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Abstract Silica based materials were synthesized using

ethyltrimethoxysilane (ETMS) and/or methyltrimethoxysi-

lane (MTMS) precursors by sol–gel technology, in order to

ascertain if their properties are suitable for aerospace

applications. When ETMS was used alone and in equi-

molar ETMS/MTMS mixtures, no gel formation took place

and a resin-like precipitate was observed. After drying, a

compact tablet was formed. When mixtures of 25% ETMS/

75% MTMS and MTMS alone were used, gel formation

occurred and xerogels were produced upon drying.

Chemical and structural characterization of the obtained

materials was performed using Elemental Analysis, FTIR,

XRD and SEM. Bulk density, specific surface area, contact

angle and the thermal behavior were also evaluated. For

materials from ETMS, the chemical structure grows pref-

erentially in one direction and, in the case of MTMS the

growth follows a 3D pattern. The use of ETMS precursor

leads to a significant increase in the product density,

accompanied by a decrease in the specific surface area. It

also leads to a decrease in the thermal stability limit of the

synthesized materials. Then, ETMS precursor is less

appropriate than MTMS precursor for space applications.

However, ETMS co-precursor in mixtures with MTMS

contributes to the increase in the hydrophobic character of

the synthesized materials.

Keywords Amorphous materials � Sol–gel chemistry �
Microstructure � Hydrophobicity � Aerospace

1 Introduction

Silica based materials synthesized by sol–gel technology

have exceptional properties, namely very low density, high

specific surface area, low thermal conductivity and high

transparency allowing their use in several applications, as

thermal or acoustic insulators, dielectric or optical mate-

rials, catalysts and sensors [1, 2]. When lightweight, por-

ous, flexible and hydrophobic they are particularly suitable

for aerospace applications, mainly as thermal and structural

insulators for re-entry and Mars vehicles, spacecraft com-

ponents, spacesuits, cryogenic tanks, space station build-

ings, etc. The requirements for space application are:

density, from 10 to 100 kg/m3; thermal conductivity, from

3 to 16 mW/(m K); working pressure, from 10 to 103 Pa;

working temperature, from -150 to 500 �C; moderate

flexibility [3–5]. In previous works, with MTMS precursor,

materials that had density in the range 40–100 kg/m3,

specific surface area of *400 m2/g, high hydrophobicity

([130�) and moderate flexibility were obtained [3–8], and

these properties make them excellent candidates for aero-

space applications. Thus, the use of the ETMS precursor

was studied for the same applications, since with this

precursor the group that remains in the 3D solid network

(ethyl) is larger than with MTMS precursor (methyl)—

Fig. 1—and, by this reason, it was expected that it would

increase the porosity and hydrophobicity. Some authors [9,

10] referred that, when ETMS alone was used the gelation

did not occur. However, when used as co-precursor in

mixtures with tetraethylortosilicate (TEOS) and tetrame-

thylortosilicate (TMOS), gels are obtained and the final
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materials exhibit low density (\70 kg/m3), low thermal

conductivity (*3 mW/(m K)) high contact angle ([140�)

[9–14]. But, although these precursors are cheaper than

trialkoxysilanes and some of their product properties

appropriate for space applications, the obtained materials

are rigid and brittle, thus they cannot absorb vibration in

space conditions without fragmentation [3].

In this work, the viability of gel formation using the

ETMS precursor alone or in mixtures involving MTMS is

studied. A comparison of the physical, chemical and

structural properties of all the synthesized materials was

made, taking for reference the material synthesized only

with MTMS. Additionally, their thermal behavior/stability

up to 1,000 �C was investigated. The suitability of all

obtained materials for application in aerospace industry

was also evaluated.

2 Materials and Methods

The overall experimental procedure in this study followed

the methods described earlier [3–8] for MTMS precursor.

