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INTRODUCTION
Organic three-order nonlinear optical materials are widely used in 

the fi eld of information technology [1-3]. Researchers have attempted 
to improve the nonlinear optical characteristics of organic materials 
in order to enhance the effi  ciency of photon equipment. Modifying 
and reconstructing the molecular structure of the organic conjugated 
system can improve the performance of nonlinear optical materials 
[4]. In fact, structures containing heterocycles, such as thiazole and 
benzothiazole have lower delocalization energy than benzene ring; 
thus, they can increase charge transfer characteristics and nonlinear 
optical responses eff ectively [5-8]. Hence, designing and synthesizing 
chromophores containing these heterocyclic structures are an 
eff ective way to obtain high nonlinear optical responses.

Previous studies have successfully synthesized polymers 
containing azobenzothiazole structures on side chains and discussed 
their three-order nonlinear optical performance [9]. In the present 
study, monomers containing azobenzothiazole structures with 
pushing and drawing electrons were designed and synthesized 
to further study the infl uences of electronic eff ect of substituent 
groups on three-order nonlinear optical properties of polymers with 
heterocyclic azo structures on side chains. Polymers with nonlinear 
optical chromophores on side chains were obtained through free 
radical polymerization.

MATERIALS AND METHODS
Regents and solvents

6-Methoxy-Benzothiazole-2-Ylamine (99%; Ninghai Shangfeng 
Chemical Reagent Co., Ltd) were used as received. 6-Nitro-
Benzothiazole-2-Ylamine and 4-(6-Nitro-Benzothiazole-2-Ylzao)-
phenol were synthesized according to the reported procedure [10,11]. 
Methacryloyl chloride (≥ 98%, Haimen Best Fine Chemical Co. Ltd) 
was distilled under vacuum before using. Azobisisobutyronitrile 
(AIBN, CP; Shanghai Chemical Reagent Co., Ltd.) was purifi ed by 
recrystallization from ethanol.

All other reagents and solvents were analytic pure and were used 
as received. 

Measurements
1H NMR spectra were measured by INOVA 400 MHz NMR 

spectrometer, CDCl3 or DMSO-d6 as solvent and Tetramethylsilane 
(TMS) as the internal standard at ambient temperature. UV-vis 
absorption spectra of the polymers and initiator in DMF solutions 
were determined on a Shimadzu RF540 spectrophotometer. Th ird-
order NLO response of monomers and polymers was measured 
according to the literature [9,12].

Synthesis of monomers

2.3.1. Synthesis of 4-(6-Methoxy-Benzothiazole-2-Ylzao)-

phenol: 6-Methoxy-Benzothiazole-2-Ylamine (0.04 mol) was added 
to a mixture of distilled water (32 mL), concentrated H2SO4 (20 mL) 
and formic acid (8 mL). A solution of sodium nitrite (0.044mol) in 
distilled water (20 mL) was prepared in a test tube. Sodium nitrite 
solution was added dropwise to the acidic solution of amine over 1 
hour at 0~2ºC. Th e mixture was stirred at 0~2ºC for 45 min. Phenol 
(0.04mol) was dissolved in ethanol (20 mL) and cooled to 0ºC. 
Phenol solution was added slowly to the diazonium salt solution 
at 0~5ºC. Th e resultant colored mixture was stirred for 24 hour at 
0~5ºC. Th e solution was fi ltered and the obtained crude product was 
recrystallized for two times from ethanol.

Henna powder. Yield: 46%. 1H NMR (DMSO-d6, δ): 10.86 (s, 1H), 
8.01-7.98 (d, 1H), 7.92-7.89 (d, 2H), 7.66 (s, 1H), 7.19-7.15 (d, 1H), 
7.03-7.00 (d, 2H), 3.88 (s, 3H).

Synthesis of MBAMA and NBAMA: 

• General procedure for synthesis of MBAMA and NBAMA: 
Th e phenol derivates (0.01 mol) was dissolved in a mixture 
of Et3N (0.02 mol) and freshly distilled THF (80 mL). Th is 
solution was then cooled in an ice-water bath with vigorous 
stirring. A solution containing methacryloyl chloride (0.01 
mol) and freshly dried THF (20 mL) was added to the above 
mixture by a dropping funnel under a nitrogen atmosphere. 
Aft er 1 hour, the ice-water bath was removed and the reaction 
was allowed to continue for 24 hours at room temperature 
fi gure 1. Th e solution was fi ltered and poured into a large 
amount of water. Th e precipitated product was washed by 
ethanol (95%) and recrystallized from trichloromethane and 
petroleum ether (60~90ºC).

• MBAMA: Orange powder. Yield: 71%. 1H NMR (CDCl3, δ): 
8.12-8.10 (d, 2H), 8.08-8.05 (d, 1H), 7.36-7.33 (d, 3H), 7.15-
7.13 (d, 1H), 6.40 (s, 1H), 5.83 (s, 1H), 3.93 (s, 3H), 2.09 (s, 
3H).

