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A novel type of hybrid organic–inorganic class II materials with carborane-containing units have

been prepared from a particular trichlorosilylcarborane-containing precursor. Different

polymerisation processes were investigated in order to achieve the formation of materials that

incorporate the covalently bonded carborane units and exhibit different structural characteristics.

Hydrolytic, and non-hydrolytic sol–gel process were used for the preparation of the hybrid

materials with an Si–O–Si-based network, whereas the hybrid material with an Si–NQCQN–

Si-based network was prepared by a carbodiimide sol–gel process. Structural characterisation was

performed by solid state NMR, IR, porosimetry and X-ray powder diffraction that reveal the

formation of non-porous to porous materials with a high level of polycondensation, a short-range

order organisation and the preservation of the covalent bond between the carborane part and the

inorganic network. Alternatively, a solid-state process was used and allows the preparation of

materials with a higher level of organisation according to polarized light microscopy. The

materials are stable to about 450 1C in inert atmosphere, suggesting good thermal stability.

Introduction

The closo-1,2-carborane and its derivatives combine, in a

unique three-dimensional symmetrical rigid cluster-like struc-

ture, high stability (chemical, photochemical and thermal)

with a highly polarizable s-aromatic character.1–6 All this

make these clusters good candidates for non-linear optical

materials;7–9 liquid crystals with specific mesophase, birefrin-

gence and photochemical stability;10–14 or organic–inorganic

hybrid carborane–siloxane polymers and preceramic precur-

sors that exhibit outstanding thermal and oxidative proper-

ties.15–19 In addition, carboranes have been used to prepare a

great variety of coordination compounds and have been

suitable for a wide range of applications such as catalysis,20–26

radiopharmaceuticals,27,28 and conducting organic poly-

mers,29 among others.30–32

The carborane cluster could represent an attractive versatile

group for the preparation of organic–inorganic hybrid materi-

als due to its intrinsic properties. We found interesting to

synthesize some of them that could be seen as models for a

subsequent development of carborane-containing hybrid ma-

terials. Nowadays, there is significant interest in materials that

combine in a hybrid material high dimensional, thermal and

oxidative stability.33 Among them, the bridged polysilsesqui-

oxanes are functional organic–inorganic materials prepared by

a sol–gel process,34,35 with the ideal chemical formula

R–[SiO1.5]n,
33,36–38 which combine the properties of the or-

ganic and inorganic parts. In this respect, the organic bridging

group attached to the Si atoms can be very different in terms of

length, rigidity and functionality, which provides the chance to

modulate properties such as porosity, thermal stability, and

chemical reactivity, among others. Likewise, the control of

porosity, thermomechanical properties and short to long-

range order organisation have been some of the main purposes

in the selection of an organic spacer.39

Thus, we report here an approach to the preparation and

characterization of hybrid materials, where the ‘‘organo-func-

tional’’ part contains a carborane moiety. In this respect, we

study the preparation of carborane–organo-poly(trichloro-

silyl), R–[Si(Cl)3]2 (R = carborane–organic part), in order to

work with the trichlorosilyl-polymerizable group,40 which al-

lows the formation of hybrid materials by either hydrolytic or

non-hydrolytic sol–gel processes. Additionally, we compare the

solvent processes with a solid-state process that leads to more

periodically organised materials.41 This type of trichlorosilyl

precursor was recently demonstrated to be useful for the

preparation of silsesquicarbodiimide, a type of hybrid material

containing Si–NQCQN–Si linkages.42–44 Therefore, starting

with the same precursor we investigate the possibility to

prepare carborane-containing silsesquioxanes by four different

ways, and to characterize these solids in terms of structure,

porosity, level of condensation and thermal stability.

