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Abstract  

Heterogeneous M-O-M' bond formation in the precursor gel is the key to the low 

temperature synthesis of multicomponent oxides via sol-gel method. The 

heterogeneous polycondensation reaction of nonhydrolytic sol-gel method provides a 

simple and facile way to form heterogeneous M-O-M' bond in the gel. However, not 

all raw materials can ensure the formation of M-O-M' bond in nonhydrolytic 

heteropolycondensation reaction. This paper gives a brief discussion on the 

nucleophilic substitution mechanism and process of nonhydrolytic sol-gel 

heterogeneous polycondensation reaction, combined with our specific case analysis, it 

is found that the selection of raw materials should first meet the need to nonhydrolytic 

polycondensation reaction mechanism. Meanwhile, the raw materials M-A and M'–B 

should have high covalent character (namely low ionic character percentage) to 

ensure the metal base can replace the leaving group after the nucleophile’s 

nucleophillic attack, so as to ensure the formation of M-O-M' bond in the gel.  

1. Introduction  

Nonhydrolytic sol-gel method directly takes the polycondensation reaction from the 

precursor to gel without the hydrolysis process (see Arnal, Corriu, Leclercq, And, & 

Vioux, 1997; Joo, Kwon, Yu, & Hyeon, 2005; Vioux, 1997). It simplifies the

technological process without the hydrolysis rate controlling of the precursor. More 
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importantly, nonhydrolytic sol-gel method is used to form heterogeneous M-O-M' 

bond, which makes it easier to achieve uniform atomistic mixing and greatly reduce 

the synthesis temperature of multicomponent oxides (see Andrianainarivelo, Corriu, 

Leclercq, And, & Vioux, 1997; Vona, Polini, Sebastianelli, & Licoccia, 2004). 

However, the formation of M-O-M' bond is also closely related to the selection of raw 

materials in practical application. 

Meanwhile, when atoms form a covalent bond, it is often between the covalent and 

ionic bond, which belongs to the covalent-ionic bond. Estimation the ionic character 

percentage of bond is a common problem in inorganic chemistry (see Isotani, & 

Watari, 1976; Warhurst, 1951). Although it is difficult to calculate the quantitative 

relationship of the ionic character of the covalent bond accurately and it is still an 

unsatisfactory problem, there are some empirical rules that can be referred to (see 

Fajans, 1941; Pauling, 1932; Isotani, & Watari, 1976; Warhurst, 1951). 

This paper gives a brief review on nonhydrolytic sol-gel heterogeneous 

polycondensation reaction. Combining with the review on the nucleophilic 

substitution reaction process of nonhydrolytic heterogeneous polycondensation, this 

paper summarizes the basic principle for raw materials selection to form M-O-M' 

bond in gel via nonhydrolytic sol-gel method. This paper also analyzes our specific 

application cases of the ionic character the percentage calculation in raw materials 

selection for nonhydrolytic sol-gel heterogeneous polycondensation to form M-O-M' 

bond. 

2. Experimental procedure 
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2.1 Preparation of samples 

2.1.1 Samples preparation for cordierite synthesis 

Homemade anhydrous aluminium ethoxide (Al(OEt)3) was first prepared by using 

aluminum powder (Al, AR, Shanghai) and anhydrous ethanol (EtOH, AR, Shanghai) 

as raw materials, and iodide (I2, AR, Shanghai) as catalyzer (see Feng, Jiang, Liu, Li, 

Zhang, Miao, & Wu, 2017). Then, corresponding amount of tetraethoxysilane 

(Si(OEt)4, AR, Shanghai) was added and refluxed at 80 ℃ for 24 h. And then 

magnesium sources of anhydrous magnesium chloride (MgCl2, AR, Shanghai) (M1
#) 

and magnesium acetate (Mg(OOCCH3)2, AR, Shanghai) (M2
#) was added, 

respectively. And the mixture was placed in the vessel at 110 ℃ for 24 h to get the 

gel. Finally, the gel was ground and calcined at 1200 ℃ for 2 h (see Feng, Jiang, Liu, 

Zhang, Wu, & Miao, 2017). 

