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Abstract A method for preparing organic–inorganic

hybrids containing organophosphorus compounds, silica,

and polyaniline (PANI) was developed using sol–gel

technique. This method allows the in situ synthesis of

organic–inorganic hybrids by reacting tetraethoxysilane

(TEOS), aniline, initiator, organophosphorus compound in

formic acid. The formic acid has multiple functions: as

solvent and acidic media for polymerization of aniline and

reagent for sol–gel process. The use of an organophos-

phorus compound as coupling agent and the introduction of

a conductive polymer in silica matrix was investigated.

Introduction

Conducting polymers have attracted attention due to their

electric and optical characteristics with potential application

in batteries [1], electrochromic devices [2], sensors [3],

protection against corrosion [4]. Polyaniline (PANI) is a

special case due to its environmental stability in the con-

ducting form, ability to interact with many other components

through hydrogen bonding and p–p stacking, convenient and

low cost of synthesis, and high conductivity. But the main

disadvantage remains its poor processibility.

A promising way to improve the processibility of con-

ductive polymer refers to the blends, composites, and

hybrids [5–8].

The properties of these composite materials are based on

the synergism between the properties of the individual

components. The combination of organic and inorganic

components in a single material makes new materials with

attractive properties. This is a result of their structural and

chemical composition and can be tailored in order to obtain

required properties. It is recognized that an organic–inor-

ganic hybrid material presents attractive properties

(mechanical, electric, optical, textural, catalytic, etc.)

[9–13].

The sol–gel process, presents some advantages like: the

possibility of the introduction of organic molecules into an

inorganic network and improving the matrix characteristics

by adjusting the reaction parameters [14]. This technique

allows the preparation of organic–inorganic hybrids with

improved physical and chemical properties by fine dis-

persion at the molecular level [15]. The hybrids synthe-

sized by sol–gel technique present attractive properties and

have potential for application as biomaterials, membranes,

non-linear optics, coatings, catalysis, optics or electro-

optics, and solid electrolytes [16, 17]. PANI/silica matrices

have been obtained by sol–gel technique [6–8]. Doped

silica sol–gel was obtained by polymerizing aniline during

the processing [18]. It is difficult to polymerize aniline,

once the dried gel was obtained. Wei et al. [19] obtained

PANI–silica composite by sol–gel method with physically

superior properties compared to PANI alone. Another route

to obtain PANI/silica matrices implies the dissolution

PANI in an organic solvent and subsequently depositing a

sol–gel composite of this polymer [20].

N. Plesu (&) � G. Ilia (&) � S. Iliescu

Institute of Chemistry, Romanian Academy, 24 Mihai Viteazul

Bvd., 300223 Timisoara, Romania

e-mail: nplesu@acad-icht.tm.edu.ro

G. Ilia

e-mail: ilia@acad-icht.tm.edu.ro; gheilia@yahoo.com

P. Sfirloaga

National Research Institute for Electrochemistry and Condensed

Matter, 1 Plautius Andronescu Str., 300224 Timisoara, Romania

G. Ilia

Faculty of Chemistry-Biology and Geography, West University,

16 Pestalozzi Str., 300115 Timisoara, Romania

123

J Mater Sci (2009) 44:6437–6446

DOI 10.1007/s10853-009-3895-8



In this work we tried to improve the processibility of

PANI and to obtain a well-dispersed conductive PANI in

an unusual matrix—phosphonate/silica ‘‘network’’. This

matrix has not been reported in the literature thus far.

Organophosphorus acids (phosphoric, phosphonic, and

phosphinic) and their derivatives (salts, esters) are highly

promising coupling molecules that allow the anchoring of

organic groups to inorganic solids [21].

These compounds appear to be complementary of

organosilanes. So, it is possible to obtain phosphorus silica

network. Surface modification of various inorganic sup-

ports by these coupling molecules has already led to sev-

eral applications in the fields of composite materials [22],

separation [23], and catalysis [24], for the elaboration of

photovoltaic [25] and optical devices [26] or in the bio-

medical area [27].

