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Abstract In this work, a new porous solid polysiloxane

material with thiol-amine-based multiple functional groups

polysiloxane-(monoamine-thiol) triacetate, P-(N-S)-TrEA

(where P- represents [Si–O]n polysiloxane network), was

synthesized using one-pot reaction of TEOS with 3-imin-

odiethylacetatepropyltrimethoxysilane and 3-thiolethylac-

etatepropyltrimethoxysilane in the presence of CTAB as a

surfactant. Its ethylenediamine and diethylenetriamine-mod-

ified polysiloxane-(monoamine-thiol)-tris(N-2-aminoethy-

lacetamide), P-(N-S)-TrEA-NN, and polysiloxane-

(monoamine-thiol)-tris(N-3,6-diazahexylacetamide), P-(N-

S)-TrEA-NNN, chelating ligand systems were also obtained.

The previously reported simple functionalized polysiloxane

(monoamine-thiol) has been modified to obtain thiol-mono-

amine-based multiple functional groups. A variety of meth-

ods and techniques including FTIR, solid-state 13C NMR,

XPS and TGA have been used for establishing their structure.
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1 Introduction

Silica-based solid supports have gained much importance

over other supports in the last years because of their ability

of withstand chemical and heat treatments, high pressure

degradation, straining and swelling [1–5]. In addition,

chelating agents can be easily bound chemically to these

supports, affording high stability [6]. The incorporation of

chelating groups onto inorganic and hybrid silica-based

solid supports exhibits increasing number of applications in

areas such as extraction, recovery and separation of metal

ions from aqueous solutions as well as chromatographic

stationary phases and heterogeneous catalysis [7–20].

Silica-based functionalized polysiloxanes have been

prepared either by the low-temperature sol–gel process or

by modification of pre-prepared polysiloxanes [7–20].
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Many mono-functionalized polysiloxanes have been pre-

pared in the last few decades including amines, thiols,

iminodiacetic acids, amino acids and macrocyclic [21].

Some simple bi-functionalized polysiloxanes including

thiol–amine [22], phosphine–monoamine, phosphine–di-

amine and phosphine–thiol ligand systems were prepared

by hydrolytic polycondensation of mixtures of TEOS and

two different silane precursors [23]. In these systems, two

types of ligand groups were introduced into the

polysiloxane matrix during the sol–gel process [22, 23].

The sol–gel process permits the preparation of relatively

homogeneous immobilized-polysiloxane ligand systems

containing two types of ligand groups with specific molar

ratios, on the same polysiloxane framework [22, 23].

The bi-functionalized immobilized-polysiloxane ligand

systems give wide range and high uptake capacity toward

different types of metal ions from aquatic media [20]. Further

modification of the known bi-ligand systems is not yet

investigated. In this paper, the monoamine and thiol-silane

precursors were modified by functionalization with ethyl

acetate groups and then mixed with TEOS precursor via

template sol–gel method to give polysiloxane-(monoamine-

thiol) triethylacetate. Further modification of the triethylac-

etate (monoamine-thiol) ligand system was made in order to

obtain multiple functionalized polysiloxane-(monoamine-

thiol)-tris(N-2-aminoethylacetamide) and polysiloxane-

(monoamine-thiol)-tris(N-3,6-diazahexylacetamide).

2 Experimental

2.1 Reagents and materials

Tetraethylorthosilicate, 3-aminopropyltrimethoxysilane,

3-mercaptopropyltrimethoxysilane and ethylchloroacetate

were purchased from MERCK and used as received.

Cetyltrimethylammonium bromide (CTAB) surfactant was

purchased from MERCK and used as received. Ethylene-

diamine, diethylenetriamine, absolute ethanol, toluene,

diethyl ether, acetone and absolute methanol were pur-

chased from SIGMA Aldrich Company and used as

received without further purification.

2.2 Characterization of the materials

13C CP-MAS solid-state NMR experiments were carried out at

room temperature on Bruker MSL-400 MHz spectrometer at

frequency of 100.6 MHz (13C) using a Bruker CP/MAS probe.

