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Abstract

We report on the synthesis of novel
zirconia/silica /thiazole azo dye hybrid materials by a
sol-gel process with vinyltriethoxysilane (VTES) as a
precursor. The materials were synthesized from
zirconium n-propanoxide 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
the hydrolysis—condensation reaction with a constant
ratio of VTES and zirconium n-propanoxide and
TEOS in appropriate proportions under a catalyst.
The structures of these hybrid materials were
examined by Fourier transform infrared analysis, *Si
nuclear magnetic resonance, X-ray diffraction, and
energy-dispersive X-ray spectroscopy.

Keywords—zirconia, silica, thiazole dyes, hybrid
materials.
I. INTRODUCTION

Multifunctionalism and intelligence are
modern design goals that have affected the design of
all objects, regardless of their size. Therefore, hybrid
materials have become widespread. Compared with
traditional materials, one vital characteristic of hybrid
materials is their designability. In the past 20 years,
material design has emerged and been abundantly
realized in hybrid materials. Organic—inorganic
hybrid materials contain both organic and inorganic
functionality and provide functional compensation
and optimization [1-5]. Consequently, they are widely
used in numerous fields including optics, and
catalysis, and in other biomaterials.

Zirconium dioxide (ZrO2) was developed
recently and has been widely applied in thin films.
ZrO2 features a high refractive index, ablation
resistance, chemical stability, and dielectric,
insulating, and mechanical properties [6-9]. It is also
applied in thermal barrier coatings, insulation,
abrasion-resistant coatings, and corrosion protection
coatings, and in the manufacture of photoelectric
components and electrochemical biosensors. It is
frequently used in various industries, including
aviation and aerospace, ferrous metallurgy, machine

manufacture, and optics, and it possesses strong
potential for other applications [10-13]. ZrO2 is a
ceramic material with a crystal size of approximately
100 nm. The crystalline structure is dense and
possesses low porosity, which provides a high coating
layer binding capacity.

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
[14-17]. If zirconia and silica gels are sufficiently
intermixed in the surface layer during the
condensation  polymerization process, a short
travelling distance between the surface-modified
silica thermal stability sites and the mechanical
strength sites on the boehmite phase may result in
high chemical stability.

The molecules of heteroaryl azo dyes
contain unshared electron pairs of nitrogen and
sulphur, which can easily trigger resonance and cause
the m electrons of the compound to leap from the
ground state to the excited state. The synthesis and
spectroscopic properties of azo dyes are well-
established [18-22]. The use of heterocyclic aromatic
amines to improving the tinctorial strength has been
well established. 2-Aminothiazole compounds which
possess different substituents in the 4-position of the
analogous derivatives as diazo components tend
toward bathochromic shifts, unlike analogous dyes
derived from benzenoid compounds [23-25].

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 [26-31]. Zirconium-containing
oxide materials obtained by sol-gel synthesis that
yielded a transparent solid gel are expected to find
wide practical application. Zirconium n-propoxide
(TPOZ) can be used to increase the functionality of
hybrid materials. The use of the precursor TPOZ was
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suggested to produce zirconia gel, which was
subsequently incorporated in other organic material
syntheses to create hybrid materials that are widely
used to produce various chemical products. The
zirconia network structure was combined with a
siloxane network to increase the additive effect,
thereby obtaining heat accumulation capability and
superhydrophobicity.  Subsequently, the sol-gel
method was applied to prepare organic—inorganic
hybrid dyes; it yielded hybrid materials exhibiting a
network structure consisting of the processed dye,
VTES/TPOZ, and VTES/TEOS/TPOZ through
additive hydrolysis. This will enable the use of hybrid
dyes when processing high molecular products.

Il. EXPERIMENT

A. Analytical Instruments

Fourier-transform infrared (FT-IR) spectra
were recorded on a Bio-Rad Digilab FTS-40
spectrometer (KBr); *H nuclear magnetic resonance
(NMR) spectra were obtained on a BRUKER
AVANCE 400MHz NMR spectrometer. Chemical
shifts (8) are expressed in parts per million using
tetramethylsilane (TMS) as an internal standard. The
#Si-NMR spectra were collected using a BRUKER
AVANCE 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 carried
out 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 K, radiation as the X-ray source.

B. Materials
VTES, tetraethoxysilane (TEOS), TPOZ
{Zr[O(CH,),CH3].}, acetophenone, and p-

nitroaniline were purchased from Acros Co., Ltd.,
Belgium. Thiourea, sulphuric acid, and iodide were
purchased from Hayashi Pure Chemical Co., Ltd.

