like
structure are relatively ordered.

295i CPMAS NMR spectra of polymeric PTs;SS materials proved
also the presence of D and Q-type units in the silsesquioxane
framework, resulting from side reactions involving a nucleophilic
attack of fluoride ion on -CH,-SiO3;, silicon atom [14]. Silicon-car-
bon bond breaking as a result of nucleophilic activation was al-
ready reported in sol-gel reactions catalyzed by fluoride ions
[22]. The concentration of Q units is not high and varies in PTs;SS
fractions. The fraction I-B obtained in EtOH, seems to suffer most
on this process. Its 29Si MAS NMR spectrum (Fig. 5) indicated the
presence of two Q type siloxane structures (—99.7 ppm and
—109.1 ppm) in 2.2/2.9/1 respective ratio to T3 at —65.3 ppm. 'C
MAS NMR spectrum of I-B, apart from the set of peaks typical to
PTs;SS, showed also resonances at 58.8 ppm and 19.5 ppm (identi-
fied as unreacted -SiOEt groups) as well as two other at 24.1 ppm
and 13.2 ppm (chemical shift range typical to methylene carbons).
Elemental analysis has proved a substantial decrease of carbon and
hydrogen content in I-B (Table 1). Thermogravimetric analysis has
shown that the residue left after pyrolysis of I-B in N, is much big-
ger than those obtained for other PTg;SS (Fig. 6), which also sug-
gests relatively high content of -SiOSi-bonds in I-B. Si-F groups
were not detected in all samples ('°F NMR).

2.2.3. FTIR characteristics

High degree of condensation of silanol groups in the obtained
fractions of PTs;SS was confirmed by FTIR (Fig. 7). Bands related
to stretching vibration of -SiOH end groups (expected at
~930cm™! and ~3500cm™! [23]) were almost not observed
(Fig. 7a). Also, only traces of -SiOEt (950 cm™!) were detected.
All samples show similar characteristic vibrations [aliphatic C-H
stretching bands in the 2900 cm ™! region, a sharp band of 5(Si-
CH5) mode at 1261 cm™! and p(Si-CH3) at 856 cm™!]. More dis-
crete differences can be observed in 1200-900cm™! region
(Fig. 7b). It is known that strainless caged and ring structures show
a strong v(Si-0-Si) stretching absorption in 1115-1150 cm™! fre-
quency region [24]. A single v(Si-0-Si) band here may evidence
the presence of polyhedral silsesquioxane structures of Tg to Tq4
type [25]. Indeed, the crystalline sample III-A shows a narrow band
centred at 1122 cm™~'. Ladder-like silsesquioxanes usually have
two adsorption bands (Vring-sym at ~1040 cm™! and Vring-asym at
~1130cm™') in the discussed IR region [5e,16b,24f]. Higher fre-
quency mode Vying-asym corresponds to parallel, and Vying_sym to anti-
parallel displacements of oxygen atoms on opposite sides of a
siloxane ring. Intensity of these stretching modes can be linked
to symmetry of cyclic silsesquioxane structures [24f]. However,
the position of v(Si-O-Si) modes can be obscure in particular cases.
For example well-defined, highly regular ladder silsesquioxanes

-1.3

100 50 0 -50 -100 -150 -200
o [ppm]

Fig. 5. 2°Si CPMAS NMR of resinous PTg;SS (I-B).
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Fig. 6. Comparative thermal decomposition study (TGA) of PTs;SS in N, (10 K/min).