2.1 Synthesis

MTMS (CH3Si(OCH3)3, 98%, Aldrich), ETMS (C2H5

Si(OCH3)3, 97%, Aldrich), methanol (CH3OH, 99.8%,

Riedel-de Haën), oxalic acid (C2H2O4, 99%, Fluka) and

ammonium hydroxide (NH4OH, 25% in water, Fluka) were

used as precursors, solvent, acid and basic catalysts,

respectively. Before the synthesis, acid and basic catalyst

solutions were prepared: 0.1 M oxalic acid solution and

13.2 and 10 M ammonium hydroxide solutions.

In the first step of the synthesis, the precursor is mixed

with methanol and the oxalic acid solution. The water of

the oxalic acid solution promotes the hydrolysis. In the

second step, 24 h later, the ammonium hydroxide solution

is slowly added. The condensation of monomers RSi(OH)3

become significant, forming a sol.

During the first two steps, the temperature is controlled

at 25 �C by means of a glass jacket with flowing water

from a thermostatic bath.

In this study, samples were prepared from pure ETMS

and MTMS precursors and their mixtures in different

proportions (Table 1). Defining S, A and B as the molar

ratios, methanol/precursor, acidic water/precursor and

basic water/precursor, respectively, the used values for

these ratios were S = [35, 20, 10], A = 4 and B = 4. For

sample I, we tested 10 and 13.2 M ammonium hydroxide

solutions, whereas for all the other samples a 10 M

ammonium hydroxide solution was used.

The prepared solutions were then placed in an oven at

27 �C where gelation occurs.

Finally, the gels were aged for 2 days at 27 �C and dried

at ambient pressure to produce the xerogels. The temper-

ature cycles used in the drying stage were: 24 h at 60 �C,

followed by three stages, at 100, 150 and 200 �C, of 1 h

each.

2.2 Characterization

Several techniques were used for the chemical, physical

and thermal characterization of the xerogels. Elemental

analysis was performed using Fisions Instruments model

EA 1108 CHNS-O apparatus. Structural characterization

was done by FTIR (Nicolet 6700, Thermo Scientific) and

Transmission XRD in a 0.5 mm capillary (Enraf–Nonius

FR 590 diffractometer). The XRD equipment was com-

posed by a Cu radiation source (Long Fine Focus), a quartz

monochromator and an Inel CPS 120 detector. Thin pres-

sed pellets (80 mg of KBr and 0.6 mg of xerogel) were

used for FTIR analysis. The microstructure of the xerogels

was observed by SEM (JOEL JMS—5310), using 15 or

20 kV voltages for the electron beam acceleration. The

xerogels were previously coated with a gold film to

increase their conductivity. The bulk density of the xero-

gels was determined directly by the ratio mass/volume,

weighting and measuring the dimensions of regular

sample pieces. The nitrogen gas adsorption/desorption

isotherms of xerogels were measured using a Micromeritics
Fig. 1 Sol-gel reaction mechanism for trialkoxysilanes (R = CH3 or

CH2CH3, for MTMS or ETMS, respectively)
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ASAP2000 analyzer. The BET specific surface areas were

estimated by the Brunauer-Emmett-Teller method and the

average pore diameters were obtained by the Barrett–Joh-

ner–Halendar (BJH) method. The pore size distributions

were calculated from the analysis of desorption isotherms

for the pore size range 1.7–300 nm. The contact angle of

water in the xerogels was measured by a Contact Angle

System OCA 20, from Dataphysics. The thermal behavior/

stability of the xerogels was evaluated by DSC-TG

simultaneous thermal analysis, using a heat flux DSC SDT

Q600, from TA Instruments. A heating rate of 10 �C min-1

and a nitrogen atmosphere were used in all the tests.