Results and discussion

Synthesis and characterization of precursors

The preparation of the precursors relies on the weak acidity of

the Ccluster–H (Cc–H) protons in carboranes (pKa = 23.0),45

that can be removed by strong bases generating nucleophile

anions. These have the ability to react with a wide range

of electrophilic reagents, such as halogens, alkyl halides,
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chlorosilanes, etc.46 Thus, compound 1, 1,2-

(CH2–CHQCH2)2-1,2-C2B10H10 was prepared by the reaction

of the dilithium salt of the o-carborane with the stoichiometric

amount of allyl bromide, according to Scheme 1. The resultant

yellow oil was characterized by IR, 1H{11B}, 13C{1H} and 11B

NMR. Three resonances at 2.9, 5.2 and 5.8 ppm are observed

in the 1H{11B} NMR spectrum and are attributed respectively

to Ccluster–CH2, CH and CH2 of the allyl group. The corre-

sponding resonances at 39.2, 132.5 and 119.5 ppm are also

exhibited in the 13C{1H} NMR spectrum, whereas the peak at

77.7 ppm is assigned to the Ccluster atoms (Cc). The
11B NMR

spectrum exhibits two resonances, at �4.5 and �10.6 ppm,

with a 2 : 8 pattern.

The hydrosilylation reaction with HSiCl3 of the allylic

function bonded to the carborane moiety in 1, for two hours

at room temperature in the presence of Karstedt catalyst, gave

quantitatively the trichlorosilane 2 (99% yield) (Scheme 1).

Precursor 2 was obtained as a yellow oil, for which 29Si{1H}

NMR analysis revealed the presence of only one signal at 11.6

ppm. Other NMR data obtained by 1H{11B} and 13C{1H}

NMR indicated almost complete hydrosilylation (98%) in the

b position.

Preparation of the hybrid materials

Four different methods using precursor 2 have been used:

hydrolytic sol–gel, non-hydrolytic sol–gel, solid-state and

carbodiimide processes.

According to a classical hydrolytic sol–gel process, xerogel 3

was prepared by hydrolysis–polycondensation using a stoi-

chiometric amount of water dissolved in THF at room tem-

perature (see Scheme 2). The gel was rapidly formed and

allowed to age for 7 days. After washing with the correspond-

ing solvents, the gel was dried to give an insoluble and brittle

powder.

Likewise, a non-hydrolytic sol–gel process was used for the

preparation of xerogel 4, using diisopropyl ether as oxygen

donor and FeCl3 (0.1%) as catalyst, under argon at 110 1C for

43 hours (Scheme 2).47,48

The solid-state hydrolytic process was usable since chlo-

rosilanes are highly reactive toward water,49 and xerogel 5 was

obtained by exposing the precursor 2 to the air for 19 days.

A carbodiimide sol–gel-like process based on the exchange

reaction between Si–N and Si–Cl bonds was also investigated

in order to prepare a Si–NQCQN–Si network different from

the oxide network that results from the hydrolytic or the non-

hydrolytic process. According to Scheme 2, xerogel 6 was

obtained by sol–gel polycondensation of 2 with bis(trimethyl-

silyl)carbodiimide in THF at room temperature in the pre-

sence of pyridine as catalyst. The opaque white gel was aged

for 7 days at 45 1C, washed with THF to remove by-products

and pyridine, and dried under vacuum at 130 1C for 1 day to

give xerogel 6.

Characterization of the hybrid materials

Molecular structure. The IR spectra (KBr pellet) of xerogels

3, 4 and 5 exhibit strong bands at 2594 cm�1 corresponding to

the B–H stretching mode, which indicates the presence of the

cluster in the material, and those at 1078 cm�1 are related to

Si–O–Si stretches that indicate the condensation of the pre-

cursor Si–Cl functions. Bands at 3400 and 3600 cm�1

Scheme 1 Synthesis of 1,2-(CH2–CHQCH2)2-1,2-C2B10H10 (1) and 1,2-((CH2)3SiCl3)2-1,2-C2B10H10 (2) from 1,2-C2B10H12.