Proton decoupling was always applied during acquisition.

Solid samples were spun at 5 kHz using 7-mm ZrO2 rotors

filled in a glove box under dried argon atmosphere.

The X-ray photoelectron spectra (XPS) were recorded

on an ESCALAB 250, spectrometer equipped with a

monochromatic AlKa X-ray source (hm = 1486.6 eV,

650 lm spot size). An electron flood gun was used to

obtain a perfectly uniform static charge over the sample

area analyzed. The filament current was 3 A, and the

emission current 0.2 mA. These conditions yield negative

but uniform static charge over the powder surface. Binding

energy positions were calibrated against the main C–C/C–

H C1s component set at 285 eV. The surface elemental

composition was determined by considering the peak areas

and the corresponding Scofield sensitivity factors corrected

for the electron analyzer transformation function.

Thermogravimetric analysis TGA was carried out using

Mettler Toledo SW 7.01 analyzer in the range of

25–600 �C under nitrogen.

Elemental analysis for carbon, hydrogen and nitrogen

was carried out, using an Elemental Analyzer EA

1110-CHNS CE Instrument.

The infrared spectra of the materials were recorded on a

Perkin-Elmer FTIR, spectrometer using KBr disk in the

range of 4000–400 cm-1.

The surface morphology of polysiloxane-(monoamine-

thiol) triethylacetate ligand system was characterized by

using Optica-B-350 microscope.

2.3 Preparations

2.3.1 Preparation of mesoporous immobilized-

polysiloxane (monoamine-thiol) triethylacetate

polysiloxane (P-(N-S)-TrEA)

This material was prepared by sol–gel process in three

steps, as reported previously [22, 23]:

(1) Preparation of 3-thiolethylacetatepropyltrimethoxysi-

lane, (MeO)3Si(CH2)3-SCH2CO2Et, (L-SA).

Ethylchloroacetate (10.0 g, 0.08 mol) was added drop-

wise (2 g/min) to a stirred solution of 3-mercaptopropy-

ltrimethoxysilane (6.13 g, 0.05 mol) in 15 mL absolute

ethanol. The mixture was refluxed at 100 �C for 12 h.

Then, the mixture was cooled at room temperature.

(2) Preparation of 3-iminodiethylacetatepropyltrimethoxysi

lane, (MeO)3Si(CH2)3N(CH2CO2Et)2, (L-IDA).

Ethylchloroacetate (15.0 g, 0.122 mol) was added

dropwise (2 g/min) to a stirred solution of 3-aminopropy-

ltrimethoxysilane (9.80 g, 0.05 mol) in 30 mL absolute

ethanol. The mixture was refluxed at 100 �C for 12 h.

Then, the mixture was cooled at room temperature.
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The modified silane precursors L-SA and L-IDA were

kept in solution at room temperature.

(3) Sol–gel step.

Solutions of the modified silane precursors L-SA and

L-IDA were added to a stirred solution of tetraethylorthosili-

cate (20.8 g, 0.10 mol), in the presence of cetyltrimethylam-

monium bromide (CTAB) (3.64 g) in absolute ethanol

(30 mL) and hydrochloric acid solution (4.95 g, 0.42 M) as a

catalyst. Gelation occurred within 3 days. The product was

aged for another 3 days and then dried in a vacuum oven at

80 �C for 12 h. The solid material (P-(N-S)-TrEA) was cru-

shed and sieved to a particle size range of (125–150) lm.

Cetyltrimethylammonium bromide (CTAB) was removed by

refluxing with hot ethanol. The material was then washed

successively with 50 mL portions of 0.025 M NaOH, water,

methanol and diethylether. The solid material was dried in a

vacuum oven at 80 �C for 12 h.

2.3.2 Preparation of immobilized-polysiloxane

(monoamine-thiol) triacetic acid (P-(N-S)-TrAA)

The immobilized-polysiloxane (monoamine-thiol) triethy-

lacetate P-(N-S)-TrEA was hydrolyzed by refluxing (5.0 g) of

the ester material with 150 mL of 2.0 M HCl for 6 h. The acid

form of polysiloxane triacetic acid ligand system P-(N-S)-

TrAA was then filtered, washed successively with 50 mL

portions of 0.025 M NaOH, water, methanol and diethylether

and then dried in a vacuum oven at 80 �C for 12 h.