were reported to have one dominant v(Si-O-Si) band at
1045 cm~' [16d] or 1026 cm~! [5c]. A single IR band was observed
at 1121 cm™! for silsesquioxanes bearing bulky side substituents
[21]. Samples of PTs;SS of postulated ladder-like structure have
two broad and merging bands corresponding to v(Si-0-Si) adsorp-
tion - a dominant one at 1110-1122 cm ™' and an additional weak
shoulder at 1063 cm™!. v(Si-0O-Si) band of sample II-A is asymmet-
ric (its maximum is shifted towards Ving-asym mode) due to the
presence of crystalline polyhedral species. IV-A of most regular lad-
der-like framework (as indicated by XRD data) among the studied
samples, has also most defined 1122 cm~' shoulder of v(Si-0O-Si)
band. The observation that for all the samples of polymeric PTs;SS
asymmetric v(Si-O-Si) mode at ~1120 cm~! predominates, is of
particular interest. It can be assumed that ladder-like PTs;SS are
build of silsesquioxane rings of geometry close to the one observed
for polyhedral species. Similar Si-O-Si angles can be induced by
the presence of hindered Ts; moieties.

2.2.4. Molecular mass measurements

Due to the reasonable solubility of PTs;SS, their molecular
masses could be studied using multiple detection SEC [RI, light scat-
tering (MALLS and RALLS) and differential viscometer] (Table 1).
We have found that some samples were contaminated by a small
fraction of insoluble microgel (the presence of Q units can be the
reason). The difference between the injected mass and the one cal-
culated using én/5C (MALLS), can be expressed by the concentration
index [C.]/[C;] (Table 1). Well soluble samples of PTs;SS have their
[C/IG] = 0.92 (ideal value [C.]/[C]=1.0). Molecular masses of
the soluble fractions were found to be rather low. Using both light
scattering methods, MALLS and RALLS, masses of ~3500 D were ob-
tained. They correspond to the one calculated for PTs;SS with an
average degree of polycondensation n=10. Values obtained by
MALLS and RALLS are similar, except for IlI-B, which showed also
a bimodal distribution of molecules. SEC traces recorded for other
samples are quite sharp and symmetrical. Low values of M,
(1300-1600 D) obtained with RI method, small intrinsic viscosity
[#] (0.0205-0.0281dL/g) and hydrodynamic radius R, (1.05-
1.24 nm) of the studied samples suggest that the soluble polymeric
chains have compact structure in solution.

MALDI analysis was carried out for all the obtained products,
and it was found that the range of recorded m/z corresponds to val-
ues obtained using MALLS and RALLS. In spite of the described
above, reliable analytic results (NMR, FTIR) pointing to high degree
of conversion of -SiOEt and -SiOH groups, completely condensed
species (for example polyhedral Tg, Ty or T, PTs;SS) did not give
an appropriate response in MALDI. Instead, incompletely con-
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Fig. 7. FTIR spectra of PTg;SS (a) - complete spectra, (b) extension of Si—-O-Si region.

densed molecules of polyhedral framework (T;, Tg and Tg) were
detected as preponderant (Fig. 8). However, 2°Si NMR and FTIR
analysis proved that the samples indeed contain very few -SiOEt
or -SiOH functionalized species. Moreover, judging by XRD, NMR
and FTIR measurements, the main part of all studied PTs;SS
samples (except III-A) has in fact ladder-like structure. Unsatisfac-
tory MALDI results can be thus explained in terms of a very
difficult ionization of nonpolar, highly condensed PTs;SS.

2.3. Specific properties of hybrid carbosilane-silsesquioxane materials

Silsesquioxanes of a defined structure are often used for prepa-
ration of new multifunctional materials (polymer nanocomposites