Scheme 2 Preparation of xerogels 3, 4 and 6; (i) H2O, THF, (ii) (iPr)2O, FeCl3, (iii) Me3Si–NQCQN–SiMe3, THF, pyridine.
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corresponding to SiO–H are insignificant and the band near

1600 cm�1 due to H2O is very small for xerogels 3–5. Other

bands observed in the region 2950–2880 and 1250 cm�1

corroborate the presence of the alkyl chain in the hybrid

material. For 6, two strong absorption bands at 2592 and

2152 cm�1 correspond respectively to the B–H stretching and

the carbodiimide group (Si–NCN). Upon contact with moist-

ure, hydrolysis of the Si–NCN groups occurs, with subsequent

Si–O–Si polycondensation (nSi–O–Si = 1063 cm�1), and cya-

namide groups (nN–CN = 2265 cm�1) that replace the carbo-

diimide units (Si–NCN).43

The 13C CP MAS NMR spectra of xerogels 3 and 4 also

confirm that the integrity of the molecular building block

survives the sol–gel polymerization, and that the Si–C and

Cc–C bonds cleavage does not occur. Three peaks around 14,

24 and 37 ppm corresponding to Si–CH2–CH2–CH2–Ccluster

alkyl spacers are observed, while a broad peak centred at 80

ppm is attributed to the Cc atoms. For 6, the 13C CP MAS

NMR spectrum exhibits peaks at 18 ppm (CH2–Si), 24 ppm

(CH2–CH2), 38 ppm (Cc–CH2), 80 ppm (Cc) and 121 ppm

(NCN). The chemical shifts of the bridging alkylene carbons

are very similar to those observed for silica-based xerogels 3

and 4, partially due to the similar electronegativity of the NCN

function and the oxygen atoms.42

An evaluation of the degree of condensation of the poly-

siloxane network was obtained by looking at the 29Si CP MAS

NMR spectroscopic analyses. Both xerogels 3 and 4, exhibit

three broad peaks at d �49, �56 and �65 ppm, corresponding

to T1 [SiC(OH)2(OSi)], T2 [SiC(OH)(OSi)2] and T3 [SiC(OSi)3],

respectively. No signals in the range of �100 to �110 ppm due

to Qn substructures are observed, which confirms that Si–C

bonds are not cleaved during the condensation process. 29Si

CP MAS NMR spectroscopy can be used to evaluate quanti-

tatively the level of condensation (LC) according to the

formula LC =1/3 T1 þ 2/3 T2 þ 1 T3.50 In both xerogels 3

and 4, the LC was 75% by deconvolution of the 29Si CP MAS

NMR spectra (Table 1). However, xerogel 3 prepared by the

hydrolytic sol–gel process shows more T3 and T1 substructures

than xerogel 4, which presents negligible T1 units (6%) and

major T2 and T3. Altogether, 4 prepared by the non-hydrolytic

sol–gel method seems more homogeneous than 3 in terms of

substructure units (see Table 1). For 5 the quantity was too

small for such analysis. For 6, a qualitative 29Si CP HPDEC

spectrum exhibit a broad peak at �62 ppm similar to that

found in poly(organosilsesquioxanes). This corroborates the

expected formation of [(NCN)1.5Si(CH2)3(C2B10H10)(CH2)3-
Si(NCN)1.5]n due to the condensation of the material. Addi-

tional signals at 11.4 ppm and 1.7 ppm attributed, respectively,

to residual uncondensed CH2–SiCl3 and CQN–SiMe3 func-

tions are also observed. The compositions of xerogels 3, 4 and

6 were also estimated by elemental analysis, assuming that the

organic groups have not been cleaved during the condensa-

tion, and completely condensation. For hydrolytic xerogel 3

the calculated analysis is very consistent with the theoretical,

however the non-hydrolytic xerogel 4 gives percentages of C

and H which should agree with an uncondensed O(iPr) group.

For xerogel 6, as a result of the high moisture sensitivity of

–NCN groups, different elemental analyses performed from

the same sample give distinct results.