2.3.3 Preparation of immobilized-polysiloxane

(monoamine-thiol) tris(N-2-aminoethylacetamide)

(P-(N-S)-TrEA-NN)

The immobilized-polysiloxane (thiol-monoamine)-triethy-

lacetate P-(N-S)-TrEA (5.0 g) was refluxed with

ethylenediamine (10 g, 0.17 mol) in 50 mL anhydrous

toluene with stirring at 110 �C for 48 h. Then, the mixture

was cooled, filtered off and washed with ethanol. The

product P-(N-S)-TrEA-NN was then dried in a vacuum

oven at 80 �C for 12 h.

2.3.4 Preparation of immobilized-polysiloxane

(monoamine-thiol)-tris(N-3,6-diazahexylacetamide),

P-(N-S)-TrEA-NNN

The immobilized-polysiloxane (monoamine-thiol) triethy-

lacetate P-(N-S)-TrEA (5.0 g) was refluxed with diethylene-

triamine (17.0 g, 0.16 mol) in 50 mL anhydrous toluene with

stirring at 110 �C for 48 h. Then, the mixture was cooled,

filtered off and washed with ethanol. The product P-(N-S)-

TrEA-NNN was dried in a vacuum oven at 80 �C for 12 h.

3 Results and discussion

3.1 Synthesis

The functionalized immobilized-polysiloxane (mono-

amine-thiol) triacetic acid, P-(N-S)-TrAA, (monoamine-

thiol) tris(N-2-aminoethylacetamide), P-(N-S)-TrEA-NN,

and monoamine-thiol-tris(N-3.6-diazahexylacetamide,

P-(N-S)-TrEA-NNN, were prepared using template proce-

dure in the presence of CTAB by the following steps

(Schemes 1, 2, 3, 4, 5). The elemental analysis is given in

Table 1.

(1) Preparation of 3-iminodiethylacetatepropyltrimethoxysi-

lane and 3-thiolethylacetatepropyltrimethoxysilane by

treatment the 3-aminopropyltrimethoxysilane and 3-mer-

captopropyltrimethoxysilane with ethylchloroacetate in

absolute ethanol (Scheme 1).

(2) The two silane agents were mixed with TEOS in the

presence of CTAB surfactant. CTAB was then

removed by reflux with ethanol to obtain meso-

porous (monoamine-thiol) triethylacetate polysilox-

ane ligand system, P-(N-S)-TrEA (Scheme 2).

(3) Formation of immobilized-polysiloxane (monoa-

mine-thiol) triacetic acid, P-(N-S)-TrAA was

obtained by hydrolysis of P-(N-S)-TrEA ester pre-

cursor using 2 M HCl (Scheme 3).

(4) Preparation of immobilized-polysiloxane P-(N-S)-

TrEA-NN by the reaction of P-(N-S)-TrEA with

ethylenediamine (Scheme 4).

(5) Preparation of immobilized-polysiloxane P-(N-S)-

TrEA-NNN by the reaction of P-(N-S)-TrEA with

diethylenetriamine (Scheme 5).

3.2 Elemental analysis

From the elemental analysis given in Table 1, it is clear

that carbon percentage decreases from 17.75 to 12.81 %

and the nitrogen percentage decreases slightly from 2.55 to

2.43 % after hydrolysis of P-(N-S)-TrEA by 2 M HCl.

Upon treatment of P-(N-S)-TrEA material with

ethylenediamine or diethylenetriamine groups, it is

observed that there is an increase in the found nitrogen

percentage from 2.55 to 7.52 % for P-(N-S)-TrEA-NN and

from 2.55 to 7.74 % for P-(N-S)-TrEA-NNN (Table 1).

