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Abstract 
            Herein we report the synthesis of novel 

vanadia/silica/thiazole azo dye inorganic–organic 

hybrid materials by a sol–gel process using 

vinyltriethoxysilane (VTES) as a precursor. The 

materials were synthesized from vanadia and 

tetraethoxysilane (TEOS) with thiazole azo dyes, 

which were synthesized using 2-amino thiazole as the 

coupling component and then underwent a coupling 

reaction with the diazonium component, p-

nitroaniline. Alternatively, the thiazole azo dyes were 

processed by a hydrolysis–condensation reaction with 

a constant ratio of VTES, vanadia and TEOS in 

appropriate proportions using a catalyst. The 

structures of these hybrid materials were examined by 

Fourier transform infrared analysis, 29Si nuclear 

magnetic resonance, X-ray diffraction, and energy-

dispersive X-ray spectroscopy. 

 

Keywords—vanadia, silica, thiazole dyes, hybrid 

materials 

I. INTRODUCTION 
 

Traditional materials with a single-function have 

been gradually replaced by multifunctional, eco-

friendly materials that can improve human health and 

add value to products [1-4]. Inorganic–organic 

composite materials with well-defined nanostructures 

have gained interest because of their improved 

properties resulting from the combination of two 

components into one uniform material [5]. Organic–

inorganic hybrid materials include ceramic and 

polymer materials with multiple complementary 

functions. The ceramic materials have very high 

strengths and heat resistance, whereas the polymer 

materials have good toughness and processing 

properties. Generally, organic-inorganic hybrid 

materials have been fabricated using the sol–gel and 

intercalation processes. The sol–gel composite 

manufacturing approach is suitable for many types of 

materials and process more variability [6-8]. 

 

The sol–gel process is commonly used for 

preparing inorganic–organic hybrid materials. This 

process increases the interaction between the 

inorganic and organic components while allowing the 

inorganic phase to achieve nanometer-size 

dimensions. Hybrid materials have superior toughness 

and working quality because of the organic 

component, and rigidity, dimensions, and thermal 

stability because of the inorganic component. The 

inorganic and organic components can be integrated 

to form a homogeneous biphase system via chemical 

bonds between the organic and inorganic phases [9-

12]. Metal alkoxides are very sensitive to hydrolysis 

due to the low reactivity of tetra-alkoxysilanes. This 

synthesis method can be used for the preparation of 

many inorganic materials, including TiO2, SiO2, ZrO2, 

V2O5, and Al2O3 [13-18].  

 

Vanadium oxides, such as VO2, V2O3, and V2O5, 

have been widely studied as materials for use in many 

applications because of their outstanding 

photochromic [19], thermochromic [20], 

electrospinning [21, 22], and electrochromic display 

[23, 24] properties. Therefore, significant efforts have 

been focused on these properties for applications in 

fields including catalysis [25-27], chemical sensors 

[28], fuel cells [29], conductive electrodes [30, 31], 

anode materials for symmetric supercapacitors [32], 

lithium ion batteries [33-35], and gasochromic smart 

windows [36, 37]. Vanadium pentoxide is a transition 

metal oxide with a layered structure. Its special 

structure results in excellent electrical conductivity, 

electrochromism, and temperature resistance, and 

particular electronic, ionic, semiconducting, and 

electrochemical properties [38, 39]. The fascinating 

properties and wide application range of vanadia thin 

films have attracted significant attention over the past 

decades. These properties include its wide optical 

band gap, layered structure, good chemical and 

thermal stability, and excellent thermoelectric and 

electrochromic properties. Practical applications of 

vanadia thin films have been reported, including 

optical-switching devices [40, 41], energy storage and 

conversion [42], smart windows [43], electrochromic 

devices [44–46], and superhydrophobic nanowires 

[47]. 

 

Furthermore, silica is a natural material derived 

from common materials such as quartz, sand, and flint. 

Silica has high chemical stability, a low thermal 

expansion coefficient, and high heat resistance. The 

relatively high chemical stability of the silica phase 

can be advantageous in some cases [48–51]. Among 
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metal compounds, vanadia possesses unusual 

physicochemical properties and electrical activities. 