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
sulphuric 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 (FTIR) (KBr)/lcm™: 3433 (NH,),
3057 (C-H); *H NMR (DMSO-dg) & ppm: 7.04 (1H,
s, —-NH,), 7.51-7.55 (5H, m, ArH), 7.71, (2H, d, 2,6-
Ph-H), 8.19 (2H, d, 3,5- Ph-H). C;5H;7N,0,S (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) with 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; FTIR (KBr)/cm™: 3395

(NH), 3073 (C-H), 1096 (O-Si). Cy3H»9N50s5SSi

(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;

0O, 15.55; S, 6.28; Si, 5.41.

E. Preparation of Zirconia Gel

We prepared zirconia gel by dissolving
TPOZ and ethanol at a 1:30 molar ratio and
hydrolysed the TPOZ in water at a 1:4 molar ratio.
The mixture was heated under reflux for 30 min until
completely dissolved; the pH value was adjusted to
approximately 3-4 using nitric acid, and the mixture
was then stirred until it became clear.

F. Synthesis of Hybrid Materials 5, 6

As shown in Scheme 1, precursor 4 and
zirconia gel were mixed according to a fixed ratio;
0.01 mol of hydrochloric acid and 10 mL of water
were added to maintain a pH level of 3-4, and the
mixture was placed in a thermostat stirrer and heated
under reflux for 4 h to produce a condensation
reaction and the hybrid material. We altered the
concentration of zirconia gel to produce varying
degrees of polycondensation reaction and obtained
hybrid materials 5 and 6.

G. Preparation of hybrid materials Z1-Z4, D1-D4,
and F1-F4
Hybrid material Z; was prepared by
condensation of precursor 4 (5.01 g, 0.01 mol) and
zirconia sol (0.01 mol) in ethanol (80 mL) by stirring
at 65°C for 2 h, by adding hydro-
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Scheme 1

Scheme 1 Synthesis of Hybrid Material 5, 6

chloric acid (0.365 g, 0.01 mol) and water (5 mL).
Hybrid materials Z,~Z, were synthesized using the
same method as that used for synthesizing Z;. Hybrid
materials Z,—Z, were prepared using different molar
ratios of precursor 4 to the zirconia sol in hydrolysis
polycondensation; the molar ratios were 1:1, 1:1.5,
1:2, and 1:3, respectively. Hybrid material D; was
prepared by condensation of precursor 4 (5.01 g, 0.01
mol), TEOS (4.16 g, 0.01 mol), and zirconia sol (0.02
mol) in ethanol (80 mL) by stirring at 65°C for 2 h,
by adding hydrochloric acid (0.365 g, 0.01 mol) and
water (5 mL). Hybrid materials D,-D, were
synthesized using the same method as that used for
synthesizing D;. Hybrid materials D;-D, were
prepared using different molar ratios of precursor 4 to
TEOS and the zirconia sol in hydrolysis
polycondensation at a constant ratio of the zirconia
sol; the molar ratios were 1:1:2, 1:1.5:2, 1:2:2, and
1:3:2, respectively. Hybrid material F; was prepared
by condensation of precursor 4 (5.01 g, 0.01 mol),
TEOS (4.16 g, 0.02 mol), and the zirconia sol (0.01
mol) in ethanol (80 mL) by stirring at 65°C for 2 h,
by adding hydrochloric acid (0.365 g, 0.01 mol) and
water (5 mL). Hybrid materials F,—F; were
synthesized using the same method as that used for
synthesizing F;. Hybrid materials F—F; were
prepared using different molar ratios of precursor 4 to
TEOS and the zirconia sol in hydrolysis
polycondensation at a constant ratio of TEQS; the
molar ratios were 1:2:1, 1:2:1.5, 1:2:2, and 1:2:3,
respectively.

11l. RESULTS AND DISCUSSION
A. FTIR Analysis

Figures 1 and 2 show the FTIR spectra of
Z1—Z4 and D;—Dy, respectively. The absorption peaks
of the N-H and C-H functional groups were observed
at approximately 3440 and 3113 cm™, respectively. In
the FTIR spectra of precursor 4, there is an obvious
deviation of the amino group absorption peaks close
to 3419 cm™ and the absorption peaks around 3395
cm™, revealing that some of the dye reacted with
VTES [32]. Figure 1 shows that hybrid materials Z;—

