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Amino-, thiol-, urea-, and acethoxy- functionalized polysilsesquioxane
xerogels have been obtained by co-condensation of 1,2-bis(triethoxysilyl)ethane with trifunctional silanes. The structural and chemical
characterization of the xerogels was done by means of IR, 13C NMR, 29Si
NMR spectroscopy, AFM, elemental analysis and nitrogen adsorption
measurements. The resulting xerogels have a porous structure (SBET in the
range 500–800 m2/g) and a high content of functional groups (2.3–
–2.7 mmol/g). Majority of these groups are accessible on the surface
generating specific adsorption sites. The nature of the functional group
introduced by co-condensation substantially influences the porous structure
– the resulting samples can be microporous or mesoporous depending on
the type of the group used.

1. INTRODUCTION
Nowadays organic-inorganic hybrid materials generate particular interest
because they combine the advantages of inorganic and organic components, and
the sol-gel process is perfectly suited for their synthesis. Bridged
polysilsesquioxanes (BPs) are a class of such nanostructured materials. The
precursor of BPs can be presented as a polysilylate structure R(SiX3)n, where X
denotes hydrolysable groups (most frequently alkoxy groups), and R the organic
bridge (spacer). Linking these blocks into a three-dimensional, crosslinked
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structure leads to a material in which organic and inorganic parts are mixed on
the molecular level. By choosing the appropriate conditions of hydrolytic
polycondensation, it is possible to design these materials on a molecular level
keeping control over their chemical and physical properties, including structureadsorption characteristics [1-5]. The possibility of using a wide range of organic
bridges of different nature coupled with a precise degree of the control of
structural-adsorption characteristics via a proper choice of the conditions of solgel processing gives a significant prospect in the molecular design of new porous
materials with predetermined characteristics. From this point of view, it is
interesting to examine how the presence of additional functional groups
(introduced to the system by co-condensation of bis(trialkoxysilane) with
trialkoxysilane bearing a functional group) influences the above-mentioned
characteristics. Naturally, the set of factors influencing the physico-chemical and
structure-adsorption characteristics of the functionalized BP xerogels is broader
than in the case of BP xerogels.
2. EXPERIMENTAL PART
Initially the following compounds were used: 1,2-bis(triethoxysilyl)еthane
(BТЕSЕ, 97%, ABCR); 3-aminopropyltriethoxysilane, (АPTES, 98%, ABCR);
1-[3-(trimethoxysilyl)-propyl]urea (TMSPU, 97%, Aldrich), 3-mercaptopropyltrimethoxysilane (MPTMS, 95%, ABCR), 3-mercaptopropyltriethoxysilane
(MPTES, 95%, ABCR), acetoxypropyl-trimethoxysilane (ACTMS, 97%,
ABCR); NH4F (98%, POCH); ethanol (99.8%, POCH). All reagents were used
as received without further purification.
Synthesis of xerogels was as follows. To the solution of BТЕSЕ (0.025 mol
in 7 cm3 of ethanol) a solution of NH4F was added (0.63×10-3 mol in 0.094 mol
of water). After 5 min the solution of appropriate trialkoxysilane (0.0125 mol in
7 cm3 of ethanol) was added to this mixture. Transparent gels were formed in a
few minutes. After 30 days, the gels were pounded and dried in vacuum at
30/60/100°С for 2 hours at each temperature which resulted in the required
xerogels.
AFM images were obtained using MultiMode Scannig Probe Microscope
“Nanoscope III” (Digital Instruments). The imaging technique was TappingMode
(spring constant 20–100 N/m; resonant frequency 200–400 kHz), nominal tip
radius of curvature: 5–10 nm, cantilever length:125 µm, cantilever configuration:
single beam, scan size: 500 nm or 1000 nm.
All the solid-state NMR measurements were completed on a Bruker Avance
300 MHz spectrometer. The settings for acquiring I 3 C CP/MAS NMR at 75.5 MHz
were as follows: relaxation delay: 3.0 s, contact time: 1.00 ms, number of scans:
1024–2048, spin rate: 8800 Hz. The settings for 29Si CP/MAS NMR at
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59.7 MHz were as follows: relaxation delay: 3.0 s, contact time: 2.5 ms, number
of scans: 1024–4096, spin rate: 8800 Hz. TMS was used as the standard for the NMR
experiments.
Nitrogen adsorption isotherms were measured at -196ºC by using an ASAP2405N adsorption analyzer (Micromeritics, Inc.) and used to evaluate the BET
specific surface area [9] in the 0.05-0.35 range of relative pressures. The total
pore volume (Vp) was calculated by converting the amount adsorbed at a relative
pressure ~0.99 to the volume of liquid adsorbate. The average pore sizes, dBJH and
pore size distributions (from desorption branches) were estimated by the BJH
method [10].
3. RESULTS AND DISCUSSION
The scheme of the co-condensation performed is presented in Figure 1. The
molar ratio of bis(trialkoxysilane)/trifunctional silane in the reacting systems
was 2:1. The choice of such a ratio was caused to achieve the high content of
functional groups in the final xerogel. It also enabled avoiding momentary
formation of gels with mixing of the reactionary solutions that is often observed
in the increase of the relative quantity of trifunctional silane in the reacting
system. Fluoride-ion was used as a catalyst (molar ratio F/Si = 0.01). Drying in
vacuum the milled glassy gels resulted in the required xerogels. Some parameters
of synthesis and characteristics of final xerogels are presented in Table 1.