2.1.2 Samples preparation for magnesium-stabilized aluminum titanate synthesis 

To synthesize magnesium-stabilized aluminum titanate, anhydrous aluminum chloride 

(AlCl3, AR, Shanghai), titanium tetrachloride (TiCl4, AR, Shanghai) were used as 

precursors and anhydrous ethanol (EtOH, AR, Shanghai) was used as oxygen donor, 

anhydrous magnesium fluoride (MgF2, AR, Shanghai), anhydrous magnesium acetate 

(Mg(OOCCH3)2, AR, Shanghai) and magnesium ethoxide (Mg(OH2CCH3)2, AR, 

Shanghai) were used to investigate the effect of magnesium sources on the 

stabilization effect of aluminum titanate. AlCl3, EtOH and TiCl4 were mixed in a 

conical flask with the nominal composition of Al2TiO5. The reaction mixture was 

continuously refluxed at 110 ℃ for 8 h to obtain the aluminum titanate wet gel via 
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nonhydrolytic sol-gel process. The wet gel was dissoluted with CHCl3 solution of 

magnesium fluoride (M1
#), magnesium ethoxide (M2

#) and magnesium acetate (M3
#). 

And the doping amount of magnesium sources was 10 mol % (mole ratio to aluminum 

titanate). And then the mixture was refluxed at 110 ℃ for 12 h. It was dried at 

110 ℃, ground and calcined at 750 ℃ for 2 h to obtain samples (see Feng, Jiang, 

Liu, Zhang, Hu, & Miao, 2016; Feng, Jiang, Liu, Zhang, Hu, & Miao, 2017).  

2.2 Characterization 

The phase compositions of samples were determined by Bruker D8 Advance X-ray 

diffraction (XRD). Infrared spectroscopy (IR) studies were performed with Nicolet 

5700 infrared spectrometer in the wavenumber range of 4000-400 cm-1. 

3 Nonhydrolytic sol-gel method 

Nonhydrolytic Sol-Gel process (NHSG) was formally proposed in the early 90s of last 

century by R. J. P. Corriu of Montpelier University, France (see Corriu, Leclercq, 

Lefevre, Mutin, & Vioux, 1992). NHSG method forms gel directly from the 

polycondensation of precursor materials without the hydrolysis or the formation of 

M-OH.  

Compared with the traditional hydrolytic sol-gel method (HSG), NHSG not only 

simplifies the process, the precursors are also easily to form M-O-M' bond through 

heterogeneous condensation, achieving atomic uniform mixing, so the short-range 

ordered gel structure will crystallize by local diffusion at low heating temperature. It 

can greatly reduce the synthesis temperature of multicompent oxides. For example, 

NHSG method can synthesize aluminum titanate at 750 ℃ (Feng, Jiang, Liu, Zhang, 
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Hu, & Miao, 2017), while the synthesis temperature for aluminum titanate prepared 

via traditional hydrolytic sol-gel method (HSG) without strict controlling on 

hydrolysis rate is 1300 ℃. Therefore, NHSG has become a hot topic in the field of 

material preparation in the world for its outstanding merits. 

3.1 Reaction mechanism of nonhydrolytic sol-gel method 

According to different by-products of polycondensation reaction, there are the 

following four kinds of polycondensation routes in the preparation of metal oxides via 

nonhydrolytic sol-gel method. (1) alkyl halide elimination polycondensation ; (2) 

ether elimination polycondensation; (3) ester elimination polycondensation; and (4) 

amide elimination polycondensation (see Dr, & Markus, 2008; Niederberger, 2007). 

