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Abstract 
The effect of H2O and the slow thermal annealing on the properties of pure silica (SiO2) and phos-
phosilicate (SiO2-P2O5) gel-glasses are presented. The monolithic samples have been prepared via 
sol-gel process using tetraethorthosilicate (TEOS), Si(C2H5O)4 and Triethylphosphate (TEP) 
(C2H5O)3P(O) as SiO2 and P2O5 precursors. Phosphate incorporates into the silicate network by 
substituting Si atoms and consequently, we observed changes in structural and spectroscopic 
properties for these systems. The structures of prepared samples were examined by observed 
weight loss, XRD and FTIR. It has been found that in the structure of pure silica and phosphosili-
cate glasses there are formed domains characterized by certain degree of ordering of the units 
present in their composition, while the structure of pure silica is still amorphous of these glasses. 
The changing character of domains structure may be the reason of different chemical activities of 
phosphosilicate glass. 
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1. Introduction 
The sol-gel technique is considered to be excellent and the most practical chemical method in recent years for 
preparing chemically homogeneous monolithic, coatings and powders with a variety of useful applications such 
as optic, coating materials and biological [1]-[4]. The synthesis of organic and inorganic sol-gel materials con-
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sists of the following major stages: hydrolysis of the precursors (generally, metal alkoxides) to form a homoge-
neous sol, poly-condensation of the sol to form a non-crystalline gel network, several steps to remove excess 
solvent and unreacted precursors, then drying and calcination treatments to form end product. Metal alkoxides, 
the starting materials of the sol-gel process, are known for their relatively high reactivity, especially to water. 
Thus high rates of hydrolysis are required, which leads to the opining network of silicate system to overcome the 
agglomeration of particles. In these cases, it is necessary to modify the precursors so as to increase their stability 
toward hydrolysis [5]-[7]. 

The behavior of silicate glasses is widely determined by the different other oxides they include which are 
classified as formers, modifiers or intermediates. Many different molecules are used as modifiers in silicate sys- 
tem, such as alcohols, acetylacetone, allyl acetoacetate and organic acids [8]. Phosphate doped silica gel and 
glasses, composed of two networks former oxides have acquired increasing relevance in glass technology be- 
cause of their excellent structural and optical properties. Recently, there is a rapid development in silicate sys-
tems in various applications such as amplifier, lenses, biomedical research, catalysis, drug delivery and imaging 
due to their stability, low toxicity and ability to be functionalized with a range of molecules and polymers [9]- 
[11]. The first aim of this work is to relate the structural modifications with the positions of the vibrational 
modes. Structural changes induced by varying the H2O and annealing temperature of pure and doped silica 
glasses are investigated by Fourier transform infrared (FTIR) spectroscopies. The second aim of this work is to 
relate the peak frequencies shifts to structural modifications of the phosphosilicate (SiO2-P2O5) network.  

2. Experimental  
Pure silica (SiO2) and phosphosilicate (SiO2-7P2O5) systems were prepared using sol gel process at room tem-
perature under different reaction condition. The synthesis of pure silica gel using Tetraethyorthosilicate 
(CH3CH2OH)4 (TEOS, purchased from Aldrich), with ethanol, distilled water and HCL, with different reaction 
condition of the chemical components (1:4:4:0.65) and (1:4:6:0.65), under vigorous stirring for 2 h. A (SiO2- 
7P2O5) sol prepared using triethyphosphate with ethanol, distilled water and HCL, with different reaction condi-
tion of the chemical components (1:4:4:0.65) and (1:4:6:0.65), under vigorous stirring for 2 h. The final pH of 
the reaction mixtures was about 3. The resultant transparent and homogeneous solutions of silica gel and phos-
phosilicate gels were filled in a glass vials and aged two weeks at the room temperature then dried in oven type 
GFL 71.5, at different annealing temperatures, from 60˚C up to 500˚C for 3 h, as represented in the flow chart 
Figure 1. The final products were monolithic samples very clear, transparent and without cracks. X-ray diffrac-
tion (XRD) patterns were obtained on a Bruker D8 Advance diffractometer using Cu Kα radiation (k = 1.540 A˚), 
operating at 40 kV and 40 mA. Scans were performed with a detector step size of 0.02˚ over an angular range 2θ 
= 10 - 80. Fourier Transforms Infrared, were used to determine the individual frequencies and their intensities. 
FTIR (Range 400 - 4000 cm−1) spectrometer was used to confirm the formation of pure silica and phosphosili-
cate glass structures.  
 