The combination of these materials generates a new

class of high performance or highly functional organic–

inorganic hybrid. Also sol–gel method using formic acid

was chosen. Formic acid plays two roles: solvent for PANI

and catalyst-reagent for silica–phosphonate network [18].

Results and discussion

The hybrids were prepared by simultaneous hydrolysis–

polycondensation of TEOS with DEBP and oxidative

polymerization of aniline. The reagent ratios and PANI

content are presented in Table 1.

The formic acid plays two roles: solvent for PANI and

catalyst for polysilicates–polyphosphonate network. Dur-

ing the acidolysis, silanol groups are formed and ethanol is

released as an intermediate [28, 29]. The DEBP precursor

hydrolyzes as well in formic acid, ethanol is eliminated and

phosphonic acid is formed as an intermediate.

The formation of hybrids implies condensation and

polycondensation reactions between silanol–silanol, sila-

nol–ester, and P–OH groups. Self-condensation between

P–OH groups does not occur under the sol–gel conditions.

The PANI formed by oxidative polymerization is entrap-

ped into the organic–inorganic matrix (Scheme 1).

It is reported that the time of gelation can be reduced by

up to two orders of magnitude, depending on reaction

conditions employed, when the silicon alkoxide mixture

reacts with formic acid instead of water [28, 29]. The

hydrolysis of alkoxysilane in formic acid is fast and the

gelation time depends on the amount of alkoxysilane in the

precursor mixture [28, 29].

At the same concentration of TEOS in precursor mix-

ture, the presence of DEBP increases the gelation time. The

gelation time increases from 5 to 30 min at room temper-

ature, comparatively with the case of A2 without DEBP at

which gelation time is very short.

The gelation time is affected by the DEBP content. The

gelation time increase linearly with the DEBP content

(Fig. 1).

The increase of gelation time is a consequence of the

two factors: one the lower hydrolysis rate of phosphorus

ester group and second the lower rate condensation process

between P–OH groups and Si–OH groups comparatively

with the self-condensation rate between Si–OH groups.

Table 1 Reagent used in synthesis of hybrids

Sample Formic acid (mL) TEOS (mL) Aniline (mL) DEBP (mL) Ammonium peroxidisulfate (g) % PANI in sample

A1 15 1.07 0.435 1 1.09 12.25

A2 15 1.07 0.435 – 1.09 17.58

A3 20 2.14 0.435 2 1.09 7.60

A4 50 1.07 0.435 1.5 1.09 4.18

Phosphorus  moiety

Silica  moiety

polyaniline

Scheme 1 PANI entrapped into organic–inorganic matrix
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Fig. 1 Gelation time versus DEBP content in mixture
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The presence of the characteristic peaks of the emeral-

dine salt form of PANI in the FTIR spectrum of hybrids

demonstrates the formation of PANI. The intensities of

some of the peaks, e.g., 1560, 1480, 1290, 1130, and

807 cm-1, are affected by the presence of silica and

phosphorus network and can be explained on the basis of

constrained PANI growth and restricted modes of

vibration.

The main characteristic bands of doped PANI are

assigned as follows: the band at 3300 cm-1 is attributed to

N–H stretching mode, the C=N and C=C stretching mode

for the quinoid (Q) and benzenoid (B) rings at 1562 and

1480 cm-1, the C–N stretching mode for benzenoid ring

bands at about 1296 and 1241 cm-1 and the peak at

1118 cm-1 is assigned to the in-plane bending vibration of

C–H (mode of N=Q=N, Q=N?H–B, and B–N?H–B),

which is formed during protonation [30–32].

The silica–phosphorus network leads to the shift of

PANI bands to the lower wave numbers with a decreased

intensity in the hybrid samples comparing to the corre-

sponding peaks of pure PANI (at 1584, 1474, 1295, and

1131 cm-1, respectively, indicating the formation of

hydrogen bonds between silica phosphorus network and the

imine groups in the polyaniline molecular chains.

These differences in the FTIR spectra can be related to

constrained growth and restricted modes of vibrations in

PANI in the presence of silica phosphorus network, similar

phenomena was observed in the case of TiO2 [33].