There is also an increase in carbon percentages from 17.75

to 21.82 % for P-(N-S)-TrEA-NN and from 17.75 to

23.40 % for P-(N-S)-TrEA-NNN (Table 1). This provides

evidence that ethylenediamine and diethylenetriamine

groups have been introduced into P-(N-S)-TrEA material.

It is observed that the found values are lower than the

expected elemental analysis values in the case of carbon for
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P-(N-S)-TrEA and its acid form, which is probably attrib-

uted to the incomplete hydrolysis of alkoxy groups [19–

24].

The slight increase of sulfur percentage is due to the

complete attachment of functionalized thiol-silane agent in

comparison with the functionalized monoamine silane

agent based on the actual molecular weight of the material.

That is also evident from the relative intensities of 13C

NMR peaks of methylene carbons attached to N or S

atoms. This behavior is probably due to the difference in

MeO-Si-(CH2)3NH2 ClCH2COOEt MeO-Si-(CH2)3N(CH2COOEt)2

OMe
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Scheme 1 Preparation of 3-iminodiethylacetatepropyltrimethoxysilane and 3-thiolethylacetatepropyltrimethoxysilane
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Scheme 2 Preparation of immobilized-polysiloxane (monoamine-thiol) triethylacetate
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the rate of hydrolysis and polycondensation between the

two silane agents. Therefore, the incorporation of the sul-

fur-containing functional group onto the siloxane support is

much more than that of the amine functional group.

3.3 FTIR spectra

FTIR spectra for the immobilized-polysiloxane ligand

systems: P-(N-S)-TrEA/CTAB, P-(N-S)-TrEA, P-(N-S)-

O
O
O
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NH2(CH2)2NH2+

P-(N-S)-TrEA P-(N-S)-TrEA-NN

Scheme 4 Preparation of immobilized-polysiloxane (monoamine-thiol) tris(N-2-aminoethylacetamide)
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Scheme 5 Preparation of immobilized-polysiloxane (monoamine-thiol)-tris(N-3,6-diazahexylacetamide)

Table 1 Elemental analysis* of the prepared immobilized ligand systems

Functionalized polysiloxane Element %C %H %S %N Mmol S/g Mmol N/g C/(S ? N) S/N

P-(N-S)-TrEA Expected 35.10 5.30 5.20 2.20 1.62 1.57 9.15 1.03

Found 17.75 4.75 5.69 2.55 1.78 1.82 4.11 0.98

P-(N-S)-TrAA Expected 27.10 3.90 6.02 2.60 1.88 1.85 6.04 1.01

Found 12.81 3.95 6.05 2.43 1.89 1.73 2.94 1.09

P-(N-S)-TrEA-NN Expected 32.80 5.90 4.87 14.90 1.52 10.64 2.25 0.14

Found 21.82 5.57 5.35 7.52 1.67 5.37 2.58 0.31

P-(N-S)-TrEA-NNN Expected 36.60 6.80 4.07 17.80 1.27 12.71 2.18 0.09

Found 23.40 5.44 6.03 7.74 1.88 5.52 2.63 0.34

* Mean of three measurements. The maximum error is 1.0 % for carbon and 0.05 % for hydrogen, nitrogen and sulfur
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TrAA, P-(N-S)-TrEA-NN and P-(N-S)-TrEA-NNN, are

given in Fig. 1a–e. The spectra show three regions of

absorption bands at 3500–3000 cm-1 due to m(O–H) or

m(N–H), 1750–1500 cm-1 due to d(O–H), d(N–H) or

m(C=O) and 1200–900 cm-1 due to m(Si–O) [23–25].