3 Results and discussion

For samples I and II, prepared from the ETMS precursor

alone and from 50/50 precursors mixture, no gel formation

took place for at least 8 days. In this case, the resulting

precipitates/resins led to compact tablets after drying. Gels

were successfully obtained from samples III (75% MTMS

and 25% ETMS) and IV (MTMS) after *2 days and

*5 h, respectively. In the sol solution obtained with

ETMS precursor, the length and weight of the substituent

group promotes the phase separation of the hydrolyzed

species from the less dense alcoholic phase [10]. Thus, the

condensation does not occur in the overall solution volume

due to the sedimentation of monomers in the bottom of the

container. The higher concentration of the monomer in the

bottom leads to localized polycondensation and formation

of a resin-like phase that originates the compact tablets

after drying. This effect is not so significant when the

ETMS precursor is used in mixtures with a major amount

of the MTMS precursor, as faster gelation occurs in these

cases. It is worth to mention that only a maximum waiting

period of 8 days was considered for the samples I and II,

since longer times would be prohibitive for industrial

applications and, furthermore, the phase separation was

soon observed in the first days of this period.

The mass of the dried materials (xerogels and tablets)

per synthesis are shown in Table 1. The values are analo-

gous in all the four samples, proving that the amount of the

condensed material is equivalent in all cases, even in cases

where there was no gel formation.

The pH was measured during the addition of the basic

solution (Fig. 2) and its evolution was similar for all

samples. Starting from a pH *2 (hydrolysis stage), a sharp

pH increase up to *9 was observed with the addition of

the first 2–3 drops of the basic catalyst solution. After that,

the solution became cloudy and milky, a clear indication of

the onset of the colloidal particles formation. With further

addition of basic catalyst solution, the pH increased slowly

and leveled off at a value of *11.

Therefore, with the previous results it may be concluded

that the condensation reaction took place in an extensive

way in all materials, but the organization of the three-

dimensional network was not similar.

The expected structure of the inorganic polymer can be

estimated considering complete condensation (condensa-

tion of all hydroxyl groups). In this case, the estimated

elemental molar ratios, for materials obtained from sam-

ples I, II, III and IV, are respectively 1Si:1.5O:2C:5H,

1Si:1.5O:1.5C:4H, 1Si:1.5O:1.25C:3.5H and 1Si:1.5O:

1C:3H, neglecting the contribution of the OH terminal

groups of the network ends. The corresponding estimated

mass ratios and the obtained elemental analysis results are

shown in Table 2.

The values of wt% C will be used to assess the extension

of the condensation reaction, since the amount of the other

elements is significantly affected by other factors. The

amount of nitrogen, although small, confirms the presence

of residues of the basic catalyst in the dried material. These

residues also contain H and O. The elemental analysis

furnace operates at 1,333 K for the O determination, which

is not an enough high temperature to break the Si–O bonds.

This justifies the very low experimental values obtained for

Table 1 Samples identification

and masses of the dried

materials

Sample type Molar percentage of precursor(s) Product form Product mass

per synthesis (g)

I 100% ETMS Compact tablet 2.477

II 50% MTMS and 50% ETMS Compact tablet 2.264

III 75% MTMS and 25% ETMS Xerogel 2.426

IV 100% MTMS Xerogel 2.231

Fig. 2 pH evolution during the basic catalysis step. Examples for

samples I, III and IV
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the oxygen element (see Table 2). Comparing the esti-

mated and experimental mass percentages of carbon, the

results show that the condensation can be considered

complete in samples III and IV. For samples I and II, the

experimental values of the wt% C are slightly lower than

the calculated values. Thus, in these cases the condensation

appears to be not so extensive, especially in sample I, i.e.

part of the OH groups didn’t suffered condensation and

remained in the structure. Notice that the estimated wt% C

for incomplete condensation is lower than for complete

condensation due to the higher amount of the oxygen per Si

atom.