Meso- and microscopic structure. X-Ray powder diffraction

analysis was performed to obtain information about the

organization at the micro- and mesoscopic scale. The XRD

patterns of xerogels 3 and 4 are similar (Fig. 1), they did not

exhibit any sharp Bragg peak, but they present two broad

bands consistent with a short-range ordered structure. Ac-

cording to a Bragg’s law assumption, these bands correspond

to d spacings of 15.2 and 6.2 Å for 3, and 13.8 and 6.2 Å for 4.

The first d spacing is associated with the high intensity (001)

peak, while 6.2 Å could be associated with the second order

(002) peak, for each compound. Additionally, a very smooth

broad band at d = 3.7 Å (Fig. 1b and d) is also observed. For

6, the XRD diffraction pattern displays two broad bands close

to those found in xerogels 3 and 4. Additional Bragg’s signals

indicate the presence of a material with an organisation at a

long-rang order, however it is not possible at the present time

to decide if it is due to a single compound or a mixture of two

different products (Fig. 1c). Thus, all our xerogels exhibit in

general a short-range order organization at the nanometre

scale when compared to other xerogels that remain completely

amorphous,33 which we have attributed to the presence of the

rigid o-carborane cluster. In this respect, the signals at 13.8 Å

and 15.2 Å are related to the presence of the organo–carbo-

rane moiety and the broad shoulder at 3.7 Å is generally

attributed to the contribution of the Si–O–Si network.36 The

signal at 13.8 Å is in agreement with a periodic distance due to

the organic alkylene bridge, specifically to twice the

[Cc–CH2CH2CH2–SiO–] fragment, which is estimated to mea-

sure 6.85 Å, by computer simulation models of organo–car-

borane packing within silicate sheets to form a lamellar

structure (Fig. 2a). The signal at 6.2 Å could correspond to

Fig. 1 X-Ray powder diffraction diagrams of: (a) precursor 2, (b)

xerogel 3, (c) xerogel 6, (d) xerogel 4.

Table 1 Degree of condensation for xerogels 3 and 4

T1 T2 T3

Xerogel ppm % ppm % ppm % LC (%)

3 �49.8 22 �57.4 30 �65.1 48 75
4 �49.4 6 �57.0 63 �66.4 31 75
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a periodic distance of the cluster moiety, since this agrees with

twice the distance between the C1 and its antipodes B12 as

determined by computer simulation (Fig. 2a), or just to the

[Cc–CH2CH2CH2–SiO–] fragment. Likewise, this has been

interpreted by us as the formation of a periodic structure with

alternating organo–carborane and silica layers which repre-

sent an unique nanostructuration of the material (Fig. 2b).

For xerogel 5 obtained using the solid-state hydrolytic

process by exposing to air the precursor 2, the XRD diagram

shows the same two broad bands as 3, at 6.1 and 15.1 Å, and

two additional sharp peaks at d = 3.4 and 3.3 Å, indicating

the presence of a higher level of periodicity (Fig. 3). Compared

to the X-ray diffraction powder of the crystallized precursor 2,

there is a difference in the position of the Bragg’s peaks of 5,

which exhibits main peaks at 0.86, 1.10, 1.22, 1.30, 1.68, 1.72

Å�1 in Q�1. Therefore, although part of the periodical struc-

ture is maintained during the solid-state hydrolysis, it is

obvious that the initial packing of the precursor is lost and

serves as a template leading to the long-range order organiza-

tion of the xerogel 5 (see Fig. 3).

Transmission electronic microscopy (TEM) studies on the

xerogel 4 reveal the great heterogeneity of the materials in

terms of organization. Taken from the same sample, a great

part of the material appears completely amorphous, while

some other parts present a high level of organization. The

TEM images presented in Fig. 4 confirm the layered structure

of a part of the material in which the interlayer spacing is

3.4 Å. This result might be in agreement with the (004) order

with respect to the high intensity (001) peak observed in the

XRD pattern. This could be considered as a preliminary result

and further studies will be the subject of a future work.