and hybrids) having increased thermal resistance and good
mechanical properties [26]. The mechanism of thermal degrada-
tion of a POSS material depends on the structure of silsesquioxane
unit (cage, ladder-like or random network) and the type of organic
group R on Si atom [27]. When heated in an inert atmosphere,
polyhedral silsesquioxanes with small substituents undergo subli-
mation (430-530 K range for R=H, Me, Vi) or evaporation after
melting (580-630 K for R = i-Bu or octyl). Increasing the alkyl chain
length (from C; to Cyo) a substantial shift of the weight loss onset
to higher temperatures was observed [28]. On the other hand, phe-
nyl functionalized octahedral silsesquioxane shows higher thermal
stability (up to 620K) and low volatility [27]. Polymeric sils-
esquioxanes can be generally processed to higher temperatures
than their polyhedral counterparts (for example, polymeric vinyl-
silsesquioxane is stable up to ~720K [27]) and their decomposi-
tion at high temperatures can be yet impeded. For instance,
thermal stability of a ladder-like poly(vinylsilsesquioxane) was in-
creased by vinyl groups polymerization. As a consequence 5% mass
loss was observed only at ~900 K [29]. Incorporation of fluorine-
containing side chains to ladder-like poly(epoxysilsesquioxanes)
also delayed their thermal decomposition, both in nitrogen and
air (5% weight loss was observed at 700 K) [30]. Quite often, for
ladder-like silsesquioxanes, thermal decomposition occurs in the
vitreous state (below glass transition) because of the steric hin-
drance provided by side substituents at each repeating unit, and
consequently, a retardation of segmental motion of polymer chains
[31].

Poly(silsesquioxanes), due to their mixed cage/network struc-
ture, thermal stability and mechanical hardness, have been recog-
nized as potential candidates for low dielectric constant materials
[32]. The use of low-x dielectric materials of silsesquioxane struc-
ture [with dielectric constants lower than 3.9, which is the value
characteristic of SiO;] receive growing attention for components
separation in microelectronic devices [33]. Periodic mesoporous
organosilica thin films derived from bridged alkoxysilanes and
tetramethylorthosilicate can be used as low-x layers in microelec-
tronics [34]. They are hydrophobic, thermally and mechanically
stable, and have low dielectric constant (decreasing to values as
low as 1.8 with the increase of the organic content). [Cyclo-
hexenylethylMe,Si0SiO 5]4,~[HMe,Si0SiO5]4, cross-linked by
means of thermal hydrosilylation can be another example of a
good dielectric hybrid material [10d]. The precursor melts at
350 K and can be easily cast and cured to leave a cross-linked prod-
uct, which is stable in air above 670 K and shows good dielectric
properties (x = 2.8-2.9). The value of k of a hybrid silsesquioxane
material can be also lowered by the replacement of Si-O bonds
with less polarizable Si-C bonds (which also results in lowered
both material shrinkage and H,O uptake [35]), or breaking up Si-
0-Si network by large organic moieties (porosity generation). For
example, the use of large adamantylphenol substituents gave POSS
materials of dielectric constant x = 1.9-2.3 [36]. Tethering cova-
lently polyhedral POSS to organic polymers can also give organ-
ic-inorganic nanocomposite materials with low dielectric
constant (k ~ 2.3) and good mechanical properties [37].

2.3.1. Thermal analysis of PTs;SS

PTs;SS were found to be hydrophobic and extremely thermally
resistant. Five percent weight loss was observed only at about
700 K during the thermogravimetric analysis carried out in nitro-
gen (Fig. 6). Thermolysis of PTs;SS occurred sharply at ~720 K. No
sublimation on heating was observed, and a substantial char resi-
due (~30%) was left at 1100 K. All PTs;SS were analyzed by DSC
method and showed typically a particular thermal transition at
313 K (Fig. 9, melting was not observed in the studied temperature
range of 220-570 K). Usually, in a DSC trace of a regular amor-
phous polymeric system, such a steep slope indicates glass
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Fig. 8. MALDI of I-A - (Me3Si)3;CSiMe,CH,CH,- substituents were omitted for clarity of the presented structures.