The typical FTIR spectra of the synthesized materials—

Fig. 3, show several bands corresponding to the various

structural units of the solid network. A complete list of the

vibration frequencies and their assignments are compiled in

the Appendix. The broad band observed for samples I and

III at *3,500 cm-1 corresponds to the overlapping of the

O–H stretching vibrations of hydrogen-bonded to water

molecules and SiO–H stretching vibrations of the silanols

hydrogen-bonded to water molecules. The band at

960 cm-1, ascribed to the Si–O stretching vibrations of the

silanol Si–OH groups, is also observed for the same sam-

ples (I and III). These bands do not appear in sample IV,

revealing that the condensation was more extensive for the

sample synthesized with MTMS alone. Near 1,650 cm-1

appear the bands corresponding to the deformation vibra-

tion of H–O–H bonds. The intense bands at *760 cm-1

and between 1,000 and 1,150 cm-1 are due to symmetric

and antisymmetric stretching vibrations of Si–O bonds,

respectively. These are more intense for sample IV, con-

firming the conclusion about the completeness of the

condensation reaction in this xerogel. The symmetric and

antisymmetric deformation vibrations of C–H bonds appear

between *1,200 cm-1 and *1,500 cm-1 and the sym-

metric and antisymmetric stretching vibrations of the same

bonds are found between *2,800 cm -1 and 3,000 cm-1.

The structural units detected in the xerogels, through the

characteristics vibration frequencies, confirmed the hypo-

thetical structure of an inorganic network based on Si–O

bonds, with a methyl or ethyl group per Si and –OH ter-

minal groups at the network ends. It is clear that the type of

vibrations related to the ethyl structural unit were more

noticeable in sample I (ETMS), as expected. Furthermore,

Table 2 Calculated and experimental mass percentages of C, H, O and N elements for the synthesized materials

Sample wt% C wt% H wt% O wt% N

Calc. Exp. Calc. Exp. Calc. Exp. Exp.

I 29.6 28.8 6.21 7.30 26.9 0.74 0.30

II 24.3 23.9 5.44 6.55 29.2 0.66 0.39

III 21.3 21.8 4.99 6.08 30.5 0.63 0.27

IV 17.9 17.8 4.51 5.41 35.8 0.69 0.11

Fig. 3 FTIR results for the

produced materials based on

samples I (ETMS), III (25%

ETMS/75% MTMS) and IV

(MTMS)
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the vibrations attributed to the Si–OH groups were more

intense in the same sample, in agreement with the ele-

mental analysis conclusions.

Figure 4 shows the XRD patterns of the synthesized

materials. The obtained diffraction patterns are character-

istic of materials with very low crystallinity. Two broad

diffraction peaks can be distinguished, centered approxi-

mately at 9� and 22� (2h), in agreement with the XRD

results obtained by other authors for similar materials [15,

16]. The first peak may be related to the spacing between

silicon atoms attached to the alkyl group (methyl or ethyl)

and is indicative of channels of alkyl groups in the structure

[15]. Thus, this peak is absent for silica structures without

the organic group. From Fig. 4 it can be observed that the

intensity of this peak increases with the length of the alkyl

group, indicating that the channels produced by the ethyl

group in the material structure are more pronounced when

compared to the case of the methyl group, as expected. The

second peak, at *22�, is associated with the spacing of Si

atoms and angle of the group Si–O–Si, and, as compared

by Lana et al. [15], crystalline silica materials have a

sharper peak than amorphous silica materials (including

those obtained by sol–gel processing). In the present work

results, this peak is very broad and diffuse for all the

samples, especially in the case of sample IV. Nevertheless,

the peak is slightly more intense when ETMS was used in

the precursor system. This might be due to the fact that

ETMS precursor contributes for some crystalline order (but

low) in the structure of the xerogels.

Figure 5 shows SEM images of the compact tablet

obtained with 100% ETMS. On the material’s surface,

large rectangular holes and some spherical particles can be

observed (Fig. 5a). These spherical particles are connected

to the matrix, but they had no conditions or time to inte-

grate the matrix material. In Fig. 5b, which corresponds to

the material interior, some circular pores are visible. They

may be due to gas retention within the structure. Fig. 5c

shows small clusters of condensed particles that remained

inside the pores. The structure of these clusters appears to

be an early stage of condensation, before the spheres for-

mation. Thus, the condensed structure seems to grow

preferentially in one direction when the alkyl group is

larger (see Fig. 5d). These micro-clusters should have been

formed initially in the whole sample, but they end up

Fig. 4 XRD patterns for the produced materials based on samples I

(ETMS), III (25% ETMS/75% MTMS) and IV (MTMS)

Fig. 5 SEM images of materials prepared from sample I (ETMS): a surface, b–d interior (material previously cut)
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together and filled by additional condensation reactions,

resulting in a compact solid.