IJAC ) — Volume 2 Issue 2 May to August 2015

Z, exhibited a characteristic zirconia peak at
approximately 466 cm™, increased the zirconia gel
proportion, and a substantially enhanced Zr-O
absorption peak. In addition, an Si—O absorption peak
appeared at approximately 1098 cm®, and a
characteristic  Zr-O-Si  peak appeared from
approximately 800 to 1100 cm™. After additional
zirconia gel was added, the peak absorption strength
weakened for the Z; sample. A Si—C absorption peak
appeared at approximately 1243 cm™. Further, a peak
characteristic of the benzene functional group
appeared from approximately 1615 to 1590 cm™, and
absorption peaks corresponding to the N-H and C-H
functional groups appeared at approximately 2934
and 2962 cm™, respectively. Nitric acid consumption
also increased with increasing amount of zirconia gel,
causing the N-H and C-H functional group
absorption peaks to shift leftward. The results
presented in Figure 2 indicate that when the amount
of zirconia gel was fixed, hybrids D;—D,4 showed no
significant differences in the Zr-O functional group
characteristic peak at 466 cm™, although the intensity
of the Si-O absorption peak was enhanced
substantially by increasing the TEQOS proportion. The
absorption peak ranges for D;—D, were the same as
those for Z;—Z4. The results were then compared with
that for Z; (Figure 1) to identify why a significant
difference was not observed. It was found that when
the ZrO, proportion was fixed, the consumption of
nitric acid increased, shifting the characteristic peak
leftward. The results presented in Figure 3 indicate
that hybrids F;—F, exhibited a characteristic peak for
the Zr—O functional group at 466 cm™, which
increased substantially with increasing zirconia
proportion.

Absorbance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1 FT-IR Spectra of Hybrid Materials Z,-Z,
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Absorbance
g
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Wavenumber (cm”™)

Fig. 2 FT-IR Spectra of Hybrid Materials D;-D,

Absorbance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Fig. 3 FT-IR Spectra of Hybrid Materials F1—F,

The absorption peak ranges were similar to
those shown in Figure 1. Si-O was observed at
approximately 1098 cm™, the characteristic peak of
the Zr-O-Si functional group appeared from 800 to
1100 cm™, the characteristic peak of the benzene
functional group appeared from 1615 to 1590 cm™,
and the N-H and C-H functional groups appeared at
2934 and 2962 cm™, respectively.

B. ?°Si NMR spectra analysis

2Si NMR [33] 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, solid-state *Si NMR
provided additional information on the structure of
the silica and the extent of the Si—-OH condensation
reaction. The T3, Q% and Q* absorption peaks were
located by applying ?°Si NMR spectroscopy. Figure 4
shows that the °Si NMR spectra of the simple dye
and VTES contain absorption peaks at ~69.56 ppm
(T?) and ~80.71 ppm (T°), corresponding to Si-OR
formation following the hydrolysis of VTES. Figure 5
shows the *Si NMR spectra of the processed hybrid
dye formed with various proportions of VTES and
TEOS. Peaks appear at ~101.06 ppm (Q®) owing to
absorption by (H-O)Si(-OSi=); structures and at
~108.91 ppm (Q*) owing to absorption by Si(—OSi=),
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
=); and some Q® quadruple bonds had an unreacted

Si—0 functional group, Si(~OSi=)s. The structure of
Q* indicates that the Si quadruple bond reacted
completely with the Si-O functional group: Si(-
0Si=),.

No irregular peak was observed in Figure 5
for hybrids D,—D, with a fixed zirconia proportion,
varying TEOS proportions, and an increased hybrid
material proportion. The T* and Q® absorption peaks
were observed; however, the noise peaks were greater,
and only the T* absorption peak was observed when
the smallest amount of TEOS was added. In the
spectrum of hybrid D, the strength of the Q°
absorption peak (at approximately 100.52 ppm)
increased, and the Q* absorption peak appeared at a &
value of ~109.13 ppm. In addition, the T* absorption
peak was diminished and no longer exhibited a noise
peak. The results for hybrid D indicated that double
absorption peaks disappeared and were replaced by a
single Q® absorption peak at a & value of ~98.44 ppm;
the Q* absorption peak increased, and the T°
absorption peak decreased significantly. Regarding
hybrid D,, the Q* absorption intensity increased
substantially, and the T* absorption intensity
decreased. The Q* absorption peak for hybrids D,—D,
gradually shifted into a Q* absorption peak, as shown
in Figure 5. Therefore, with increasing TEOS
proportion, Si-O replaced Zr-O, and Si-O-Zr was
formed. The noise peak reduction indicated that
increasing the TEOS proportion enhanced the
network structure purity.

Spectral analysis of hybrid Z; (Figure 4)
indicated that when zirconia alone was condensation
polymerised with

=20 -40  -60

-80 -100 -120 -140 -160
ppm

Fig. 4 ®Si-NMR Spectra of Hybrid Material Z;
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Dy
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Fig. 5 2Si-NMR Spectra of Hybrid Materials D;—D,

VTES, the network structure purity was
reduced, causing numerous noise peaks. Therefore,
although the addition of zirconia formed the Zr—O—Zr
bond network structure, the absorption peak of VTES
in T® appeared at & value of ~69.56 ppm, which
indicated that adding only zirconia could not
eliminate the noise peaks.