Fig. 1. Scheme of the co-condensation of structure forming agent (BTESE) and
functionalizing agent.
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The IR spectra of the xerogels obtained were discussed in detail somewhere
[11] and are not repeated here. In the spectra of all xerogels the absorption bands
characteristic of the functional groups introduced during the synthesis can be
found. This is confirmation of the presence of these functional groups in the
structure of the final materials. The IR data also testify to the presence in the
xerogel structure of uncondensed silanol groups and unhydrolized alkoxy groups
in the xerogels structure.
Тab. 1. Synthesis’ conditions and structure-adsorption characteristics of the obtained
xerogels.

*

Functional group

Hydrolizable
alkoxygroup

SBET
[m2/g]

Vp
[cm3]

D
[nm]

Content of functional groups
[mmol/g]

1

–(CH2)3NH2

–OC2H5

595

1.24

8.4

2.43 (2.8)

2

–(CH2)3NHC(O)–NH2

–OC2H5

614

0.52

3.4

2.31 (2.8)

3

–(CH2)3SH

–OC2H5

494

0.41

3.3

2.69 (2.8)

4

–(CH2)2C(O)–CH3

–OCH3

606

0.34

2.3

--- (2.8)

5

–(CH2)3SH

–OCH3

792

0.53

2.7

2.55 (2.8)

*

not determined

The 13C and 29Si CP/MAS NMR spectra are presented in Figure 2. All 13C
CP/MAS NMR spectra have one of the most intensive signals corresponding to
the carbon atoms of the spacer (~ 5ppm). Only in the case of sample 3 there is
another, more intensive signal. All the 13C CP/MAS NMR spectra contain two
low intensity signals at ~ 18 ppm and ~ 60ppm, which correspond to the carbon
atoms of ethoxygroups. Since all the xerogels were dried in vacuum, these
signals testify to the existence of non-hydrolyzed ethoxygroups. All the xerogels
have also two or three signals connected with the presence of the propyl chains in
the structure [12]. Sometimes one of the signals is not identified as it is masked by
an intensive and wide signal of the carbon atom of the ethylene spacer.
Moreover, 3-mercaptopropyl group does not often have three, but two signals; as
a consequence, the resulting second signal is more intensive in comparison with
the first one. In the 13С CP/MAS NMR spectra of xerogels 2 and 4, there are also
signals corresponding to the presence of carbonyl groups, and in the case of
xerogel 4 the signal of the C(O)–CH3 group.
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Fig. 2. The 13C and 29Si CP/MAS NMR spectra of xerogels 1-5.
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The analysis of the 29Si CP/MAS NMR spectra confirms stability of the ≡Si–C
bond in alkoxysilanes during the reaction of hydrolytic polycondensation. The
absence of any signals in the range of (-90)–(-110) ppm emphasizes such a
statement. The presence of the group of intensive resonance signals in the range of
(-45)–(-75) ppm in the case of all samples indicates the existence of structure units
of a Tn type (n = 1: –Si(OR)2(OSi); n=2: –Si(OR)(OSi)2; n=3: –Si(OSi)3, R = Et,
Me or H) and the absence of completely non-hydrolyzed structure units of T0
composition. Thus, in the case of xerogels their structure is combination of the
Т1, Т2 and Т3 units. On the basis of the 29Si CP/MAS NMR spectra, it is possible
to calculate the relative content of the structural units by deconvolution degree of
polycondensation which may be estimated using the formula:
DC =