In the range from 400 to 1200 cm-1, pure silica shows

several characteristic peaks. They are assigned to the

Si–O–Si and Si–O– stretching vibrations. With the addition

of DEBP, the absorption peak at 1080 cm-1 is broadened

and shifted to lower wave numbers due to the presence of

Si–O–P–O bond [34] at 1020 cm-1. The 1114 cm-1 is

assigned to the overlap peaks of the Si–O–Si symmetric

stretching mode and the CH stretching mode in plane bend.

The band at 815 cm-1 is assigned to the overlap peaks of

Si–O and CH out of plane bend. The band associated to

–Si–O [30] is located at 474 cm-1. The 900–1300 cm-1

region corresponds to the vibrations of the phosphonate.

In the case of pure PANI, the bands at 574 and

610 cm-1 show the same relative intensities [35]. The band

at 574 cm-1 was assigned to the formation of phenazine

structures produced in hybrids by crosslinking among

PANI chains (Scheme 2).

The band at 610 cm-1 was assigned to the benzene ring

deformation [36, 37]. In the hybrids A1, A3, A4, the band

at 610 cm-1 is stronger than the band at 574 cm-1. The

decrease of the relative intensity of the band at 574 cm-1

in hybrids spectra would indicate that a high amount of

silica and phosphorus within conducting polymer chains

avoids the inter-chain interaction of PANI chains during

preparation.

In the case of A2 the intensity of the band at 610 cm-1

indicates a more homogeneous dispersion of conducting

material comparatively with the A1. The presence of

organic phosphorus compound allows the crosslinking

among PANI chains in hybrid and the formation of phen-

azine structures.

The phosphorus content of hybrids A1, A3, A4 was

determined by Schöningen method. The results are pre-

sented in Table 2 and are in good agreement with the

quantity of DEBP used in synthesis.

The thermal behavior of obtained organic–inorganic

hybrids was evaluated from TG data recorded in air

atmosphere and under nitrogen. In air, there are four major

stages of weight loss for all samples (Table 3).

The first weight loss below 120 �C is a result of the

release of moisture. The other three decomposition stages

in the temperature range 120–1000 �C are associated with

the release of PANI dopant (120–160 �C), decomposition

of PANI chain above 380 �C and the release of the struc-

tural water resulted from the bonded hydroxyl groups. For

the hybrids with moiety (A1, A3, and A4) in temperature

domain 200–500 �C, in air DEBP decompose with the

formation of phosphorus pentoxide (P2O5). The weight

residue in thermograms (remaining for all samples recor-

ded in air at 1000 �C) was regarded as the real silica

content.

In nitrogen, the samples present three major weight loss

presented in Table 3. The first weight loss is associated

with the release of moisture (90–120 �C). The temperature

range 200–1000 �C presents an apparently complicated

weight loss. In this temperature range the entire weight loss

is mainly attributed to the release of the structural water

resulted from the bonded hydroxyl groups and to the other

process like: release of PANI dopant (120–160 �C),

Scheme 2 Phenazine structure

Table 2 Phosphorus content of hybrids determined by Schöningen

method

mg P/g hybrids

Experimental Calculated

A1 40.02 40.60

A2 – –

A3 59.36 60.90

A4 79.23 81.20
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decomposition of PANI chain (above 350 �C), and degra-

dation of P–C bonds.

The phosphorus content can be evaluated for hybrids

containing organophosphorus compounds, silica, and PANI

from TG data recorded in air, if equivalent hybrids without

DEBP are prepared. In our experiments the hybrids A1 and

A2 are equivalent except the fact that in A2 only DEBP is

missing. It is known that in oxygen atmosphere, hybrids

containing organophosphorus compounds release P2O5

(from DEBP). The weight loss in the temperature range

200–500 �C can be used for the evaluation of phosphorus

content (Fig. 2).

In the temperature range 200–500 �C sample A2 pre-

sents a higher weight loss comparatively with sample A1.

The difference in the weight loss is attributed to the

increased content of Si–OH groups in the A2 sample, due

to the higher content of TEOS. Sample A2 contains more

TEOS comparatively with A1. Knowing the initial mixture

weight of each hybrid samples (mi), the weight loss due

only to the TEOS content can be evaluated.