C. Energy-Dispersive X-Ray Spectra Analysis

The energy-dispersive X-ray spectroscopy
(EDS) analysis results are presented in Table 1 and
Figure 6. When additional zirconia gel was added to
hybrids Z,—Z,, the quantity of zirconium increased,
which caused the quantity of Si to decrease. It is
possible that the carbon proportion decreased and the
oxygen increased in the hybrid material because of
the formation of additional Zr—O-Zr bonds in
zirconia thin films of hybrids Z,—Z, and the gradually
increasing zirconium proportion.

E

° 5
109,
Ay "

1 2 3 ] 7 [] ] ]

s s
Energy Gl

Fig. 6 The EDS Diagram of Hybrid Materials Z5

Table 1: EDS Analysis of Hybrid Materials Z,—Z,, D;—

D,, and Fi—F,
Elemental composition (%)
Samples B
¢} Si N Zr S

Z; 3213 1352 756 596 3829 254
Z, 3436 1375 462 595 4010 1.22
Zs 2831 1420 445 6.62 4420 222
Z, 21.84 1347 643 6,53 5034 1.39
D, 22.79 2433 1538 538 30.14 198
D, 2534 2123 1725 351 30.74 193
D 18.22 2226 22.08 444 3116 184

D, 1698 19.03 25.68 3.30 3252 249
F1 3228 2171 1963 396 2045 197
F, 2716 17.02 1932 433 3024 193
Fs 2136 2050 22.00 357 3025 232
F4 20.65 24.06 21.02 414 2870 143

sescem

i

7 ] [ °

1 z 3 ] 3 [
Energy CeeV)

Fig. 7 The EDS Diagram of Hybrid Materials D3

wse
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Fig. 8 The EDS Diagram of Hybrid Materials F3

As shown in Table 1 and Figure 7, hybrids
D,-D, had a fixed molar concentration of zirconia gel
and a moderately increasing molar concentration of
TEOS. The EDS analysis results indicated that the
increase in the Si level when the TEOS content
increased could be explained by the formation of a
zirconia thin film with Zr-O-Zr bonds and the
replacement of Zr with Si. Table 1 shows that when
the TEOS proportion was fixed in hybrids F,—F,, the
amount of Si decreased with increasing zirconia
content. Similar results were observed for hybrids
D,-D,: Si was steadily replaced with Zr in the Zr-O-
Si bonds in the thin film, as shown in Figure 8.

D. X-Ray Diffraction Analysis

In this study, we performed an X-ray
diffraction analysis of hybrid materials in the Z, D,
and F series with various proportions and unsintered
Zr powder developed by a sol—gel process (hereafter,
Zr powder). Because neither the series of hybrid
materials nor the Zr powder was sintered, all of these
materials exhibited amorphous structures without
clear crystal phase peaks, as shown in Figures 9 and
10. Figure 9 shows that the diffraction peaks of Fy, F»,
Fs, and F, occur at 260 = 25°, 26°, 26°, and 27°,
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respectively.Figure 10 shows that the diffraction
peaks of the Zr powder, inoculated Zr-series hybrid
material Z,, hybrid material D4, and hybrid material
F, appear at 26 = 31°, 27°, 24°, and 27°, respectively.
These results indicate that with the exception of the
Zr powder, the morphology of amorphous-phase
VTES and TEOS affected the diffraction peaks of the
hybrid materials Z,, D4, and F, producing slight
shifts to the left.

Intensity(A.U.)

! ! " N
20 30 40 50 60 70 80

Angle (2 theta scale)
Fig. 9 The XRD Diagram of Hybrid Materials F;—F,

Intensity(A.U.)

1 L L 1
40 50 60 70 80

Angle (2 theta scale)

Fig. 10 The XRD Diagram of Hybrid Materials Z,, D,
and F,

1
20 30

IV. CONCLUSIONS

This study focused primarily on synthesis of
a series of heterocyclic thiazole dyes with various
proportions  of added VTES/TPOZ  and
VTES/TEOS/TPOZ using the sol-gel method. The
derived hybrids were further analysed to understand
their chemical and physical properties. FTIR analysis
showed that the absorption peak of the Zr-O
functional group appeared at 466 cm™ and the
characteristic peak of the Zr-O-Si functional group
appeared from 800 to 1100 cm™, verifying the
network structure. The #Si NMR analysis results
indicated that the peak of hybrids D;—D, increased as
the TPOZ ratio increased. This reduced the T*
absorption peak (which represented the increase in
Si—0O-Si) and caused Q* to steadily shift toward Q.
These results indicated that Si—-O-Si was gradually
transformed into Zr—O-Si, and the presence of Si-O-
Si and Zr-O-Si was observed. The EDS results
showed that when additional zirconia gel was added
to hybrids Z;-Z,, the zirconia level rose, causing the

Si level to continuously decrease. The diffraction
peak of the Zr powder, inoculated Zr-series hybrid
material Z,, hybrid material D4, and hybrid material
F, appeared at 26 = 31°, 27°, 24°, and 27°,
respectively.
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