Scheme 1 Alkyl halide elimination polycondensation 

M'+MRO M O M'+ RXX          

Scheme 2 Ether elimination polycondensation 

M   + M' RO M O M'+ ROROR      

Scheme 3 Ester elimination polycondensation 

M + M'R'O M O M' + R'OO

O

CR

O

CR       

Scheme 4 Amide elimination polycondensation 

M + M'R'N M O M' + R'NO

O

CR

O

CR       

3.2 Reaction process of nonhydrolytic sol-gel process 

Taking alkyl halide elimination polycondensation scheme as an example, the 

nonhydrolytic sol-gel reaction process is as follow. First, alkyl oxide coordinates with 

metal ion of metal halide through its lone pair electrons oxygen atom. Then, the 

nucleophile X- nucleophillic attack the alkyl carbon atom linked to oxygen atom 

(1) 

(2) 

(3) 

(4) 
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through the following three possible substitution mechanisms (unimolecular 

nucleophilic substitution SN1, bimolecular nucleophilic substitution SN2 and 

intramolecular nucleophilic substitution). This nucleophillic attack breaks the carbon- 

oxygen bond C-O and forms M-O-M' and alkyl halide RX. The specific process is 

shown in Figure 1 (Feng, 2009). As can be seen from figure 1, to ensure the formation 

of M-O-M' bond after nucleophilic substitution, nucleophilic X and metal base M' 

should be closely linked before nucleophilic reaction, so as to ensure the metal base 

M' can rapidly replace the leaving group after nucleophilic attack to form M-O-M' 

bond. This requires that the raw material M-A and M'- B exists mianly in the form of 

covalent bonds, that is ionic character percentage should not be too high. 

M-OR +M'-X M-OR

M'-X

M-O-M'

R
+ X-

+

M-O-R

M'-X

M-O-M'-X
-
+ R+

M-O-M' +RX

 
Figure 1 Reaction process of nonhydrolytic sol-gel process for alkyl halide elimination polycondensation 

4. Ionic character percentage calculation  

Chemical bond is an important index to study the molecular structures and properties. 

Characteristic of chemical bonds is the motion reflection of the bonded atom’s 

valence electron. This reflection can be inferred by different methods. Fijans proposed 

the ionic character estimation through dipole moment (Fajans, 1941). Pauling put 

forward relative electronegativity of elements. He defined element electronegativity 

as the ability of atom to attract electron and developed thermochemical quantitative 
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estimation method for electronegativity (Pauling, 1932). Pauling proposed that the 

bigger the electronegativity differenceΔXAB of the two elements in compound AB is, 

so their electronic attract ability difference is greater. The ionic character percentage is 

also bigger. Pauling asserted that when the electronegativity difference ΔXAB > 1.5, 

the chemical bond was ionic bond, and it was covalent bond when the 

electronegativity difference ΔXAB <1.5 (Pauling, 1932). It is widely accepted to use 

electronegativity difference to evaluate the bond character, but there are many 

exceptions. Different researchers proposed many different onic character percentage 

calculation model from different views (Isotani, & Watari, 1976; Warhurst, 1951). 

The currently widely accepted ionic character percentage calculation model is shown 

in equation (5)(Pauling, 1967). 

Ionic character percentage (%) = 1-exp[- (XA-XB)2 / 4]                      (5) 

In the formula, XA and XB are the electronegativity of two atoms in the compound AB 

5. Applications of ionic character percentage calculation in nonhydrolytic sol-gel 

method 

5.1 Application in low-temperature synthesis of cordierite via nonhydrolytic 

sol-gel method 

Figure 2 shows the XRD patterns of samples for cordierite synthesis with different 

magnesium sources of anhydrous MgCl2 (M1
#) and Mg(OOCCH3)2 (M2

#) calcined at 

1200 ℃. Figure 2 shows that no diffraction peak has been detected in sample M1
#, 

which demonstrates cordierite has not synthesized using MgCl2 as magnesium source. 

In sample M2
# with Mg(OOCCH3)2 as magnesium source, all diffraction peaks belong 



International Journal of Scientific Engineering and Applied Science (IJSEAS) – Volume‐4, Issue‐02, February 2018 
                                                            ISSN: 2395‐3470 

www.ijseas.com 

 

to -cordierite phase, which indicates that it has synthesized pure phase of 

-cordierite. 