Moreover, if vanadia and silica gels are sufficiently 

intermixed within the surface layer of a material 

during the condensation polymerization process, the 

short travelling distance between the surface-

modified silica sites provides thermal stability, and 

the vanadia sites provide electrical properties. 

 

The molecules of heteroaryl azo dyes contain 

unshared electron pairs of nitrogen and sulfur that can 

easily trigger resonance and cause the excitation of π 

electrons of the compound from the ground state to 

the excited state. The synthesis and spectroscopic 

properties of azo dyes are well-established [52–56]. 

The use of heterocyclic aromatic amines to improve 

the tinctorial strength has been well established. 

Unlike analogous dyes derived from benzenoid 

compounds, 2-aminothiazole compounds, which 

possess different substituents in the 4-position of the 

analogous derivatives as diazo components, tend 

toward bathochromic shifts [57–59]. 

 

Modern industries and consumers desire 

multifunctional products; therefore, multifunctioning 

organic–inorganic hybrid materials have become 

popular. The sol–gel method is a frequently used 

organic–inorganic hybrid material preparation method 

that combines inorganic and organic molecular 

networks. Vanadium-containing oxide materials 

obtained by sol–gel synthesis yielded a transparent 

solid gel and are expected to find wide practical 

application. Vanadia can be used to increase the 

functionality of hybrid materials. The use of the 

vanadia precursor, which was subsequently 

incorporated in other organic material syntheses to 

create hybrid materials that are widely used to 

produce various chemical products. The vanadia 

network structure was combined with a siloxane 

network to increase the additive effect, thereby 

obtaining heat accumulation capabilities and 

superhydrophobicity. Subsequently, the sol–gel 

method was applied to prepare organic–inorganic 

hybrid dyes, which yielded hybrid materials that 

exhibited a network structure consisting of the 

processed dye, VTES(vinyltriethoxysilane) /vanadia, 

and VTES/TEOS(tetraethoxysilane)/vanadia through 

additive hydrolysis. This will enable the use of hybrid 

dyes when processing high molecular products. 

 

II. EXPERIMENT 

 

A.  Analytical Instruments 

Fourier-transform infrared (FT-IR) spectra were 

measured using a Bio-Rad Digilab FTS-40 

spectrometer (KBr). 1H nuclear magnetic resonance 

(NMR) spectra were obtained using a BRUKER 

ADVANCE 400MHz NMR spectrometer. Chemical 

shifts (δ) are expressed in parts per million using 

tetramethylsilane (TMS) as an internal standard. The 

29Si-NMR spectra were collected using a BRUKER 

ADVANCE 400 MHz NMR spectrometer at 78.49 

MHz, with a recycle time of 60 s, and the number of 

scans was 914. The elemental analysis was performed 

using a Philips XL40 FEG-Energy Dispersive X-ray 

Spectrometer. X-ray diffraction (XRD) measurements 

were performed on a Rigaka D/MAX 2500V X-ray 

powder diffractometer in steps of 0.01° using Cu Kα 

radiation as the X-ray source. 

 

B. Materials 

       Vinyltriethoxysilane (VTES), 

tetraethoxysilane (TEOS), p-nitroaniline, ammonium 

metavanadate, and acetophenone were purchased 

from Acros Co., Ltd., Belgium. Thiourea, sulfuric 

acid, and iodide were purchased from Hayashi Pure 

Chemical Ind., Ltd., Japan. 

 

C. Preparation of dye 5-[2-(4-nitrophenyl)-diazen-1-

yl]-4-phenyl-1,3-thiazol- 2-amine (3) 

      A finely ground powder of p-nitroaniline 2 

(1.38 g, 0.01 mol) was added to hydrochloric acid (12 

mL) and stirred for 20 min. Sodium nitrite (0.72 g, 

0.0105 mol) was added in portions to concentrated 

sulfuric acid (5 mL) at 10 C and stirred for 1 h at 60–

65 C. The solution was cooled to below 5 C, and 

then the finely ground derivatives were slowly added; 

the mixture was stirred for an additional 1 h at 5–10 

C until it was clear. The resulting diazonium solution 

was used immediately in the coupling reaction. A 

clear mixed solution of the coupling component 4-

phenyl-2-aminothiazole 1 (2.0 g, 0.01 mol) and 10% 

sodium carbonate was stirred. The diazonium mixture 

was added at 0–5 C, and the solution was stirred for 

at least 2 h; it was diluted to raise its pH to 5–6 (by 

adding aqueous sodium hydroxide or sodium acetate). 