1 × (xT ) + 2 × (xT ) + 3 × (xT
300%
1

2

3

)

where DC - degree of polycondensation, T1, T2, T3 - percentages of the structural
units. The results are presented in Table 2. As it can be seen from the table
independently of the nature of the functional groups used all the samples
practically have the same degree of polycondensation; taking into account the
error of deconvolution (~5%) no difference is observed in the relative amount of
Tn structural units in the final xerogels.
Тab. 2. Relative contents of structural units T1, T2 and T3 and degrees of condensation of
the xerogels obtained.
Relative content of structural units

Functional group

Hydrolizable
alkoxygroup

T0

T1

T2

T3

1

–(CH2)3NH2

–OC2H5

0

9%

50%

41%

77%

2

–(CH2)3NHC(O)–NH2

–OC2H5

0

6%

57%

37%

77%

3

–(CH2)3SH

–OC2H5

0

2%

61%

37%

78%

4

–(CH2)2C(O)–CH3

–OCH3

0

6%

55%

39%

78%

5

–(CH2)3SH

–OCH3

0

7%

55%

38%

77%

DC

Nitrogen adsorption-desorption isotherms of the synthesized samples are
shown in Figure 3. The isotherm of xerogel 1 is different from the other
isotherms – it is of S-like character and belongs to type IV according to IUPAC
classification [13]. The presence of a well-defined hysteresis loop indicates the
presence of mesopores in the structure of this xerogel (the average pore diameter
equals 8.4 nm). The isotherms of samples 2-5 look like the Langmuir isotherm
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and can be attributed to type I. The average size of the pores in the case of these
samples is in the range of 2.3-3.4 nm It should be noted that the hysteresis loops
in the case of samples 2, 3, 5 are much bigger than in the case of sample 4. The
isotherm of this sample is a typical Langmuir isotherm characteristic of
microporous solids. The average pore diameter in the case of sample 4 testifies to
microporous structure of this sample. As the conditions of the synthesis of all
xerogels were identical, the differences in the structure-adsorption properties
result from the nature of the functional end-groups introduced by adding proper
alkoxysilane. The environment created in situ by the presence of the functional
group in the system strongly influences such properties.

Fig. 3. Nitrogen adsorption/desorption isotherms of xerogels 1-5 with the corresponding
pore size distributions.

Comparing xerogels 3 and 5 which have the same functional end-groups but
differ in alkoxygroups present in the monomer, it can be seen how important the
type of hydrolysable group in controlling the porosity is. Replacing the methoxy
group (sample 5) with the ethoxy group (sample 3) results in decreasing of the
specific surface area by 300 m2/g. Thus it can be concluded that also the type of
hydrolysable alkoxygroups influences such characteristics.
The AFM images of the xerogels studied are presented in Figure 4. The AFM
data show that the obtained functionalized bridged polysilsesquioxane xerogels
are composed of aggregated spherical particles. Their sizes are between 30 and
60 nm. In the case of xerogels 1-3, the sizes of these particles are bigger (~4060 nm) than in the case of xerogels 4 and 5 (~30-45 nm). Particularly, the sizes of
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particles of xerogel 4 decrease almost doubly in comparison with the other
samples. Comparing the sizes with the corresponding isotherms of the samples, it
can be suggested that the size of the aggregates may serve as the first quite rough
measure of the dominant type of porosity.

Fig. 4. AFM images of xerogels 1-5. The size of each image is 500 nm×500 nm.

4. CONCLUSIONS
Ethylene-bridged polysilsesquioxane xerogels have been obtained in the
reaction of hydrolytic polycondensation BТЕSЕ with trifunctional silanes
АPТЕS, BTMPA, TMPЕD or МPТМS as carriers of functional groups. The
molecular frame of the materials is formed by structural Т1, Т2 and Т3 units. The
obtained functionalized ethylene-bridged polysilsesquioxane xerogels have a
developed porous structure (500–800 m2/g) and high contents of functional
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groups (2.3–2.7 mmol/g). The AFM data confirm that xerogels are formed by
particle aggregates; the size of aggregates is in the range 30–60 nm. The principal
factor influencing structure-adsorption characteristics of such hybrid materials is
the nature of the functional group which substantially affects the type of created
porous structure (microporous vs. mesoporous) but, interestingly, does not
influence the degree of co-condensation of the obtained xerogels. Thus it is
possible to affect the type of porosity not only by choosing the proper catalyst
but also by choosing appropriate functional groups which create in situ
conditions necessary to develop the desired type of porous structure.
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