Microscopy. Focusing on the hydrolytic solid state conden-

sation of 2, analysis of the precursor in polarized light agrees

with the X-ray data which indicate a crystallised compound

highly birefringent and colourful by microscopy. Although

part of the colour is lost upon exposure to air, the resulting 5 is

still highly birefringent and moreover the shape of the crystal-

line needles seems to be preserved indicating a very low level of

amorphisation during the polycondensation of the crystallised

precursor. This is in agreement with the presence of Bragg’s

signal observed by X-ray diffraction analysis of the material

(Fig. 5).

Fig. 2 a) Main distances in the xerogels calculated by computer

simulation. b) Proposed organization of the carborane moieties and

alkylic chains in xerogels.

Fig. 3 X-Ray powder diffraction diagrams of: (a) crystallized pre-

cursor 2 and (b) xerogel 5.

Fig. 4 TEM images for xerogel 4.
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Porosity. The pore structure and the specific surface area

of the materials were determined by adsorption/desorption

isotherms.51,52 Xerogels 3 and 4 exhibit very low specific

surface areas (o15 m2 g�1), which could be attributed in a

first approach to the presence of the flexible alkyl groups in

the material.37 However, for 6 a much higher specific surface

area of 200 m2 g�1 was found by a 5 points porosimetry

measurement with BET calculation, which clearly indicates

that for the same precursor the type of condensation process

and experimental conditions modify the porosity in the gel

structure. This may also results from the fact that Si–O–Si

bridges are flexible while Si–NQCQN–Si are much

more rigid. For 5, the amount of product was too small for

this analysis.

Thermal stability. The thermal behaviour of xerogels studied

by thermogravimetric analysis (TGA) in inert argon atmo-

sphere was determined between 20 and 1200 1C at a heating

rate of 5 1C min�1, exhibiting high thermal stability. Xerogels

3 and 4 show weight losses between 100 1C and 450 1C, which

correspond to 6.1 and 9.6%, respectively, and is attributed to

the final condensation of the material (Fig. 6). The main

weight loss (around 18%) occurs between 450 and 800 1C,

which should correspond to m/z 56, attributed to the loss of

two CH2QCH2 molecules. Continued heating to temperature

of 1200 1C leaves a black residue in 77% yield, whose ATR

spectrum exhibits two intense bands at 1370 and 1090 cm�1

attributed to n(B–O) and n(Si–O), respectively; however no

signals corresponding to B–H are observed indicating that the

cluster has been completely degraded. In addition, the XRD

spectrum of the residue does not exhibit any Bragg’s peak,

indicating that a completely amorphous material is obtained.

In the same conditions, xerogel 6 is stable up to 200 1C,

then an 8% weight lost is observed gradually up to 400 1C

and could be due to the final condensation of the material,

and evaporation of residual bis(trimethylsilyl)carbodiimide.42

The main weight loss (around 35%) occurs between 400 and

800 1C and is certainly related to the loss of carbon-containing

moieties and to the condensation of residual uncon-

densed groups like SiCl3 and –CQN–SiMe3. In all the cases,

elimination of carborane moieties should not be considered

since in inert atmosphere o-carborane (1,2-C2B10H12)

begins to isomerize to m-carborane (1,7-C2B10H12) above

425 1C, and above 700 1C the p-carborane (1,12-C2B10H12)