The resulting product was filtered, washed with water, 

and re-crystallized from ethanol to give a deep red 

solid, 5-[2-(4-nitrophenyl)-diazen-1-yl]-4-phenyl-1,3-

thiazol-2-amine (3) (2.3 g, 70%). M.P. 245-247 C; 

Fourier transform infrared (FT-IR) (KBr)/cm-1: 3433 

(NH2), 3057 (C–H); 1H NMR (DMSO-d6)  ppm: 

7.04 (1H, s, –NH2), 7.51–7.55 (5H, m, ArH), 7.71, 

(2H, d, 2,6- Ph–H), 8.19 (2H, d, 3,5- Ph–H). 

C15H17N2O2S (325.1) Calcd.: C, 55.38; H, 3.41; N, 

21.53; O, 9.84; S, 9.85. Found: C, 55.32; H, 3.44; N, 

21.58; O, 9.78; S, 9.87. 

 

D. Preparation of precursor 5-[2-(4-nitrophenyl)-

diazen-1-yl]-4-phenyl-N-[2- (triethoxysilyl)ethyl]-

1,3- thiazol-2-amine (4) 

Precursor 4 was prepared by the reaction of dye 3 

(3.25 g, 0.01 mol) followed by the addition of VTES 

(9.5 g, 0.05 mol) in ethanol (80 mL) while stirring at 

65 C for 4 h at an adjusted pH of 4–5. The resulting 

product was filtered, washed with water, and re-

crystallized from ethanol to give a dark red solid, 5-

[2-(4-nitrophenyl)-diazen-1-yl]- 4-phenyl-N-[2-

(triethoxysilyl)ethyl]-1,3-thiazol-2-amine (4) (2.76 g, 

59%). M.P. 304–306 C; FT-IR (KBr)/cm-1: 3395 

http://en.wikipedia.org/wiki/Tetramethylsilane
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(NH), 3073 (C–H), 1096 (O–Si). C23H29N5O5SSi 

(515.4) Calcd.: C, 53.57; H, 5.67; N, 13.58; O, 15.51; 

S, 6.22; Si, 5.45. Found: C, 53.63; H, 5.62; N, 13.56; 

O, 15.55; S, 6.28; Si, 5.41. 

 

E. Preparation of vanadia 

For preparing the vanadia precursor, 1.69 g (0.01 

mol) ammonium metavanadate was used as the raw 

material and mixed with 30 ml of ethylene glycol as 

the solvent. The reaction system was irradiated by a 

halogen lamp and mixed at 270 ℃ for reaction. The 

ammonium metavanadate reacted with ethylene 

glycol to generate vanadic alkoxide, then a hydrolytic 

reaction occurs to form the vanadia precursor. The 

reaction is described in Scheme 1. 

 
Scheme 1 Synthesis of vanadia precursor 

 

F.  Synthesis of hybrid materials 

   As shown in Scheme 2, precursor 4 and the 

prepared vanadia precursor were mixed in a fixed 

ratio. To this was added 0.01 mol of hydrochloric 

acid and 10 mL of water to maintain a pH level of 3–

4. The mixture was then placed in a thermostat stirrer 

and heated under reflux for 4 h to facilitate a 

condensation reaction to produce a hybrid material. 

We changed the concentration of the vanadia 

precursor in the prepared solution doped with TEOS 

to attain varying degrees of the polycondensation 

reaction and obtain hybrid materials 5 and 6. The 

reaction is described in Scheme 2. 