transition (Tg), involving heat capacity change as the polymer ma-
trix transforms from the glassy state to the rubbery state. Ladder
polysilsesquioxanes usually show Tg at higher temperatures than
those observed for corresponding single-chain siloxanes. For rigid
PTs;SS molecules the transition at 313 K is not a glass transition
involving segmental movements of the double siloxane chain.
Due to an enormous anchoring effect provided by sterically hin-
dered Ts; moiety, a single-chain linear siloxane having
(Me5Si);CSiMe,CH,CH,- groups at each silicon atom did not show
any Tg before its thermal decomposition [8h]. Thus, judging by the
effect exerted by Ts; groups on linear analogues, double-chain
(Me3Si)3CSiMe,CH,CH,—  substituted ladder-like silsesquioxanes
should rather decompose before their devitrification. 2°Si CPMAS
NMR studies of PTs;SS at variable temperatures indicated a de-
crease of intensity of the resonance corresponding to (MesSi);C-
unit above 313 K (without peak broadening) (Fig. 9). The
resonances of -SiMe,- and -CH,SiO3- groups were found to be
insensitive to the change of temperature. The same trend was ob-
served by '>C CPMAS NMR (Fig. 10). The transition at 313 K is thus
assumed to be related to a selective decrease of the relaxation

2g;

-1.0

-50
o [ppm]

-100 -

heat flow [W/g]

time, which in a NMR experiment is usually observed for fast rotat-
ing groups. The observed phenomena seem to prove that the ther-
mal transition can be related to an increase of mobility of MesSi
groups. These findings can be of importance also concerning the
mechanism of thermal decomposition of PTs;SS [38]. It was shown
before, that selective decomposition of C-SiMe3z bonds occurred on
exposition of polysiloxanes, modified with side (Me3Si);C(CH;)s—
groups, to UV-laser light [8e]. Thus, thermal degradation of PTs;SS
occurring at 720K can be probably related to C-SiMes; bond
breaking.

2.3.2. Dielectric constant measurements

PTs;SS materials combine all the trends that can be beneficial for
lowering dielectric constant. Ts; group is large, composed of nonpo-
lar Si-C bonds. Its steric requirements allow not only for the forma-
tion of silsesquioxanes of regular structure, with siloxane clusters
separated by carbosilane matrix, but also for an increase of free
volume in the material. Preliminary tests indicated that the aver-
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Fig. 9. DSC thermogram of I-A and its 2°Si CPMAS NMR spectra corresponding to
specific temperatures.

Fig. 10. >C CPMAS NMR spectra of I-A recorded at specific temperatures.
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age dielectric constant x of the obtained PTs;SS materials is <1.9
F/m. For the measurements, samples of PTsSS (II-A, 11I-B, III-C)
were pressed into continuous, uniform pieces. Unfortunately, they
were not resistant enough (polyhedral PTs;SS IlI-A could not be
pressed into tablets) and any mechanical tests could not be per-
formed. The current works are focused on x measurements in thin
films of PTs;SS, as well as formation of monolithic PTs;SS.

3. Conclusions

A new class of hybrid materials - carbosilane-silsesquioxanes
(PTs;SS) — was synthesized. They were prepared in the hydrolytic
condensation process catalyzed by a nucleophilic catalyst (TBAF)
and using a novel precursor [(MesSi);CSiMe,CH,CH,Si(OEt)s]
which combines extremely sterically demanding tris(trimethyl-
silyl)methyl unit and alkoxysilyl function. The reaction conditions
were found to govern the structure of products. Aprotic solvents of
low polarity promote formation of crystalline species. However,
the fraction of these polyhedral moieties is relatively small. The
main part of the product has an ordered, ladder-like structure gen-
erated due to the specific steric requirements of nonpolar
(Me5Si);CSiMe,CH,CH,- groups (a “self-template” effect). Forma-
tion of a ladder-like siloxane framework is independent on the
type of solvent. Nevertheless, the higher polarity of the reaction
medium, the lower degree of order and more frequent side reac-
tions occurring at T3 silicone atom due to nucleophilic attack of
fluoride ions. All PTs;SS are solids of a high level of condensation,
reasonably soluble in common organic solvents and thermally sta-
ble (in nitrogen) up to ~720 K. Average dielectric constant x mea-
sured for selected PTs;SS samples was found to be ~1.9 F/m.