The TEOS content in sample A1 can be calculated with

the formula (1):

mTEOSA1 ¼
msA1 � miTEOS

miA1

ð1Þ

Similarly, the TEOS content in sample A2 can be

considered (2):

mTEOSA2 ¼
msA2 � miTEOS

miA2

ð2Þ

The TEOS difference between hybrid samples can be

calculated (3):

DmTEOS ¼
miTEOS msA2 � miA1 � msA1 � miA2ð Þ

miA1 � miA2

ð3Þ

where miA1,A2 represents the initial weight of mixture A1,

respectively A2; miTEOS represents the TEOS content in

initial mixture, mg; msA1,A2 represents the sample weight

in TG, mg; mTEOSA1, mTEOSA2 represents the TEOS content

in TG hybrids sample A1, respectively A2, mg.

The weight loss of sample A1 due only to the TEOS

content can be calculated from TG weight loss of sample

A2 with the formula (4):

DmA1calc ¼
DmsA2 � mTEOSA1

mTEOSA2

ð4Þ

where DmA1calc represents the weight loss due only to the

TEOS content, mg; DmsA2 represents the experimental

weight loss of hybrid sample A2 in the range 200–500 �C.

The experimental weight loss of sample A1, obtained

from TG data is higher than the calculated one. The dif-

ference represents the weight loss due to the oxidation of

DEBP at P2O5 (DmDEBP).

DmDEBP ¼ Dmexp � Dmcalc ð5Þ

Based on this difference the phosphorus content in the

sample can be calculated in mg per gram hybrids with the

formula:

P ¼ DmDEBP � 2Ap

MP2O5
� msA1

ð6Þ

where AP represents the relative atomic mass of phospho-

rus; MP2O5
represents molar mass of P2O5.

The same calculation can be done for the sample A3 and

A4. The calculated values are presented in Table 4.

Table 3 The TG data for hybrid sample

Sample/atmosphere Temperature range (�C) Weight loss (%)

A1/air 90–120 0.49

200–350 35.30

350–500 13.38

500–1000 14.07

Residue 750 �C 17.22

A1/nitrogen 90–120 0.47

200–350 57.33

350–1000 17.64

Residue 1000 �C 23.11

A2/air 90–120 0.75

200–350 42.43

350–500 15.54

500–1000 15.95

Residue 750 �C 17.02

A2/nitrogen 90–120 0.76

200–350 45.21

350–1000 21.91

Residue 1000 �C 30.16

A3/air 90–120 0.59

200–350 47.72

350–500 20.02

500–1000 17.71

Residue 750 �C 17.32

A3/nitrogen 90–120 0.42

200–350 63.60

350–1000 18.70

Residue 1000 �C 27.11

A4/air 90–120 0.46

200–350 35.30

350–500 13.38

500–1000 14.07

Residue 750 �C 17.61

A4/nitrogen 90–120 0.43

200–350 64.85

350–1000 19.06

Residue 1000 �C 28.16
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The obtained values are in accordance with the results

obtained by Schoningen method and are in agree with

the calculated values. The condensation between P–OH

groups and Si–OH groups can be evaluated from TG data

too. By comparing the TG data recorded in nitrogen in

the temperature range 200–750 �C (Fig. 3), the weight

loss difference between hybrid sample with and without

phosphorus moiety are mainly attributed to the condensa-

tion between P–OH groups and Si–OH groups.

Each phosphorus moiety is bifunctional (has two OH

groups) and each silicon moiety is tetrafunctional (contain

four OH groups). As a result in sample A2 the weight loss

due to the water release is higher than in the sample with

phosphorus moiety.

Fig. 2 TG sample in air. a Hybrid A1 and b hybrid A2
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The difference between sample A2 and A1 is

1.7684 mg. So, this difference in mass loss is a result of

higher number of hydroxyl group content in sample A2.

It is possible to calculate the weight loss of a silica–

phosphorus hybrid sample due only to the Si–OH groups.