 
Scheme 2 Synthesis of hybrid material 5, 6 

 

G. Preparation of hybrid materials 

    Hybrid material V1 was prepared by the 

condensation of precursor 4 (5.01 g, 0.01 mol) and 

the prepared vanadia precursor (0.02 mol) in ethanol 

(80 mL) by stirring at 65 C for 2 h with the addition 

of hydrochloric acid (0.365 g, 0.01 mol) and water (5 

mL). Hybrid materials V2–V4 were synthesized using 

the same method as that used for synthesizing V1; 

however, the molar ratios of precursor 4 to the 

vanadia precursor were 1:2, 1:4, 1:6, and 1:8 for the 

hybrid materials V1–V4, respectively. Hybrid material 

Z1 was prepared by the condensation of precursor 4 

(5.01 g, 0.01 mol), TEOS (4.16 g, 0.025 mol), and 

vanadia precursor (0.04 mol) in ethanol (80 mL) 

while stirring at 65 C for 2 h by adding hydrochloric 

acid (0.365 g, 0.01 mol) and water (5 mL). The Z 

series of hybrid materials were synthesized using the 

same method but with different molar ratios of 

precursor 4 to TEOS during hydrolysis 

polycondensation at a constant ratio of vanadia 

precursor; the molar ratios of precursor 

4:TEOS:vanadia precursor were 1:2.5:4, 1:5:4, 

1:7.5:4, and 1:10:4 for Z1–Z4, respectively. Hybrid 

material X1 was prepared by the condensation of 

precursor 4 (5.01 g, 0.01 mol), TEOS (4.16 g, 0.1 

mol), and vanadia precursor (0.02 mol) in ethanol (80 

mL) while stirring at 65 C for 2 h and adding 

hydrochloric acid (0.365 g, 0.01 mol) and water (5 

mL). The X series of hybrid materials were prepared 

by the same method but with different molar ratios of 

precursor 4 to vanadia precursor during hydrolysis 

polycondensation at a constant ratio of TEOS; the 

molar ratios of precursor 4:TEOS:vanadia precursor 

were 1:10:2, 1:10:4, 1:10:6, and 1:10:8 for X1–X4, 

respectively. 

 

III. RESULTS AND DISCUSSION 

 

A.  FTIR analysis 

The FTIR spectra of the dyes and hybrid 

materials indicate that dye 3 has absorption peaks 

corresponding to the N–H and C–H groups at 3332 

and 2972 cm−1, respectively. In the FTIR spectrum of 

precursor 4, an obvious shift in the amino group 

absorption peak close to 3424 cm−1, which is typically 

found at 3418 cm−1, suggests partial reaction of the 

dye with VTES. The appearance of the Si–OR 

absorption peak around 1074 cm−1 proves that VTES 

could convert the primary amine group into a 

secondary amine group; the resultant absorption peak 

appeared around 3380 cm−1. These results indicate 

reactions between some of the dyes and VTES. The 

FTIR spectrum of hybrid material 6 includes the 

absorption peak of the converted secondary amine. 

The intense signal corresponding to the Si–O group at 

1100 cm−1 proves the dissociation of the NH2 moiety. 

The Si–C bond, which gave rise to the peak at 1244 

cm−1, reveals that the dissociation of NH2 bond is 

followed by bonding with CH2, resulting in the 

linkage of the Si–O bonds to form Si–O–Si network. 

 

The hybrid materials V1–V4 were analyzed using 

FT-IR. Figure 1 shows a N-H group absorption peak 

near 3429 cm-1, C-H group near 3175 cm-1, and C=C 

group absorption peak near 1638 cm-1. There is also a 

Si-O group absorption peak near 1120 cm-1 and V=O 

group absorption peak near 982 cm-1. The V=O group 

absorption peak size increases as the concentration 
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increases. The hybrid materials Z1–Z4 were analyzed 

by FT-IR. Figure 2 shows a N-H group absorption 

peak near 3480 cm-1, a C=C group absorption peak 

near 1680 cm-1, a V=O group absorption peak near 

966 cm-1, and Si-O group absorption peak near 1061 

cm-1. It was observed that after the TEOS was applied, 

the absorption peaks of the N-H and C=C groups 

shifted left and the Si-O group absorption peak size 

noticeably increased, whereas the V=O group 

absorption peak size decreased gradually. The 

vanadium pentoxide precursor concentration in the 

hybrid material decreased by the addition of TEOS, 

so the V=O group absorption peak size decreased. 