Figure 6 shows images of silica based xerogels syn-

thesized from 75% MTMS/25% ETMS mixture (sample

III). In Fig. 6a,b, clusters of approximately spherical

structures with diameter of 5–10 lm can be observed. In

Fig. 6c, the necks that connect the structural units are

visible. Whole material presents this microstructure,

resulting from the connection between the spherical units

(3D solid skeleton).

Images of the material synthesized with 100% MTMS

(sample IV) are presented in Fig. 7a,b. The xerogel struc-

ture clearly grew in three dimensions and was formed from

a binding mechanism of very small spherical units (much

smaller than 1 lm).

Comparing the SEM images obtained for xerogels pre-

pared with 100% MTMS (sample IV) and 75% MTMS

(sample III)—Figs. 6 and 7, a significant increase of the

condensed units in sample III is apparent, which is due to a

ETMS contribution of only 25% in the precursor system.

The ethyl group is larger than the methyl what contributes

to the increase of steric hindrance in the medium and the

consequent decrease of the condensation rate, giving rise to

more linear (less ramified) structures. This effect, over-

lapped with some sedimentation of the monomers, dim-

mers, trimers, etc., due to its higher weight (increasing its

local concentration), enhances the increase of the con-

densed units. Thus, the ETMS influences significantly the

organization of the solid network, resulting in the observed

modifications of the xerogels structure.

Table 3 presents the density ranges of the synthesized

materials. The ETMS precursor contributes to a significant

increase in the density of the synthesized materials. This

was expected considering the microstructures observed by

Fig. 6 SEM images of xerogels synthesized with 75% MTMS/25% ETMS mixture (sample III)

Fig. 7 SEM images of xerogels obtained from sample IV (MTMS)
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SEM and the already discussed mechanisms of the mate-

rials formation/growth.

The density of the obtained materials as a function of the

S molar ratio is shown in Fig. 8.

The effect of the S molar ratio on the density was

studied by Durães et al. [3] for the case of 100% MTMS.

They concluded that a higher S resulted in lower density of

the xerogels, which is due to a higher dilution of the pre-

cursor and, thus, less extension of the cross-linking. This is

confirmed in the present work for sample IV. However, for

materials obtained with ETMS (sample I) and with 25%

ETMS (sample III) the lowest density was achieved for

S = 20. In these cases, the dilution effect predominates

only up to S = 20. Above this value, the decrease in the

condensation rate is significant and the sedimentation of

monomers is more pronounced, leading to a densification

of the final material. This effect was observable by the

higher amount of liquid remaining above the solid phase

for S = 35.

Figure 9 shows the nitrogen gas adsorption/desorption

isotherms obtained for samples I, III and IV. In the cases of

the xerogels obtained with 100% MTMS (sample IV) and

75% MTMS (sample III), the isotherms have a profile

similar to type IV isotherms, although, with sample IV, the

adsorbed N2 volume is significantly higher than is for

sample III. This type of isotherm is characteristic of mes-

oporous materials. For the dense material obtained with

100% ETMS (sample I), the obtained isotherm shows a

profile between type II and I isotherms, thus the hysteresis

loop is absent. Type II isotherms are typical of nonporous

materials, fact that is agreement with the very low amount

of N2 adsorbed by sample I. Type I isotherms are observed

in microporous materials that adsorb mainly at low relative

pressures. Possibly the few existing pores in sample I are

micropores, justifying the obtained intermediate profile of

the adsorption isotherm.