The Si(OH)4 content in sample A1 can be calculated with

the formula (7):

mSiðOHÞ4A1 ¼
msA1 � miSiðOHÞ4

miA1

ð7Þ

Similarly, the Si(OH)4 content in sample A2 can be

calculated (8).

mSiðOHÞ4A2 ¼
msA2 � miSiðOHÞ4

miA2

ð8Þ

Sample A2 contain more Si–OH group comparatively with

A1 and so the weight loss are higher due to the increased

water release in condensation process.

Knowing the initial mixture weight of each hybrid

samples (mi) the Si(OH)4 difference between hybrid sam-

ples can be calculated (9).

DmSiðOHÞ4 ¼
miSiðOHÞ4 msA2 � miA1 � msA1 � miA2ð Þ

miA1 � miA2

ð9Þ

where miA1,A2 represents the initial weight of mixture A1,

respectively A2; miTEOS represents the Si(OH)4 content in

initial mixture, mg; msA1,A2 represents the sample weight in

TG, mg; mSiðOHÞ4A1, mSiðOHÞ4A2 represents the Si(OH)4

content in TG hybrids sample A1, respectively A2, mg.

The weight loss of sample A1 due only to the Si(OH)4

content can be calculated from TG weight loss of sample

A2 with the formula (10):

DmA1calc ¼
DmsA2 � mSiðOHÞ4A1

mSiðOHÞ4A2

ð10Þ

where DmA1calc represents the weight loss due only to the

Si(OH)4 content, mg; DmsA2 represents the experimental

weight loss of hybrid sample A2 in nitrogen in the range

200–750 �C.

The experimental weight loss of sample A1 is higher

than the calculated one and the difference represents the

water weight loss due the condensation of P–OH groups

(DmH2O) (11). The results are summarized in Table 5.

DmH2O ¼ Dmexp � Dmcalc ð11Þ
The release of one molecule of water occurs by the

reaction of two P–OH groups. The calculated mmol of water

are in good agreement with the initial mixture content of

DEBP of each hybrid sample. The composition of hybrid

sample is summarized in Table 6. The exact silica content

was determined from the weight of the residue at 750 �C [38]

and these values were in excellent agreement with those

calculated from stoichiometry of the starting materials.

The PANI content (Table 6) was calculated assuming

that the polymer is homogenous dispersed in phosphorus

silica network.

The SEM images indicate the formation of mesoporous

PANI–phosphorus–silica hybrids (Fig. 4).

The obtained hybrids are fine dark green powders at

macroscopic level. The homogeneity of color at macro-

scopic level points out homogeneous hybrid with good

interaction between PANI and organic–inorganic network

with no tendency of phase separation. A few optical images

at 409 magnification are presented (Fig. 5).

The homogeneity of the samples results from the optical

and SEM images. In presented figures the magnification is

409 (optical microscope) and 120009 (SEM). At this

magnification we observed a well distribution of PANI in

the organic–inorganic matrix.

The morphology of the PANI hybrids is represented by

fused granules in all the samples (Fig. 4). Fused granules

having the size of 300–850 nm are obtained in the case of

PANI–phosphonate–silica network matrix. The size of

hybrid granules increases with the increase of the content

in silica and phosphonate (higher content of phosphonate–

silica network matrix, e.g., sample A3) as a result of the

increase of gelation time.

The PANI appears to be well-dispersed in the phos-

phonate–silica network. The decrease in pore volume of

hybrids with the increase of PANI content indicates that the

polymers are well-packed inside the network.

Experimental

Reagent aniline (Chemopar Bucharest), TEOS, formic acid

(Sigma–Aldrich), ammonium peroxidisulfate (Merck), and

Table 4 Phosphorus content of hybrid samples calculated from TG data in air

Sample mi (g) ms (mg) miTEOS (g) Dmexp
a (mg) (200–500 �C) DmDEBP (mg) mg P/g hybrids