Figure 1a, b shows a characteristic band at 2560 cm-1 due

to m(S–H) which is due to thiol functionalized ligand. The

bands around 2980 cm-1 are due to symmetric and

asymmetric m(C–H) aliphatic stretching vibrations. These

absorption bands confirm that both monoamine and thiol

functional groups are covalently bound to polysiloxane

matrix. The FTIR spectrum for the immobilized-

polysiloxane P-(N-S)-TrEA/CTAB ligand system (Fig. 1a)

shows a band at 2940 cm-1 which was disappeared in the

immobilized P-(N-S)-TrEA ligand system (Fig. 1b) due to

the removal of CTAB surfactant [19, 20]. Figure 1a shows

a strong band at 1740 cm-1 due to m(C=O) vibration of the

ester form (–COOEt), whereas the spectrum of the immo-

bilized-polysiloxane P-(N-S)-TrAA acid form (Fig. 1c)

shows a strong absorption band at 1670 cm-1 due to

m(C=O) vibration. This indicates that all ester groups

(–CH2COOEt) were converted into the acid form (–CH2

COOH) [19, 20]. The absorption spectra of the immobi-

lized-polysiloxane P-(N-S)-TrEA-NN and P-(N-S)-TrEA-

NNN ligand systems (Fig. 1d, e) show a characteristic

absorption band at 1658 cm-1 for the m(N–C=O) due to the

amide stretching vibration. The spectra show two peaks at

3092 cm-1 m(N–H) and 3361 cm-1 that assigned for the

m(N–H) symmetric and asymmetric stretching vibrations.

The spectra also show a strong band at 1549 cm-1 due to

d(N–H) bending vibrations. The absence of m(C=O) band at

1760 cm-1 of the ethylchloroacetate after the reaction with

the ethylenediamine and diethylenetriamine is a strong

evidence of the complete conversion of the acetate groups

into the amine groups [26]. These FTIR assignments were

based on reported spectral data of similar materials [18–

26]. Further confirmation for these changes was obtained

from XPS and NMR results discussed later.

3.4 13C NMR spectra

The CP/MAS 13C spectra for P-(N-S)-TrEA and P-(N-S)-

TrAA are given in Fig. 2a, b. The spectrum for the

immobilized-polysiloxane (monoamine-thiol) triethylac-

etate ligand system P-(N-S)–TrEA (Fig. 2a) shows signals

at 11, 22 and 43 ppm corresponding to C1/C*1, C2 and C3

(Scheme 6). The signal at 36 ppm is due to C*2 and C*3.

The shoulder signals at 51 ppm are due to C4/C*4 [25, 26].

The broad signal at 175 ppm is due to carbonyl C*5 and

C5. The two signals at 63 and 15 ppm correspond to C6

and C7 of ethyl acetate group. The spectrum of P-(N-S)-

TrAA (Fig. 2b) shows similar signals as that of P-(N-S)-

TrEA, with some changes. The signals at 15 and 63 ppm

were disappeared which provide strong evidence that the

ester form was completely changed to the acid form. The

signal at 178 ppm (s) is probably due to carbonyl group of

the acid form (Scheme 7) which slightly shifted to more

down field. All these assignments are based on reported

spectral data of similar systems [22–26].

The 13C CP NMR spectrum for the immobilized-

polysiloxane ligand systems P-(N-S)-TrEA-NN and P-(N-

S)-TrEA-NNN (Schemes 8 and 9) is shown in Fig. 3. The

spectra show signals at 12 and 24 ppm that correspond to

C*1/C1 and C2 methylene carbon atoms. The broad strong

signal centered at 40 ppm is probably composed of three

peaks nearly at 36, 43 and 50 ppm due to C*2/C*3, C6/C7

and C4/C*4, respectively. The spectrum shows two car-

bonyl carbons at 164 and 173 ppm due to absorbed CO2

and C5/C*5, respectively (Schemes 8, 9) [22–26]. No

signals were observed due to OCH2CH3 species which give

an evidence for the introduction of ethylenediamine and

diethylenetriamine onto P-(N-S)-TrEA material.