 
Figure 1. Flow chart for sol-gel processing for preparation of pure silica and 
phosphosilicate gel and glasses.                                             

TEOS + ETOH +H2O +HCl

Silica-phosphate (SiO2-7 P2O5)(solution)

Pure silica

Aging two weeks at RT0C then dried at 60-1000C

Heat treatment at different annealing temperatures, 
100-5000C

Under vigorous stirring for 2 h

TEOS + ETOH +H2O +HCl)+ (TEP + ETOH 

Under vigorous stirring for 2 h
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3. Results and Discussion 
3.1. Observed Weight Loss 
The synthesized solutions were homogeneous and transparent, the viscosity of pure silica and phosphosilicate 
which increased with the increasing aging time of the solutions. The gel prepared with higher water ratio taking 
long time in aging of the solution in RT and low thermal annealing as in Figure 2. It is apparent that the slow 
increases in viscosity for the samples containing higher ratio of distilled water with the aging time. In solution, 
pure silica (TEOS) reacted with H2O to form Si-OH bonds and also, in phosphosilicate to form Si-OH, Si-O-Si, 
Si-O-P and P-OH bonds. The Si-OH and P-OH bonds polymerize themselves and/or react with TEOS and TEP 
forming the macromolecules of the siloxane and phosphosilicate network structure. The formation of macro-
molecules leads to an increase of the viscosity, resulting in the increased the change in physicochemical proper-
ties of these systems.  

The sol gel process consists of simultaneous hydrolysis and poly-condensation reactions that occur in silicate 
system and phosphosilicate system. 

The hydrolysis reactions are shown below: 

( ) ( )( )2 5 2 2 5 2 54 3
Si C H O H O Si OH C H O C H OH+ → + ↑  

( ) ( ) ( )2 5 2 2 5 2 53 2
C H O OP H O C H O OP OH C H OH+ → + ↑  

The gelation process starts by condensation polymerization of colloidal pure silica and phosphosilicate parti-
cles stabilized in aqueous solutions according to the condensation reaction as follows: 

( )( ) ( )( ) ( ) ( )( )2 5 2 5 2 5 2 5 23 3 3 3
Si OH C H O Si OH C H O C H O Si-O-Si C H O H O pure silica gel+ → + → . 

( ) ( ) ( )2 5 2 2 52 32
C H O OP OH H O OP OH C H OH Phosphate network structure+ → + → . 

( ) ( ) ( ) ( ) ( )
( )

2 5 2 5 2 54 3 3 2Si C H O OP OH OC H Si O OP OH C H OH

Phosphosilicate network structure Si-O-P .

+ → +

→
 

Finally, the produced clusters tend to aggregate to form a huge chains and networks of pure silica gel and 
phosphosilicate gel [12]-[14]. The gelation process in the first two weeks changed very slowly in this time for 
pure and doped silicate system and by increasing the drying temperature in daring oven from RT to 60, 80 and 
100˚C the mass loss increased and obtained a dried gel. During the interval of transformation the drying process 
must be done at slowly low temperature to avoid fractures from capillary stresses due to the removal of the dif-
ferent solvent molecules from the liquid phase for silica and phosphosilicate systems. The chemical changes 
during the transform from sol to gel (agglomeration of dense colloidal particles) for the prepared systems due to 
the elimination of OH- and alcohol groups to form Polymeric gels. After firing the samples at 100˚C the mass 
loss increased quickly due to the fast evaporation rate of the adsorbed water and alcohol molecules presented on 
the surface and in the porous of the prepared samples as in Figure 2. 

3.2. X-Ray Diffraction 
Pure and doped silicate glasses produced by sol gel method starts with a mixture of metal alkoxides with suit-
able solvent. Figure 3, Figure 4 show the XRD pattern of pure silica and phosphosilicate (SiO2-7P2O5) glasses 
calcined at different temperatures from 100˚C to 500˚C for 3 h. All the samples are amorphous up to 200˚C. 
However, the thermal analysis shows that heating at temperatures higher than 200˚C is necessary to remove 
most of the organic solvent and water. Therefore, the XRD analysis refers only to the samples calcined at 300 
and 500˚C. XRD curve in Figure 3 shows the absence of any crystallinty in pure silica. While, phosphosilicate 
(SiO2-7P2O5) glass appears higher degree of crystallinty with increasing the calcinations temperature, ascribed to 
monoclinic SiP2O7 phase and rhombohedra Si5P6O25 as in Figure 4 and the average crystallite size is estimated 
at ~15 nm from the Scherer formula.. Where the introduction of P2O5 into pure silica system results in a distor-
tion and rupture of the bonds and increases the content of non-bridge oxygen. With increasing the calcination 
temperatures up to 500˚C for 3 h as in Figure 3 the XRD patterns appeared the absence of any peaks in pure sil-
ica gel that was found to be still in amorphous phase. 
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Figure 2. Observed weight loss in pure silica gel with ratio (a) TEOS/H2O = 
1/4 and (b) TEOS/H2O = 1/6, for phosphosilicate gel (c) TEOS + TEP/H2O = 
1/4 and (d) TEOS + TEP/H2O = 1/6, from room temperature to 100˚C.          