The hybrid materials X1–X4 were analyzed using FT-

IR. Figure 3 shows a N-H group absorption peak near 

3429 cm-1, C=C group absorption peak near 1638, Si-

O group absorption peak near 1082 cm-1, and V=O 

group absorption peak near 963 cm-1. The hybrid 

material X2 had the most apparent Si-O and V=O 

group absorption peaks, followed by hybrid material 

X3. This suggests that the hybrid material X2 has 

more network structures. 

 
Fig. 1 FT-IR spectra of hybrid materials V1–V4 

 
Fig. 2 FT-IR spectra of hybrid materials Z1–Z4 

 

Fig. 3 FT-IR spectra of hybrid materials X1–X4 

B.  
29

Si NMR spectra analysis 
  29Si NMR is often used to characterize the 

structures formed by Si hydrolysis. While the FTIR 

results above indicated the formation of Si–O–Si 

bonds by a sol–gel reaction, the solid-state 29Si NMR 

provided additional information on the structure of 

silica and the extent of the Si–OH condensation 

reaction. The T3, Q3, and Q4 absorption peaks were 

located by applying 29Si NMR spectroscopy. Figure 4 

shows that the 29Si NMR spectra of the simple dye 

and VTES contain absorption peaks at ~78.47 ppm 

(T3), corresponding to Si–OR formation following the 

hydrolysis of VTES. Figure 5 shows the 29Si NMR 

spectra of the processed hybrid dye formed with 

various proportions of VTES and TEOS. Peaks 

appeared at ~100.37 ppm (Q3) owing to absorption by 

(H–O)Si(–OSi≡)3 structures and at ~109.22 ppm (Q4) 

due to the absorption by Si(–OSi≡)4 structures. The 

structure of the Si–OR absorption peak indicated that 

some Si quadruple bonds had an unreacted Si–OH 

functional group, (H–O)Si(–OSi≡)3, and some Q3 

quadruple bonds had an unreacted Si–O functional 

group, Si(–OSi≡)3. The structure of Q4 indicates that 

the Si quadruple bond reacted completely with the Si–

O functional group, Si(–OSi≡)4.  

Hybrid material V2, prepared by a 

polycondensation reaction of precursor 4 and fixed 

proportions of vanadia precursor was analyzed using 
29Si-NMR (nuclear magnetic resonance spectrum). 

Figure 4 shows that the noise peak is relatively 

significant in the analysis chart, and there is an 

apparent T3 absorption peak at δ: -78.47 ppm. The 

hybrid material may existe as R-Si(-OSi≡)3, meaning 

that the hybrid material did not form an Si-O-Si 

network structure, but it is known that the precursor 

and vanadia combined to form hybrid material V2.  

The hybrid material prepared by fixing the vanadia 

precursor proportion and changing the concentration 

of TEOS was analyzed using 29Si-NMR. Figure 5 

shows that a hybrid material network structure 

formed, as there are Q3 and Q4 absorption peaks 

besides T3 absorption peak. In the spectra of the 

hybrid materials Z1–Z4, the T3 absorption peak occurs 

near δ: -78.47 ppm and decreases in size as the TEOS 

concentration increases. This may be because the 

hybrid material network structure forms a Si-O-Si 

network structure as the concentration increases, 

contributing to the decline of the R-Si(-OSi≡)3 

structure, so that the T3 absorption peak decreases in 

size accordingly. The absorption peak Q3 decreases in 

size as the concentration increases near δ: -100.37 

ppm because the hybrid material network structure 

has V=O bonding, and the bonding between vanadia 

and Si-O groups decreases, so that the Q3 absorption 

peak size decreases at δ: -100.37 ppm. For the 

existence of V=O bonding, the hybrid material is 

unlikely to form large-scale network structure, the 

absorption peak Q4 becomes more apparent as the 

TEOS concentration increases, and it occurs near δ: -
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109.22 ppm, indicating that the hybrid material 

network structure is more complete. 

 

 
Fig. 4 

29
Si-NMR spectra of hybrid material V2 

 

 
Fig. 5 

29
Si-NMR spectra of hybrid materials Z1–Z4 

 

C.  Energy-dispersive X-ray spectra analysis 

      The energy-dispersive X-ray spectroscopy 

(EDS) analysis results are presented in Table 1 and 

Figures 6 and 7. When additional vanadia precursor 

was added to hybrids V1 and V3, the quantity of Si 

decreased with increase in vanadium concentration. 