is obtained.6

Conclusions

In the present work we report on the preparation and struc-

tural characterization of a new type of carborane-containing

class II hybrid material in which the cluster is bonded to the

siloxane groups. The key point in the design of such materials

has been the introduction of an unusually rigid, chemically

and thermally versatile moiety attached through organic

spacers to hydrolysable SiCl3 groups ready to condense by

different processes. Four hybrid organic–inorganic xerogels

(3–6) have been prepared using hydrolytic and non-hydrolytic

sol–gel polycondensation, the solid-state process and the

carbodiimide procedure. Materials prepared by hydrolytic or

non-hydrolytic sol–gel methods are very similar in terms of

thermal stability, porosity and structure but different in terms

of structural Tn subunits. Although a short-range order be-

tween the organo–carborane unit can be proposed to describe

the structural organisation of these solids, a higher periodicity

seems achievable by a solid-state process, in agreement with

previous work.41,53 Finally, the hybrid material 6 prepared

from the same precursor exhibits some differences in the

porosity, condensation and X-ray structure with respect to

Fig. 5 Optical micrographs in polarized light of: (a) 2 and (b) 5.

Fig. 6 TGA curve of xerogel 3 under an atmosphere of argon.
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the other materials; all structural characteristics that have to

be related to the nature of the Si–NQCQN–Si network.

Current work is being carried out to go into the study of the

features and behaviour of these and other related materials.

Experimental

Materials

All reactions were carried out under an atmosphere of purified

argon using standard Schlenk techniques. Solvents were pur-

ified, dried, and distilled by standard procedures. Trichlorosi-

lane and Karstedt platinum catalyst (3–3.5% Pt) were

purchased from ABCR. Allyl bromide (99%) and n-BuLi were

used as received from Aldrich and Lancaster. FeCl3 and

pyridine were purchased from Aldrich. Me3Si–NCN–SiMe3
was prepared according to literature procedures.42

Instrumentation

Infrared spectra were measured in NaCl or KBr pellets on a

ThermoNicolet AVATAR 320 FT-IR. Attenuated Total Re-

flection (ATR) spectra were measured on a Bruker Tensor 27

using a Specac NKII Golden Gate accessory. 1H{11B} NMR

(300.13 MHz), 11B NMR (96.29 MHz), 13C{1H} NMR (75.47

MHz) and 29Si{1H} NMR (59.62 MHz) spectra were recorded

on a Bruker ARX 300 spectrometer. NMR spectra were

measured using samples in CDCl3 solution at room tempera-

ture. Chemical shifts for 11B NMR were referenced to external

BF3 �OEt2 and those for 1H{11B} NMR, 13C{1H} NMR and
29Si{1H} NMR were referenced to Me4Si.

29Si CP MAS NMR

(at 79.49 MHz) and 13C CP MAS NMR (at 100.63 MHz)

spectra were obtained on a Bruker Advance ASX400 using a

CP MAS sequence or a HPDEC. Thermogravimetric analyses

(TGA) of the network materials were performed on a Netzsch

STA 409 PC/PG under a 50 mL min�1 argon flow. Samples

were heated from 20 to 1200 1C at 5 1C min�1. X-Ray powder

diffraction measurements were performed using a spectro-

meter with a rotating copper anode with an OSMIC mono-

chromator system and an ‘Image Plate 2D’ detector working

with CuKa (l = 1.542 Å) radiation and a beam size of 0.5 �
0.5 mm and acquisition time of 40 to 50 minutes. Sample were

previously crushed and placed in a Lindeman tube (1mm

diameter). The specific surfaces areas, porosities, volumes,

and pore size distributions were determined by analysing the

N2 adsorption/desorption isotherms according to the BET

method using a Microméritics Gémini III 2375 and ASAP

2010. TEM images were achieved with a JEOL JEM 2011 (200

Kv) microscope. Elemental analyses were performed in the

analytical laboratory using a Flash EA 1112 Series micro-

analyzer.

Syntheses

1,2-(CH2–CHQCH2)2-1,2-C2B10H10 (1). In a Schlenk flask

under argon, 1,2-C2B10H10 (1.0095 g, 7.0 mmol) was dissolved

in a mixture of toluene (14 ml) and diethyl ether (7 ml).