 

 
Figure 3. XRD patterns of pure silica gel and glass calcined at different tem-
peratures (a) 100˚C (b) 300˚C and (c) 500˚C for 3 h.                            

 

 
Figure 4. XRD patterns of phosphosilicate glasses calcined at different tem-
peratures (a) 100˚C (b) 300˚C and (c) 500˚C for 3 h, • SiP2O5 phase and * 
Si5P6O25 phase.                                                               

3.3. The Fourier Transform Infrared (FTIR) 
FTIR spectroscopy shows bands assigned to silica and phosphosilicate glasses as in (Figure 5, Figure 6) within 
the range 400 - 4000 cm−1. The broad bands in the range 3400 to 3700 cm−1 were attributed to the presence of 
water molecule due to silanol and phosphanol groups (free and structured), to hydroxyl groups and to the 
stretching modes of water [13] [15] [16]. The presence and intensity of the deformation mode of HOH around 
1600 - 1640 cm−1, in both samples and can be confirmed the presence of OH in the pours structures [16]-[19]. 
The vibration bands at 1050 - 1090 cm−1 from asymmetric stretching Si-O-Si and Si-O-P in pure silica and 
SiO2-7P2O5 network structure [20]. 

In silica gel doped with phosphate the symmetric mode of PO and PO2 are observed at 950 - 1200 cm−1 [21]. 
O-P-O stretching modes are observed at 792 cm−1 and 807 cm−1. Additional the weak banda at around 550 to 
590 cm−1 is due to the bending vibrations of O-P-O bond as in Figure 5, Figure 6(B), and found to decrease gra- 
dually and change to weak shoulder with increasing the temperature due to the rearrangement of phosphosilicate 
systems [22]. Finally, the characteristic bands for silicate system are amperes at 440 - 466 cm−1 is assigned 
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Figure 5. The FTIR absorbance spectra in wide spectral region 400 - 4000 
cm−1 of (a) phosphosilicate with two different molar ratio (a) (TEOS + 
TEP/H2O = 1/4), (b) (TEOS + TEP/H2O = 1/6) and the inset for pure silica gel 
in the range 2700 - 4000 cm−1, calcined at temperature 100˚C, 200˚C, for 3 h.      

 

 
Figure 6. The FTIR absorbance spectra in wide spectral region 400 - 4000 
cm−1 of (A) pure silica with two different molar ratio (TEOS/H2O = 1/4), (b) 
(TEOS/H2O = 1/6) and (B) phosphosilicate with two different molar ratio (a) 
(TEOS+TEP/H2O = 1/4), (b) (TEOS+TEP/H2O = 1/6), calcined at temperature 
300˚C, 400˚C, for 3 h.                                                  

 
to Si-O-Si bending vibration and symmetric stretching modes of Si-O-Si [16] [22]. In summary, the introduction 
of a phosphate and the change in HOH ratio in the silica gel is likely to inhibit the condensation of silanols and 
phosphanols groups which will lead to a more cross-linked network. 

4. Conclusion 
We have prepared by sol-gel pure silica and SiO2-7P2O5 monolithic with good adherence, using tetraethyortho-
silicate and triethyphosphate as a silica and phosphorus precursor. Observed weight loss, XRD, and FTIR 
analyses confirmed the expected chemical composition of the prepared samples and demonstrated the influence 
of reaction condition on the chemical bonds in the SiO2 and SiO2-7P2O5 glass. The densification of SiO2 and 
SiO2-7P2O5 with increasing annealing temperature was also noticed through XRD and the higher intensity of the 
FTIR spectra. The FTIR spectra reveal the formation of SiO2 and SiO2-7P2O5 network. 
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