Table 4 shows the results from ASAP2000 analyses. It

is clear that the specific surface area increases with the

MTMS proportion in the precursor system, which agrees

with the observed decrease in density and the isotherms

profiles. Comparing the results of the xerogel obtained with

Table 3 Density ranges obtained for the synthesized materials

Sample Density range (kg/m3)

I [794, 1,089]

II [469, 870]

III [104, 234]

IV [89, 125]

Fig. 8 Influence of the precursor dilution on the densities of

materials obtained from samples I (ETMS), III (25% ETMS) and

IV (MTMS)

Fig. 9 Nitrogen gas adsorption/desorption isotherms obtained for

samples I, III and IV

Table 4 Specific surface area, pore size and contact angle of the

synthesized materials

Sample S BET specific surface

area (m2/g)

BJH average

pore size (Å)

Contact

angle (�)

I 20 1.68 ± 0.07 43 126 ± 4

II 35 1.47 ± 0.04 42 –

20 2.94 ± 0.25 45 140 ± 4

III 35 5.49 ± 0.17 50 –

20 21.23 ± 1.06 20 142 ± 5

IV 20 416.39 ± 8.66 42 129 ± 2
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75% MTMS and the xerogel obtained with 100% MTMS

(last two rows of the table), there is a considerable dif-

ference in specific surface area values. This difference was

expected, considering the results obtained by SEM, since

the ETMS precursor contributed for a substantial increase

in the spherical structural units of the xerogels. The mag-

nitude of the average pore diameter leads to the conclusion

that the obtained materials are mainly mesoporous. How-

ever, the pore diameters evaluated by this technique have

only indicative value, justifying the different conclusions

obtained for sample I by analyzing the profile of the iso-

therms and the average pore diameter.

The obtained contact angle values were higher than 120�
(Table 4), proving the high hydrophobic character of the

synthesized materials. This is due to the presence of the

ethyl and methyl groups in their chemical structure. Sam-

ple I had more hydroxyl groups in the structure and,

accordingly, it exhibits the lower contact angle value. The

longer aliphatic group (ethyl) may possibly cause an

increase in the contact angle, but in sample I this effect was

over shaded by the contrary effect of the OH groups. As the

significance of the OH groups decreases with the amount of

ETMS in the precursor system, this cancellation may have

not occurred in samples II and III, which have higher

contact angle values. Thus, it seems that the ETMS co-

precursor in mixtures with MTMS may contribute to the

increase of the xerogels hydrophobicity, opening the way

to applications where this is a critical property.

Finally, the DSC-TG curves are presented in Fig. 10 and

the corresponding weight losses and temperatures for the

observed thermal phenomena are indicated in Table 5. It

should be mentioned that the falling of the DSC baseline is

inherent to the used equipment. As can be observed, all

samples lose a small part of its weight in lower tempera-

tures (up to *400 �C), but this loss increases with the

amount of MTMS in the precursor system. This can be

explained by the slow and progressive evaporation of the

retained solvent, catalysts and other impurities, which are

entrapped in the xerogels/tablets structure. In fact, the

major part of this loss happens after 200 �C, that is the end

temperature of the drying cycles. More, with the increasing

amount of MTMS in the precursor system, the porosity and

surface area of the synthesized materials increase signifi-

cantly, especially from sample III to sample IV, favoring

the adsorption phenomenon of these compounds. In this

temperature range, also some terminal hydroxyl groups

may leave the silica structure. The mentioned phenomena

are usually endothermic, however as they occur very

gradually they are not perceptible in the DSC curves.

Further weight losses, and more significant, occur at

temperatures higher than *400 �C (Fig. 10 and Table 5)

and these are accompanied by endothermic peaks in the DSC

curve. These can be justified by the thermal decomposition,

in a non-oxidizing atmosphere, of the methyl and ethyl

groups attached to silicon, what happens in two stages

(observe also the different slopes in the weight drop in

sample I). The weight loss after 400 �C is much larger in

sample I than in the other two samples, which can be

explained by the higher weight of the ethyl group when

compared to the methyl group. If complete hydrolysis

and condensation reactions are considered, the weight per-

centages of the methyl and/or ethyl expected in the final

materials would be 35.8, 26.3 and 22.4 wt% (C ? H)—see

Table 2—for samples I, III and IV, respectively. Comparing

these values with the sum of weight losses after *400 �C, it

Fig. 10 DSC-TG curves for the produced materials based on samples

I (ETMS), III (25% ETMS/75% MTMS) and IV (MTMS): solid lines
Weight; dotted lines Heat flux
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can be concluded that they agree well but the thermal

decomposition of alkyl groups in sample III was not so

extensive. In addition, it should be noted that the referred

decompositions are observed in increasing temperatures

when the amount of MTMS in the precursor system

increases, showing that the use of the MTMS precursor leads

to materials with a higher thermal stability limit and thus

more appropriate for Space applications. The first significant

weight losses observed in samples III and IV begins at

*440 �C, which is very close to the end of the working

temperature interval for Space applications (500 �C).