The solution was cooled at 0 1C and n-BuLi (9.7 ml, 14.7

mmol) was added dropwise. The mixture was stirred for

1 hour at room temperature, cooled again at 0 1C, and

(CH2QCH–CH2)Br (1.2 ml, 13.9 mmol) was added. The

mixture was stirred for 2 hours at room temperature and

refluxed overnight. Then it was cooled to room temperature,

and quenched with 20 ml of water, transferred to a separatory

funnel and extracted with Et2O (3 � 10 ml). The organic layer

was dried over MgSO4 and concentrated under vacuum to

obtain compound 1 (1.51 g, 97%) as a yellow oil. FTIR NaCl/

cm�1 3086 n(QCH2), 3022 n(QCH), 2986–2925 n(C–H)alkyl,

1643 n(CQC) and 1418 d(QC–H). 1H{11B} NMR (d (ppm)):

2.1 (2H, br s, B–H), 2.3 (8H, br s, B–H), 2.9 (4H, d, J1 = 7.3

Hz, Cc–CH2), 5.1 (2H, d, J1,t = 16.7 Hz, CHQCH2), 5.2 (2H,

d, J1,c = 9.7 Hz, CHQCH2), 5.8 (2H, m, J1,t = 16.7 Hz,

J1,c = 9.7 Hz, J1 = 7.3 Hz, CHQCH2).
11B NMR (d (ppm)):

�4.5 (2B, d, J1 = 145.0 Hz), �10.6 (8B, d, J1 = 153.9 Hz).
13C{1H} NMR (d (ppm)): 132.5 (CHQCH2), 119.5

(CHQCH2), 77.7 (Cc), 39.2 (Cc–CH2).

1,2-[(CH2)3SiCl3]2-1,2-C2B10H10 (2). In a Schlenk flask un-

der argon, 1 (950 mg, 4.2 mmol), HSiCl3 (1.71 ml, 16.9 mmol)

and Karstedt catalyst (16 ml, 0.034 mmol) were mixed and

stirred for 2 hours at room temperature. Evaporation of the

volatiles and the excess of HSiCl3 gave compound 2 (2.10 g,

E99%) as yellow oil. 1H{11B} NMR (d (ppm)): 1.46 (4H, t,

J1 = 8.1 Hz, –CH2–Si), 1.86 (4H, m, –CH2–CH2–Si), 2.29

(4H, t, J1 = 8.1 Hz, B–Cc–CH2–).
11B NMR (d (ppm)): �3.6

(2B, d, J1 = 141.4 Hz), �9.4 (8B, m). 13C{1H} NMR (d
(ppm)): 78.5 (Cc), 36.4 (Cc–CH2), 23.7 (CH2–CH2), 22.6

(CH2–Si).
29Si{1H} NMR (d (ppm)): 11.6.

Hydrolytic xerogel 3. In a Schlenk flask under argon, 2 (792

mg, 1.6 mmol) was dissolved in THF (2 ml). After all the

precursor was dissolved, H2O (0.2 ml, 9.9 mmol) was added

dropwise to the solution. Once the addition was completed, a

white solid was observed and the suspension was stirred for 30

minutes. The stirring was then stopped to allow gelation. After

5 minutes a gel was formed and was kept for 1 week for aging.

The solid and the liquid phases were separated by filtration.

The isolated gel was crushed and washed with ethanol (3 � 10

ml), acetone (3 � 10 ml) and diethyl ether (3 � 10 ml), and

finally dried under vacuum to obtain xerogel 3 (279 mg, 53%).

FTIR KBr/cm�1 2958–2888 n(C–H)alkyl, 2594 n(B–H),

1458 d(C–H)alkyl, 1196 d(Si–CH), 1078 n(Si–O–Si). 29Si

NMR CP-MAS (d (ppm)): �49 (T1), �56 (T2), �65
(T3). 13C CP MAS NMR (d (ppm)): 80 (Cc), 37 (Cc–CH2),

24 (CH2–CH2), 14 (CH2–Si). X-Ray powder diffraction shows

two broad bands with d spacings of 6.2 Å and 15.2 Å. The

surface area measure using the N2 BET technique is 13 m2 g�1.