3.5 XPS results

The XPS survey spectra for the immobilized-polysiloxane

ligand systems P-(N-S)-TrEA/CTAB, P-(N-S)-TrEA,
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Fig. 1 FTIR spectra of a P-(N-S)-TrEA/CTAB, b P-(N-S)-TrEA, c P-

(N-S)-TrAA, d P-(N-S)-TrEA-NN and e P-(N-S)-TrEA-NNN, ligand

systems
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P-(N-S)-TrAA, P-(N-S)-TrEA-NN and P-(N-S)-TrEA-

NNN are shown in Fig. 4a–e. The spectra show main peaks

at 102, 164, 285, 400 and 532 eV corresponding to Si2p,

S2p, C1s, N1s and O1s. The atomic percentages of carbon,

silicon, oxygen, nitrogen and their corresponding core-line

binding energies (BEs) are given in Table 2. The XPS

survey spectrum of the immobilized-polysiloxane P-(N-S)-

TrEA/CTAB ligand system (Fig. 4a) shows high intensity

of carbon percentage due to the presence of CTAB which

decreases after removal of CTAB (Fig. 4b). This is also

confirmed from the atomic percentage of carbon which

decreases from 40.14 to 35.05 % after removal of CTAB

(Table 2). When the P-(N-S)-TrEA material is treated with

ethylenediamine or diethylenetriamine, a significant

increase of nitrogen and carbon percentages was observed

(Fig. 4d, e; Table 2). This indicates the introduction of

ethylenediamine and diethylenetriamine groups into the

P-(N-S)-TrEA material.

The reason why bulk elemental analysis for carbon

percentage for P-(N-S)-TrEA (Table 1) is different from

that obtained from XPS (Table 2) is that there has non-

uniform distribution of functional groups from the top

surface to deep inside the particle, but probably there has

uniform distribution of functional groups only on the sur-

face of the particles. Most of functional groups are onto the

particle surface, and probably few are trapped inside the

bulk.

All these assignments were based on reported data of

similar systems [20, 26]. Figures 5, 6, 7, 8 and 9 show the

fitted C1s carbon of P-(N-S)-TrEA/CTAB, P-(N-S)-TrEA,

P-(N-S)-TrAA, P-(N-S)-TrEA-NN and P-(N-S)-TrEA-

NNN, which indicated the presence of three signals cen-

tered at 284.99, 286.54 and 289.04 eV corresponding to

CH2CH2CH2SCH2COOCH2CH3

CH2CH2CH2N(CH2COOCH2CH3)2

P

1 2 3 4 5 6 7

1* 2* 3* 4* 5* 6 7

Scheme 6

CH2CH2CH2N(CH2COOH)2

CH2CH2CH2SCH2COOH
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Scheme 7
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Scheme 9

Fig. 2 13C CP NMR spectra of

a P-(N-S)-TrEA and b P-(N-S)-

TrAA, ligand systems
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three C1s components (C–C/C–H, C–N/C–O and COOH/

COOR) (Table 3). These results are similar to the reported

data [20, 26].

These indications could be concluded from the data

given in Table 3 as follows:

• The removal of CTAB has been reflected by decreasing

of the C1s (B) component from 18.8 to 16.5.

• It is notable that upon hydrolysis of P-(N-S)-TrEA to

acid form P-(N-S)-TrAA, the C1 s (B) component has

slightly decreased from 16.5 to 13.9 % due to change of

–COOR to acid form –COOH.

• The introduction of amine groups was confirmed by

increasing C1s (B) component from 16.5 to 25.76 % for

ethylenediamine and to 20.93 % for diethylenetriamine.

The N1s fitted curves for P-(N-S)-TrEA/CTAB, P-(N-

S)-TrEA, P-(N-S)-TrAA, P-(N-S)-TrEA-NN and P-(N-S)-

TrEA-NNN are shown in Figs. 10, 11, 12, 13 and 14, and

percentages of N1s (A), N1s (B) and N1s (C) components

are given in Table 4 for the free nitrogen, hydrogen

bonding and protonated amine, respectively. All the three

N1s (A), N1s (B) and N1s (C) components of N1s for P-(N-

S)-TrEA/CTAB are shown in Fig. 10. In the case of the

system P-(N-S)-TrEA (Fig. 11), only two components

centered at 399.67 and 401.76 eV assigned to the free and

hydrogen bonding amine, respectively. The protonated

amine was not observed due to the removal of CTAB.

Upon hydrolysis of P-(N-S)-TrEA by 2 M HCl (Fig. 12;

Table 4), N1s fitting spectrum of P-(N-S)-TrAA displays

two components centered at 399.69 and 401.76 eV. These

are assigned to the free amine and hydrogen bonding

amine, respectively.