4. Experimental part
4.1. Analysis and general methodology

Liquid state NMR spectra of precursors and condensed soluble
materials were recorded in CDCl; as a solvent on DRX-500 MHz
("H, 3C and 2°Si NMR) spectrometer with TMS as the reference. So-
lid state NMR spectra were recorded on a Bruker MSL-300 MHz
spectrometer (59.6 MHz for 2°Si and 75.5 MHz for '3C) using a Bru-
ker CP MAS probe with a 4 mm zirconium rotor. The peak positions
were referenced to the signal of QgsMjg (trimethylsilyl ester of cubic
octameric silicate) standard. 'H-2°Si CP MAS and 'H-'3C CP MAS
NMR experiments were performed with sample spinning rates of
6 kHz and 8 kHz, respectively. Contact times (t) were 3 ms for
29Si and 2.5 ms for 3C with recycling delay of 6 s. Gaussian apodi-
zation was used to increase signal to noise ratio, which resulted in
broadening of resonance lines of less than 1 ppm. GC-MS CI+
analysis was carried out with a Finnigan MAT 95 spectrometer at
70 eV.

FTIR spectra were recorded with a Bio-Rad FTS-60 spectrome-
ter. Spectra were collected in the mid and far infrared regions
(4000-100 cm™!) after 256 scans at 2 cm™! resolution. Samples
were prepared by the standard KBr and polyethylene (Merck) pel-
lets methods. Spectra of soluble precursors [(MesSi);CSiM-
e,CH=CH, and (Me3Si);CSiMe,CH,CH,Si(OEt)3] were recorded as
thin films on a KBr plate.

Differential Scanning Calorimetry traces were recorded with a
2920 Modulated DSC apparatus (TA Instruments) calibrated
against indium and copper in nitrogen atmosphere at the temper-
ature range: 220-570 K (first and second heating). Thermograms
were taken for samples about 10 mg, placed in hermetic aluminum
pans, and heated/cooled at 10 K/min. Each thermal treatment was
repeated two times for each sample. The transition temperatures
were taken from the second run.

Thermogravimetric analyses were performed by the use of a Hi-
Res TGA 2950 Thermogravimetric Analyzer (TA Instruments) in
nitrogen or air atmosphere (heating rate 10 K/min, resolution 3,
sensitivity 3).

Scanning electron microscopy was performed using SEM Scan-
ning Electron Microscope JSM-5500 LV (Jeol) apparatus with sam-
ples attached to brass supports using an adhesive tape, and their
surface was sputter-coated with gold.

The crystalline structure was detected by wide-angle X-ray
powder diffraction measurement (WAXS) performed using Philips
X'Pert Pro MD diffractometer. Radiation used was Cu Kol line
monochomatized by Ge(111) monochromator. Standard Bragg-
Brentano geometry with 0-26 setup was applied (0.008° step size
and 5-90° 20 range).

Size exclusion chromatography (SEC) was performed as de-
scribed before [39], using a Wyatt Optilab 903 apparatus [LKB
2150 HPLC pumps, dual detector MALLS (Multiangle Laser Light
Scattering)/RI, two (TSK G4000HLX and G2000HLX) columns] and
Viscotek 270 dual detector [right angle laser light scattering, at
/=670 nm (RALLS) and differential viscometer]. CH,Cl, was used
as the eluent (0.8 ml/min). Samples were immersed in CH,Cl,, left
overnight (concentration of polymers: 1 mg/ml) and filtered
through 0.2 um pore size SRP membrane filters.

MALDI TOF spectra of the samples were recorded with Voyager-
Elite mass spectrometer. Nal was used as the cationizing agent, and
ditranol as the matrix.

Dielectric constant measurements were obtained using a Hew-
lett-Packard 4284A precision LCR meter at 1 kHz. Specimens were
prepared as a pressed, transparent tablets (1.4 cm of diameter,
400 pm thick) using 1 ton hydraulic press after the evacuation of
the chamber to 0.1 kPa. The height of specimens was measured di-
rectly with a micrometer. The sample was set between two alumi-
num plates with attached copper electrodes to measure the
dielectric constant at the selected frequency.