In order to reveal the fundamental reason for the influence of magnesium sources on 

the cordierite synthesis, figure 3 presents the FT-IR patterns of gels prepared using 

anhydrous MgCl2 (M1
#) and Mg(OOCCH3)2 (M2

#) as magnesium sources, and table 1 

lists the vibration peaks assignments of samples. Figure 3 and table1 indicates that the 

Al-O-Si, Mg-O-Al and Mg-O-Si bonds appear as 469 cm-1, 681 cm-1 and 1580 cm-1 in 

sample M2
# when Mg(OOCCH3)2 is used as magnesium source. However, when 

anhydrous MgCl2 is used as magnesium source, although Al-O-Si bond appears at 

468.1 cm-1 and 466.7 cm-1, Mg-O-Al and Mg-O-Si bonds do not appear. These results 

indicate that anhydrous MgCl2 does not react with heterogeneous polymerization 

reaction product of aluminium ethoxide (formation process shown in equation (5)) 

and tetraethoxysilane (TEOS) (reaction process shown in equation (6)). 

 
 
 
 
 
 
 
 
 

 

Figure 2 XRD patterns of samples for cordierite synthesis 

prepared with different magnesium sources 

The fundamental reasons for the results above are as follows. When anhydrous MgCl2 

is used as magnesium source, magnesium is alkaline earth metal element, and its 

electronegativity is 1.31. Chloride is the halogen element, and its electronegativity is 
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3.16. The ionic character percentages of Mg-Cl bond is calculated to be 57.50 % 

according to formula (5), which indicates that anhydrous MgCl2 has obvious ionic 

character. Anhydrous MgCl2 tends to exist in the form of ions in ethanol solution. 

Therefore, alkyl halide elimination polycondensation fails. When anhydrous 

magnesium acetate is used as magnesium source, ester elimination polycondensation 

between anhydrous magnesium acetate and TEOS (shown in equation (7)), anhydrous 

magnesium acetate and aluminium ethoxide (shown in equation (7)) can occur with 

the formation of Mg-O-Si and Mg-O-Al bonds. This ensures that cordierite can be 

synthesized at low temperature by taking anhydrous magnesium acetate as 

magnesium source. 

 

  
 

 

 

 

 

 

Figure 3 Infrared spectra of xerogels for cordierite synthesis  

prepared with different magnesium sources 
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Table1 Infrared vibration peaks attribution of xerogels for cordierite synthesis 

prepared with different magnesium sources 

Category M1
# M2

# Attribution References 

Peak 
position 

/cm-1 

468.1 469 Al-O-Si 
(see Rayalu, Udhoji, Meshram, Naidu, & 

Devotta, 2005; Clayden, Esposito, 
Aronne, & Pernice, 1999) 

 681 Mg-O-Al 
(see Petrovic, Janackovic, Bozovic, & 

Zec, 2001) 

1058 1020 Si-O-Si 
(see Corriu, Leclercq, Lefèvre, Mutin, & 
Vioux, 1992; Gupta, Dillon, Bracker, & 

George, 1991) 
 1580 Mg-O-Si (see Akcay, 2004) 

1634.8 1662.1 C=O 

(see Pessoa, Ignacio, Pessoa, M.C. D., 
Araya, Fajardo, & Barría, 2011; 

Chtourou, Abdelhédi, Frikha, & Trabelsi, 
2010) 

3445.6 3485 -OH 
(see Huang, Zhang, Yi, Tang, Zhang, & 

Su, 2014; Fan, Bi, & Li, 2002) 

  + 6C2H5OH   + 3H22Al 2Al(OC2H5)3

I2

     
 

  

                                                

 

 
 

 

 

R= R´=C2H5 

5.2 Application in low-temperature synthesis of magnesium-stabilized aluminum 

titanate via nonhydrolytic sol-gel method 

Figure 4 depicts the XRD patterns of magnesium-stabilized aluminum titanate 

samples with magnesium fluoride (M1
#), anhydrous magnesium acetate (M2

#) and 

magnesium ethoxide (M3
#) as stabilizers and without stabilizer (W#). As shown in 
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Figure 4, with the addition of Mg-stabilizer, aluminum titanate sample is worse 

compared with the sample without stabilizer (W#), which is indicated by the decrease 

of relative intensity of aluminum titanate diffraction peaks. Almost no aluminum 

titanate diffraction peaks are detected in samples M1
#, and the diffraction peaks 

intensity of corundum and rutile in these two samples is much higher than that of 

other samples. It is mainly due to the strong polarity of MgF2. Its ionic character 

percentage is calculated to be 85.9%. MgF2 exists in the system in the form of ions. 