Anal. Calc. for C8H22B10Si2O3: C, 29.1; H, 6.7%. Found: C,

28.9; H, 6.6%.

Non-hydrolytic xerogel 4. In a Schlenk flask under argon, 2

(730 mg, 1.5 mmol) was dissolved in iPr2O (0.63 ml) and FeCl3
(0.1%) catalyst was added to the solution. The mixture was

stirred for 5 minutes and transferred under N2 to another tube,

which was frozen in liquid nitrogen and sealed under vacuum.

The sealed tube was held at 110 1C in an oven for 43 hours and

then opened under argon. The obtained gel was crushed and

washed with ethanol (3 � 10 ml), acetone (3 � 10 ml) and

diethyl ether (3 � 10 ml), and finally dried under vacuum to

obtain xerogel 4 (352 mg, 72%). FTIR KBr/cm�1 2950–2880

n(C–H)alkyl, 2592 n(B–H), 1458 d(C–H)alkyl, 1196 d(Si–CH),
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1063 n(Si–O–Si). 29Si CPMAS NMR (d (ppm)): �49 (T1),�56
(T2), �65 (T3). 13C CP MAS NMR (d (ppm)): 80 (Cc), 37

(Cc–CH2), 24 (CH2–CH2), 14 (CH2–Si). X-Ray powder dif-

fraction shows two broad bands with d spacings of 6.2 Å and

13.8 Å. The surface area measure using the N2 BET technique

is 8 m2 g�1. Anal. Calc. for C8H22B10Si2O3: C, 29.1; H, 6.7%.

Found: C, 32.6; H, 7.6%.

Solid-state hydrolytic xerogel 5. Some drops of a solution of

2 in CH2Cl2 were deposited on a microscope slide under argon

until the formation of some crystals was observed. Then

pictures of these crystals were taken using an electronic

microscope. After this, the crystals were exposed to air for

19 days to form a white gel, which was insoluble in CH2Cl2.

Again, some pictures of the solid were taken. FTIR KBr/cm�1

2950–2880 n(C–H)alkyl, 2594 n(B–H), 1458 d(C–H)alkyl, 1196

d(Si–CH), 1078 n(Si–O–Si). X-Ray powder diffraction shows

two broad bans with d spacings of 6.1 Å, 15.1 Å, 3.4 Å and

3.3 Å.

Silsesquicarbodiimide xerogel 6. In a Schlenk flask under

argon, 2 (693 mg, 1.4 mmol) was dissolved in THF (3 ml).

Then, Me3Si–NCN–SiMe3 (0.97 ml, 4.2 mmol) and pyridine

(0.06 ml, 0.7 mmol) were added to the solution and stirred at

room temperature for 1 hour. After this time, a white gel was

obtained and allowed to age for 1 week at 45 1C. The gel was

crushed, treated with dry THF (10 ml), filtered and washed

with dry THF (2 � 10 ml) under argon. Finally, the solid was

dried under vacuum at 130 1C for a day to obtain xerogel 6

(571 mg, 80%). FTIR KBr/cm�1 2950–2880 n(C–H)alkyl, 2592

n(B–H), 2152 n(Si–NCN), 1459 d(C–H)alkyl, 1254 d(Si–CH2).
29Si CP MAS NMR (d (ppm)): 11.4, 1.7, �62. 13C CP MAS

NMR (d (ppm)): 121 (NCN), 80 (Cc), 38 (Cc–CH2), 24

(CH2–CH2), 18 (CH2–Si). X-Ray powder diffraction shows

two broad bands with d spacings of 5.9 Å and 13.7 Å, and

additional Bragg’s peaks with d spacings of 4.3, 3.8, 3.4, 3.3

and 3.2 Å. The surface area measure using the N2 BET

technique is 200 m2 g�1.
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