4.1.1. Reagents

Trimethylchlorosilane (98 %), bromoform (96 %), nBuLi (2.5 M
solution in hexanes), MeLi (1.6 M solution in diethyl ether) as well
as tetrabutylammonium fluoride [TBAF, 1 M solution in THF (con-
tains 5% of water)] were purchased form Aldrich. Platinum divinyl-
tetramethyldisiloxane complex (Karstedt’s catalyst, 3% solution in
xylenes), chlorodimethylvinylsilane (97%) and triethoxysilane
(97%) were bought from ABCR. Tris(trimethylsilyl)methane
HC(SiMe3)s [40] was prepared according to the respective litera-
ture procedures. Solvents (tetrahydrofurane, diethyl ether, pen-
tane, methylene chloride, ethyl alcohol, acetone) were supplied
by POCh (Polish Chemical Reagents). All solvents were carefully
dried according to the literature procedures [41] and distilled prior
to their use. Other reagents were used as received. All syntheses
were performed using standard Schlenk or syringe techniques un-
der an atmosphere of argon.

4.2. Synthetic procedures

4.2.1. Synthesis of tris(trimethylsilyl)(vinyldimethylsilyl ) methane
Fifteen milliliters of MeLi in diethyl ether (1.6 M solution,
0.024 mol) was placed in a Schlenk’s flask. Volatiles were removed
under vacuum and a solution of HC(SiMes); (5.06 g, 0.022 mol) in
THF (30ml) was added. The solution became yellowish after
10 min of stirring at room temperature. It was stirred at 343 K
for additional 2 h and then cooled to room temperature. CISiMe;-
CH=CH, (3.6 ml, 0.026 mol) was added drop-wise at room tem-
perature to the prepared solution LiC(SiMes);/THF. The mixture
became colourless gradually, on chlorosilane addition. It was then
stirred for additional 24 h at 343 K. Volatiles were removed under
reduced pressure, and the product was dissolved in diethyl ether
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(100 ml). The solution was washed with cold water to neutral pH
and dried over MgSO,, then separated. The crude product, after
volatiles removal on a Rotary evaporator, was dried (for 16 h under
vacuum at room temperature) to leave a solid material. Pure
(Me5Si);CSiMe,CH=CH, (6.05 g, Y = 87%) was isolated by sublima-
tion at 353 K/1 Pa.

(ME3Si)3CSiMech=CH2:

TH NMR (¢ ppm): 0.26 (s) SiMes (27H), 0.32 (s) SiMe, (6H), 5.65
(m)=CH, (1H), 5.91 (m) =CH, (1H), 6.35 (m) -CH= (1H).

13C NMR (¢ ppm): 3.1 SiMe,, 5.3 SiMe;, 130.3 =CH,, 143.2
-CH=.

295i NMR (o ppm): —8.3 SiMe,, —1.0 SiMes.

MS-CI (m/z): 301 (M—Me)* 100%, 213 (M—SiMe,—Me)" 16%, 201
(M—SiMe,—Vi)" 6%, 73 (SiMes)" 50%.

Elemental Anal. Calc.: C, 53.08; H, 11.45. Found: C, 52.71; H,
11.63%.

FTIR: 2974.3, 2900.8, 1390.4, 1259.0, 1168.3, 1142.9, 1106.2,
1081.8, 861.7, 847.5, 814.9, 783.3, 673.3.