4 Conclusions

Silica based materials were synthesized by sol–gel tech-

nology from precursors MTMS and ETMS alone or in

combination. In the case of ETMS precursor alone and of

the mixture with 50% of each precursor, compact tablets

were obtained. When mixtures of 75% MTMS/25% ETMS

and MTMS precursor alone were used, xerogels were

produced.

The characterization of the materials show that, when

the alkyl derivative group is larger (as in ETMS), growth of

structure in a preferential direction seems to occur,

resulting in a more linear structure. On the contrary, when

MTMS is used, a branched structure is obtained.

The introduction of ETMS as a co-precursor in mixtures

with MTMS contributes to an increase in density and in the

size of the structural units. Consequently, a decrease in the

specific surface area and porosity is observed. In addition,

it contributes to a decrease in the thermal stability limit of

the synthesized materials. Thus, it can be concluded that

the use of this precursor, to synthesize xerogels for appli-

cation in the aerospace industry, is less favorable than the

use of the MTMS precursor alone. Still, ETMS seems to

contribute to an increase in the contact angle values of the

final materials, thus being a suitable co-precursor in

applications where the hydrophobicity is crucial.
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Table 5 Weight losses and temperatures of the thermal phenomena identified in the DSC-TG analyses of the synthesized materials

Sample TG DSC

Tini–Tend (�C) Weight loss (%) Type of peak Tonset (�C) Tpeak (�C)

I 24–374 2.7 NP – –

374–993 34.3 Endothermic 552 596

III 24–436 3.7 NP – –

436–636 9.9 Endothermic 438 517

636–993 4.1 Endothermic 731 792

IV 22–439 5.9 NP – –

439–715 10.2 NP – –

715–993 7.6 Endothermic 727 779

NP Not perceptible

Table 6 Characteristic vibration frequencies (cm-1) of FTIR spectra

of the synthesized materials

Sample

I

Sample

III

Sample

IV

Type of

vibration

[13]

Structural unit [13]

438 418 418 d O–Si–O O–Si–O

563 550 550 m Si–O SiO2 defects

695 728 682 ms Si–O :Si–O–Si:

752 770 781 ms Si–O :Si–O–Si:

– – 854 m Si–C Si–R

921 920 921 mb Si–O Free Si–O-

960 960 – mb Si–O :Si–OH

1,007 1,030 1,032 mas Si–O :Si–O–Si:

1,127 1,128 1,127 mas Si–O :Si–O–Si:

1,256 1,274 1,273 ds C–H Si–R

1,384 1,384 – ds C–H –CH2

1,417 1,417 1,407 das C–H Si–R

1,467 1,467 – ds C–H das

C–H

–CH2–CH3

1,653 1,650 1,683 d H–O–H H–O–H

2,842 2,843 2,842 ms C–H –CH2

2,883 2,862 2,862 mas C–H –CH3

2,923 – – mas C–H –CH2

2,943 – – mas C–H –CH2

2,967 2,973 2,971 ms C–H –CH3

3,445 3,461 – O–H and

SiO–H

H–O–H…H2O

and : SiO–H…H2O

m stretching vibration, ms symmetric stretching vibration, mas anti-

symmetric stretching vibration, mb in-plane stretching vibration, d
deformation vibration, ds symmetric deformation vibration (bending),

das antisymmetric deformation vibration (bending)
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Appendix

Characteristic vibrations frequencies of FTIR spectra of the

synthesized materials and the ascribed structural units are

shown in Table 6. The presented values correspond to the

minima of the observed peaks.
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