The N1s spectra of P-(N-S)-TrEA-NN and P-(N-S)-

TrEA-NNN are fitted with two components centered at

399.96, 401.70 and 399.77, 401.57 eV, respectively, which

assigned for the free nitrogen and the hydrogen bonding

amine, respectively (Figs. 13, 14). There are a significant

increase of free N1 s component and a decrease of

hydrogen bonding component upon treatment of P-(N-S)-

TrEA material with ethylenediamine or diethylenetriamine

groups (Table 4). This is confirmed by the increases in

Fig. 3 13C CP NMR spectra of

a P-(N-S)-TrEA-NN and b P-

(N-S)-TrEA-NNN, ligand

systems
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Fig. 4 XPS survey of the immobilized-polysiloxane ligand systems

a P-(N-S)-TrEA/CTAB, b P-(N-S)-TrEA, c P-(N-S)-TrAA, d P-(N-

S)-TrEA-NN and e P-(N-S)-TrEA-NNN
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nitrogen percentage from 0.55 to 4.95 and 0.55 to 6.00,

respectively (Table 2).

The molar ratio (N/Si) increases from 1:17 to 1:1 by the

treatment of P-(N-S)-TrEA material with ethylenediamine

and diethylenetriamine (Table 2), which gives a strong

evidence that the ethylenediamine and diethylenetriamine

groups are introduced into the P-(N-S)-TrEA material.

3.6 Thermal analysis

Thermogravimetric analysis (TGA) and differential thermo-

gravimetric analysis (DTA) were examined for P-(N-S)-

TrEA, P-(N-S)-TrAA, P-(N-S)-TrEA-NN and P-(N-S)-

TrEA-NNN under nitrogen at temperature range of

25–600 �C with 10 �C/min. The weight loss of the

Table 2 XPS data and %

surface composition* of

immobilized-polysiloxane P-(N-

S)-TrEA/CTAB, P-(N-S)-TrEA,

P-(N-S)-TrAA, P-(N-S)-TrEA-

NN and P-(N-S)-TrEA-NNN,

ligand systems

System Element C Si O N N/Si

P-(N-S)-TrEA/CTAB Core-line C1s Si2p O1s N1s 1:16

B.E (eV) 285.01 102.87 532.63 399.61

% Composition 40.14 15.96 25.87 0.51

P-(N-S)-TrEA Core-line C1s Si2p O1s N1s 1:17

B.E (eV) 284.99 102.89 532.66 399.67

% Composition 35.05 19.02 30.80 0.55

P-(N-S)-TrAA Core-line C1s Si2p O1s N1s 1:18

B.E (eV) 284.96 102.80 532.60 399.69

% Composition 36.73 19.31 29.91 0.52

P-(N-S)-TrEA-NN Core-line C1s Si2p O1s N1s 1:1

B.E (eV) 285.01 102.82 532.60 399.96

% Composition 33.10 16.15 25.07 4.95

P-(N-S)-TrEA-NNN Core-line C1s Si2p O1s N1s 1:1

B.E (eV) 285.02 102.78 532.49 399.77

% Composition 34.91 15.58 24.91 6.00

* The maximum error is 10 % given the semiquantitative aspect of the technique
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Fig. 5 Fitted C1s XPS core-level spectrum of P-(N-S)-TrEA/CTAB,
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polysiloxanes was studied as a function of change in tem-

perature. Figure 15 shows the thermograms of P-(N-S)-TrEA-

immobilized ligand system. Four DTA peaks (maxima) were

observed. This can be explained by a four-stage degradation

process for the P-(N-S)-TrEA. The first peak at *65.8 �C is

attributed to the loss of physisorbed water (dehydration) and

alcohol from the pore system [27–29]. The second peak at

*264.2 �C is due to dehydroxylation of surface of OH silanol

groups. The third stage at *392.5 �C is probably due to

cleavage and degradation of the organofunctional group
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Fig. 8 Fitted C1s XPS core-level spectrum of P-(N-S)-TrEA-NN,