Magnesium ions act as strong Lewis acid, they can promote the homogeneous 

polycondensation nonhydrolytic reaction. The main crystal phase of samples M2
#, M3

# 

and W# is aluminum titanate. However, the aluminum titanate peaks positions in M2
# 

and M3
# shifts to the lower angle relative to sample W# and the standard PDF card of 

aluminum titanate, and they are burr with shouldered peaks, these indicate that 

magnesium has doped into the lattice of aluminum titanate. 

In order to reveal the Mg-stabilizers effect on aluminum titanate, samples W# (without 

stabilizer), M1
#(magnesium fluoride as stabilizer) and M3

#( magnesium ethoxide as 

stabilizer) were chosen for FT-IR analysis. The results are shown in figure 5. It 

indicates that the most obvious difference between samples W# and M2
# is that the 

Al-O-Ti heterogeneous vibration peak disappeared in FT-IR spectrum of sample M3
#. 

Therefore, there is almost no aluminum titanate phase in its XRD pattern at 750 oC. 

And the differences between the IR spectra of samples M3
# and W# are as follows, 

Ti-O-Mg bond at 889 cm-1 (see Bradley, Hancock, & Wardlaw, 1952), Al-O-Mg at 

678 cm-1 and 786 cm-1 appeared (see Nembenna, Roesky,  Mandal, Oswald, Pal, & 
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Herbstirmer, 2006), meanwhile there are Ti-O-Ti (Stanciu, Groza, Jitianu, & Maria, 

2004) and Al-O-Al (Sawata, Komiyama, & Taira, 1995) bonds at 482 cm-1 and 1070 

cm-1, respectively. The formation of Ti-O-Mg and Al-O-Mg is mainly due to that the 

alkoxy in magnesium ethoxide can replace ethyl in M(OEt)xCly (M = Al or Ti, the 

intermediate of the reaction between anhydrous ethanol and titanium tetrachloride or 

anhydrous aluminium chloride), to form M-O-Mg (M =Al or Ti) bonds, the reaction is 

shown in equation (9) and equation (10).  

Similarly, magnesium acetate can react with the alkyl in M(OEt)xCly (M =Al or Ti), to 

form M-O-Mg bonds through ester elimination polycondensation, which is shown in 

equation (11). 

 
 

 

 

 

 

 

 

 

 

Figure 4 XRD patterns of samples for magnesium-stabilized aluminum titanate synthesisprepared with different 

magnesium sources 

 

 

 

 

 

 

 

 
 

Figure 5 FT-IR patterns of samples for magnesium-stabilized aluminum titanate synthesis prepared with different 
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magnesium sources 

(EtO)xClyM  + Mg(OEt)2 (EtO)x-1ClyM- O-Mg(OEt)   + EtOEt
           

(EtO)xClyM  + Mg(OEt)2 (EtO)xCly-1M- O-Mg(OEt)  + EtCl
      

(EtO)xClyM  + Mg(OOCCH3)2 (EtO)x-1ClyM- O-Mg(OOCCH3)  + EtOOCCH3

(M = Al or Ti, x + y = 3 or 4) 

Conclusions  

As a typical nucleophilic substitution reaction process, one of the keys for 

nonhydrolytic polycondensation reaction to form heterogeneous M-O-M' bond is the 

ionic character percentage of nucleophilic reaction raw materials MA and M'B should 

not be too high (no more than 50%). It is the only way to ensure the metal base can 

quickly replace the leaving group after nucleophilic attack. It is also one of the basic 

prerequisites to form M-O-M' bond. Otherwise, the metal base linked to the 

nucleophile will be enriched among the networks in the form of ions. Of course, the 

raw material selected should first meet the nonhydrolytic polycondensation reaction 

mechanisms. These are the basic principles for the formation of heterogeneous 

M-O-M' bond by nonhydrolytic heteropolycondensation reaction and the realization 

of atomic uniform mixing of precursor materials. 
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