4.2.2. Synthesis of tris(trimethylsilyl){[(1-triethoxysilyl)ethyl]
dimethylsilylymethane

A solution of (Me3Si);CSiMe,CH=CH, (1.02 g, 0.0032 mol) and
triethoxysilane (0.88 g, 0.0054 mol) ([SiH]/[CH;=CH-] = 1.7) in tol-
uene (20 ml) was prepared. Platinum catalyst ([Pt]/[CH,=CH-] =
5 x 10~ was added to the reaction mixture and the reaction was
carried out at room temperature. The composition of the reaction
mixture was studied by FTIR. After 48 h, once the addition to
CH,=CH- was completed, the volatiles were removed under re-
duced pressure to leave (Me3Si);CSiMe,CH,CH,Si(OEt); with quan-
titative yield. The product (viscous, colourless oil) was analyzed
and used without purification for the synthesis of silsesquioxane
materials.

(M83Si)3CSiM62cH2Csti(0Et)3Z

TH NMR (¢ ppm): 0.20 (s) SiMe, (6H), 0.23 (s) SiMes (27H), 0.5
(m) CH, (2H), 0.8 (m) CH, (2H), 1.22 (t) OCH,CHs, 3.79 (q)
OCH,CHjs.

13C NMR (o ppm): —1.8 Cq, 0.9 SiMe,, 2.9 CH,, 5.3 SiMes, 10.1
CH,, 18.1 OCH,CH3, 57.9 OCH,CHs5.

295i NMR (o ppm): 2.0 SiMe,, —2.0 SiMes, —45.7 Si(OEt)s.

MS-CI: 481 (M+1)" 40%, 465 (M—Me)" 100%, 421 6%, 289 23%,
73 (SiMes)" 3%.

Elemental Anal. Calc.: C, 49.94; H, 10.90. Found: C, 49.85; H,
10.53%.

FTIR: 2983.3, 2957.8, 2903.0, 1400.4, 1257.9, 948.5, 852.7,
784.3, 671.9.

4.2.3. Preparation of silsesquioxane materials by TBAF-catalyzed
hydrolytic condensation of tris(trimethylsilyl){[(1-triethoxysilyl)ethyl]
dimethylsilylymethane - a general procedure
(MesSi)3CSiMe,CH,CH,Si(OEt); (1.54 g, 0.0032 mol) was di-
luted with a given solvent, to obtain the concentration [SiO-
Et] = 0.49 mol/dm?>. To the solution (stirred at room temperature),
TBAF solution in THF was added with a syringe in one run ([SiO-
Et]/[F] = 4.9, [SiOEt]/[H,0] = 6.6). The stirring was continued at
room temperature for 72 h, and the mixture got turbid after a cer-
tain time. It was then filtered and the precipitate (white solid la-
beled fraction A for each experiment) was washed with large
volumes of EtOH, toluene and acetone, and then dried under high
vacuum to constant weight. The filtrate was concentrated and then
dissolved in CH,Cl, and precipitated into a large volume of EtOH.
The second solid precipitate (fraction B) was also separated and
dried under high vacuum. In the experiment carried out in CH,Cl,
the filtrate was composed of soluble fine particles (that precipi-
tated on concentration of the filtrate) and completely soluble poly-
meric material. The latter was precipitated into EtOH to give
fibrous particles. The fractionated products were analyzed by 'H

NMR, '3C and 2°Si CP MAS NMR, TGA, FTIR and SEM (see the results
discussion).

[(M63Si)3CSiM62CH2CH25iO3/2]n:

TH NMR (¢ ppm): 0.19 (s) SiMe, (6H), 0.23 (s) SiMes (27H), 0.45
(m) CH, (2H), 0.8 (m) CH, (2H).

13C NMR (o ppm, in CDCls): —1.6 Cq, 1.5 SiMey, 3.5 CHy, 5.6
SiMe3, 10.6 CHZ

13C CP MAS NMR (¢ ppm): —1.8 Cq, 1.7 (SiMe;, + CH,) 5.7 SiMes,
10.6 CH,.

29Si CP MAS NMR (o ppm): 2.7 SiMe,, —1.4 SiMes, —65.4 SiOs),.

FTIR: 2986, 2962, 2905, 1408, 1261, 1146, 1122, 855, 717, 674.
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