As shown in Table 1 and Figures 8 and 9, the hybrids 

Z1 and Z3 had a fixed molar concentration of vanadia 

precursor and a moderately increased molar 

concentration of TEOS. EDS analysis showed that the 

increasing TEOS concentration increased the V 

content in the hybrid materials, and thus, the vanadia 

precursor concentration decreased gradually. In 

hybrid materials X1 and X3, according to the results in 

Table 1 and Figures 10 and 11, the V content 

increased with vanadia precursor addition. 

 
Table 1: EDS analysis of hybrid materials V1–V4, Z1–Z4, 

and X1–X4 

Samples 
Elemental composition (%) 

C O S Si V 

V1 34.40 18.19 7.25 20.04 20.12 

V2 30.34 19.21 7.20 20.10 23.15 

V3 21.85 19.57 6.56 20.19 30.83 

V4 18.64 20.25 5.20 20.22 35.69 

Z1 28.17 18.16 4.81 20.64 28.22 

Z2 26.83 18.53 3.50 27.24 23.90 

Z3 25.45 18.64 3.15 30.98 21.78 

Z4 23.79 19.03 2.94 33.79 20.45 

X1 30.74 19.44 3.36 26.36 20.10 

X2 23.36 25.85 2.50 26.72 21.57 

X3 20.97 21.50 2.17 27.10 28.26 

X4 17.84 14.42 1.93 29.83 35.98 

 

 

Fig. 6 The EDS diagram of hybrid materials V1 

 

Fig. 7 The EDS diagram of hybrid materials V3 

 

Fig. 8 The EDS diagram of hybrid materials Z1 

 

Fig. 9 The EDS diagram of hybrid materials Z3 
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Fig. 10 The EDS diagram of hybrid materials X1 

 
Fig. 11 The EDS diagram of hybrid materials X3 

 

D. X-Ray diffraction analysis 

       In this study, we analyzed hybrid materials V4 

and the un-sintered vanadia powder developed by a 

sol–gel process (hereafter, vanadia powder) using X-

ray diffraction (XRD). Because neither the series of 

hybrid materials nor the vanadia powder was sintered, 

all these materials exhibited amorphous structures 

without clear crystal phases, as shown in Figure 12. 

Figure 12 shows the XRD spectrum of the V crystal 

structure, with the prominent peak at 2θ = 26.97°, 

corresponding to the (111) Bragg’s reflections of an 

FCC crystal structure. Figure 13 shows the light 

diffraction analysis of hybrid material V4 prepared 

with precursor 4, TEOS, and vanadia, in which the 

peaks appeared at 2θ = 25.14°. The peak near 2θ = 

25.14° may be the peak of the dye, while the other 

peaks correspond to V metal in the hybrid material, 

approximately matching data from literature. The 

noise peaks in the spectrum of the hybrid material 

arose because the dye has an amorphous structure and 

its peak was not obvious. 

 

 
Fig. 12 The XRD diagram of hybrid materials V4 

IV. CONCLUSIONS 

 

    This study was primarily focused on the sol–gel 

synthesis of a series of heterocyclic thiazole dyes with 

various proportions of added VTES/vanadia and 

VTES/TEOS/vanadia. The derived hybrids were 

further analyzed to understand their chemical and 

physical properties. FT-IR analysis showed that the 

absorption peak of the Si–O–Si functional group 

appeared in the range of 1061 to 1120 cm-1, which 

confirmed the formation of a network structure. In the 
29Si-NMR analysis, the Q3 peak appeared near δ= -

100.37 ppm for hybrid materials Z1–Z4 but 

disappeared gradually as the bonding between 

vanadia and Si-O groups decreased. Moreover, only 

the Q4 absorption peak appeared near δ= -109.22 ppm 

as the TEOS concentration increased. In addition, the 

EDS results showed that when additional vanadia was 

added to hybrids X1–X4, the increased vanadia 

content led to a continuous decrease in the Si content. 

Furthermore, the peaks of V in hybrid material V4 

appeared at 2θ = 25.14°. 
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