A1/air 3.6244 28.5063 0.9938 14.3714 2.6190 40.12

A2/air 2.5344 30.0980 0.9938 16.9902 – –

A3/air 7.3244 34.0254 1.9987 13.7982 3.1918 60.04

A4/air 4.1244 32.8835 0.9938 11.6818 5.3082 81.32

a The experimental weight loss of hybrid sample in the range 200–500 �C from TG data calculated for a hybrid sample equal to 28.5063 mg
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diethylbenzyl phosphonate (DEBP-Merck) were used as

received except aniline which was double distilled prior

use. The hybrid composites were obtained in one pot

synthesis. First, oxidant ammonium peroxodisulfate was

added in formic acid and vigorously stirred until the oxi-

dant was dissolved. Then, the aniline was added and the

mixture was vigorously stirred at ambient temperature until

the slightly blue color appeared and then TEOS and DEBP

were added. The reagent ratios are presented in Table 1.

The mixture was stirred for 5–30 min (depending on the

quantity of DEBP added) at room temperature and after that

allowedtocompletethereactionfor1 dayat75–85 �C.

Fig. 3 TG sample in nitrogen. a Hybrid A1 and b hybrid A2

J Mater Sci (2009) 44:6437–6446 6443
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After the addition of DEBP the viscosity of mixture

increased. The gelation time is determined from viscosi-

metric measurements. The gelation time (tgel) was arbi-

trarily taken as the time at which the viscosity of solution

increased rapidly.

The obtained hybrids were investigated using FTIR,

SEM, and TG measurements.

The IR absorption spectra were recorded with a Jasco

430 spectrometer (spectral range 4000–400 cm-1, 256

scans, and resolution 2 cm-1) using KBr pellets.

Table 5 Water release due to the P–OH groups (mg per gram hybrid) calculated from TG data in nitrogen

mi (g) ms (mg) miSiðOHÞ4 (g) Dmexp
a (mg) (200–750 �C) DmH2O (mg) mmol H2O

A1/nitrogen 3.6244 30.0980 0.4584 14.9464 3.2463 0.18

A2/nitrogen 2.5344 30.0419 0.4584 16.7148 – –

A3/nitrogen 7.3244 34.0254 0.9219 18.5094 6.8435 0.36

A4/nitrogen 4.1244 32.8835 0.4584 16.5689 4.8621 0.27

a The experimental weight loss of hybrid sample in the range 200–750 �C from TG data calculated for a hybrid sample equal to 30.0980 mg

Table 6 The composition of hybrid sample

Sample mg PANI/g hybrids mg P/g hybrids Silica content (%)

Schöningen method Experimentala Calculated Experimentalb Calculated

A1 12.25 40.02 40.12 40.60 17.22 17.5

A2 17.60 – – 17.02 17.5

A3 59.36 60.04 60.90 17.32 17.5

A4 79.23 81.32 81.20 17.61 17.5

a From TG weight loss in 200–500 �C, air
b From TG residue at 750 �C, air

Fig. 4 SEM images for

a hybrid A1 (12.25% PANI),

b hybrid A2 (17.58% PANI),

and c hybrid A3 (7.60% PANI)
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The SEM images were obtained using Inspect S

microscope.

Thermogravimetric analyses were performed on a TGA/

SDTA 851-LF 1100-Mettler. The working conditions were:

samples amount 29–31 mg for the hybrid samples; alumi-

num crucible, heating rate 10 K/min; atmosphere nitrogen

and air.

The phosphorus content in hybrids was determined

according to the Schöningen method [39]. A sample of

hybrids precisely weighed was burnt out in an oxygen

atmosphere and the P2O5 formed was absorbed in water.

The solution obtained was titrated with an aqueous solution

of cerium (III) 0.005 M in the presence of Eryochrome

Black T as indicator.

Conclusions

This method allowed obtaining in one pot synthesis new

organic–inorganic hybrids containing organophosphorus

compounds, silica, and polyaniline. This method allowed

us to obtain organophosphorus network by a simple sol–gel

technique, due to the higher hydrolysis of organic phos-

phorus esters. With the increase of PANI content the

mesopore volume of hybrids decrease as a result of the

homogenous dispersion of PANI inside the network.

Thermogravimetry prove to be a simple and satisfactory

method to determine the phosphorus content of hybrids and

to evaluate the condensation between P–OH groups and

Si–OH groups in hybrids.
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