ligand system
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Fig. 9 Fitted C1s XPS core-level spectrum of P-(N-S)-TrEA-NNN,

ligand system

Table 3 Carbon components of

immobilized-polysiloxane

ligand systems

Polysiloxane system C–H/C–C C1s (A) % C–N/C–O C1s (B) % COOH/COOR C1s (C) %

P-(N-S)-TrEA/CTAB 77.27 18.79 3.95

P-(N-S)-TrEA 78.43 16.54 5.03

P-(N-S)-TrAA 80.46 13.87 5.67

P-(N-S)-TrEA-NN 65.70 25.76 8.54

P-(N-S)-TrEA-NNN 70.45 20.93 8.62
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Fig. 10 Fitted N1s XPS core-level spectrum of P-(N-S)-TrEA/

CTAB, ligand system
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bonds which attached directly to the silicon atoms producing

gases, e.g., CO2, and formaldehyde (H2CO) which takes place

as a product of the thermal decomposition [30–32]. The DTA

curve after 400 �C and up to 600 �C is attributed to further

dehydroxylation of surface silanol groups, forming siloxane

bonds, [30–33]. The loss of weight for P-(N-S)-TrEA is

35.6 %, which decreases to 33.5 % after hydrolysis of P-(N-

S)-TrEA (Fig. 16).

When P-(N-S)-TrEA is treated with ethylenediamine

and diethylenetriamine, the DTA thermogram for P-(N-S)-

TrEA-NN shows five maxima and six maxima for P-(N-S)-

TrEA-NNN as shown in Figs. 17 and 18, respectively. The

loss of weight increases from 35.6 % for P-(N-S)TrEA to

36.0 % for P-(N-S)-TrEA-NN and to 42.1 % for P-(N-S)-

TrEA-NNN. The extra peaks are probably due to degra-

dation of ethylenediamine and diethylenetriamine organic

groups (Figs. 17, 18). The extra peak at 235 �C is probably

due to carbon dioxide CO2 captured by ethylenediamine

and diethylenetriamine functionalized silica [33]. These

peaks are not shown in its parent P-(N-S)TrEA, which

confirmed that their appearance refers the presence of

amine groups as reported [33].

3.7 Polarized optical microscopy

Photographs was taken using polarized optical microscope

for P-(N-S)-TrEA/CTAB (Fig. 19). It shows a spherical

shape with an average particle size and pore size of 12.06

and 3.09 lm, respectively, with hexagonal pore. It can be

seen that all particles are of the same shape with well-

defined boundaries. The fine features of the particles are

well clear and visible.

4 Conclusion

The immobilized-polysiloxane monoamine-thiol triacetic

acid P-(N-S)-TrAA was prepared by sol–gel method. The

ethylenediamine, P-(N-S)-TrEA-NN and diethylenetriamine
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Fig. 12 Fitted N1s XPS core-level spectrum of P-(N-S)-TrAA,

ligand system
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Table 4 Nitrogen components of the immobilized-polysiloxane

ligand systems

Polysiloxane

system

%N1s (A,

free)

%N1s (B, hydrogen

bonded)

%N?1s (C,

protonated)

P-(N-S)-

TrEA/CTAB

16.24 50.64 33.12

P-(N-S)-TrEA 18.90 81.09 –

P-(N-S)-TrAA 20.16 79.84 –

P-(N-S)-

TrEA-NN

77.10 22.89 –

P-(N-S)-

TrEA-NNN

76.82 23.18 –
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P-(N-S)-TrEA-NNN derivatives were prepared by modifi-

cation of P-(N-S)-TrEA ester form. These materials were

well investigated by several techniques including FTIR, 13C

CP NMR, XPS, TGA, polarized optical microscope and

elemental analysis. These techniques confirmed that both

monoamine and thiol-silane coupling agents were not

equally incorporated onto siloxane matrix through the sol–

gel process. The thermogravimetric analysis provided evi-

dence that these materials are thermally stable at elevated

temperatures.
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