• NBAMA: Henna powder. Yield: 64%. 1H NMR (CDCl3, δ): 
8.86 (s, 1H), 8.43-8.40 (d, 1H), 8.31-8.28 (d, 1H), 8.20-8.17 (d, 
2H), 7.42-7.39 (d, 2H), 6.42 (s, 1H), 5.85 (s, 1H), 2.10 (s, 3H).

Synthesis of polymers

In a general procedure, cyclohexanone (monomer/cyclohexanone 
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Figure 1: Structure of MBAMA and NBAMA
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= 1: 5 g·mL−1), initiator, and monomer were mixed in a round-bottom 
fl ask. Polymerization was conducted at 70°C under N2 atmosphere 
for 10 h. Subsequently, the samples were diluted with THF and 
precipitated through the addition of a mixture of ethyl acetate and 
methanol (Vethyl acetate/Vmethanol/VTHF = 5/5/1). Reprecipitation was 
conducted three times and the samples were dried under vacuum at 
room temperature.

RESULTS AND DISCUSSION
Linear optical properties

Th e UV-visible spectra of monomer and solution prepared by 
DMF are shown in fi gure 2. Th e monomer has strong absorption 
in the visible light zone, which is attributed to the π-π* electron 
transition of the azo conjugated structure. In addition, MBAMA has 
one shoulder peak at approximately 430 nm, which is produced by 
electron transition of methoxy group replacing the benzothiazole 
structures. Th e UV-visible spectra of polymers are shown in fi gure 
3. Diff erent from monomers, the polymer PMBAMA has a strong 
absorption peak at approximately 410 nm, which is produced by 
electron transition of methoxy group replacing benzothiazole 
structures. Th is phenomenon might be due to group arrangement 
caused by polymers with diff erent azo structures. Th e ultraviolet 
absorptions of monomer NBAMA and polymer PNBAMA remain 
basically the same.

Three-order nonlinear optical properties of monomers 
and polymers

Nonlinear absorption and refraction coeffi  cient of monomers and 
polymers were evaluated by Z-scanning method. In this experiment, 
samples moved back and forth close to the focus along the directions. 
Th e relationship between light intensity through small holes and 
sample position was determined through Z-scanning of open and 
closed holes, allowing us to obtain the nonlinear absorption and 
refractive index of samples. According to the Z-scanning experiment 
of closed holes, nonlinear refraction does not infl uence the three-
order nonlinear performance of experimental samples. Hence, the 
three-order nonlinear optical coeffi  cient (χ(3)) measured by this 
experiment was determined by nonlinear absorption of molecules 
completely. As shown in fi gures 4,5, all monomers and polymers 
are in the ground state absorption, and relatively low transition 
is observed at 532 nm. Aft er the introduction of a 532 nm laser 
radiation, a thermal eff ect was produced, which aff ected the nonlinear 
test results. In this study, laser with low energy (< 20 μJ) and low 
frequency (2 Hz) were applied to reduce the thermal eff ect. DMF was 
used as the solvent, and 10-3 mol/L monomer was prepared. At the 
same time, polymer and corresponding monomers were prepared 
with the same mass fraction to assure the same chromophore 
concentrations. Z-scanning experimental results of open holes are 
shown in fi gures 6,7. Th e monomer structure of benzothiazole has 
diff erent substituent groups, and the electrophilic nitro can make the 
system produce a pushing–drawing electronic eff ect. Given that the 
structure of benzothiazole is rich with electrons, the electron mobility 
of delocalization in the azobenzothiazole system is increased, which 
further intensifi es polarization of azo molecules. Finally, the three-
order nonlinear optical eff ect is strengthened. As a result, the three-
order nonlinear optical coeffi  cient of monomers and polymers with 
nitro is at the magnitude of 10-11, which is signifi cantly higher than 
those of monomers and polymers in which chromophores have 
methoxy groups (10-12). Furthermore, the three-order nonlinear 
optical coeffi  cient of polymers is higher than those of corresponding 

monomers. Th is can be interpreted by the ordered arrangement of 
elements on repeated azo chains of the polymer chain, thus increasing 
electronic delocalization of azo structures and enhancing three-order 
nonlinear optical eff ects aft er polymerization of monomers.

CONCLUSION
Monomers with diff erent substituent groups of azobenzothiazole 

structures were synthesized through polymerization with free radical 
groups. Later, chromophores were introduced into the side chain 
of the polymer, which resulted in increased three-order nonlinear 
optical coeffi  cients of monomers and polymers. Aft er polymerization, 
the nonlinear optical performance of polymers was improved to 
some extent compared with that of monomers. Nitro-substitution 

Figure 2: 1H NMR of MBAMA

Figure 3: 1H NMR of and NBAMA
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Figure 4: UV-vis spectra of MBAMA and NBAMA
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Figure 5: UV-vis spectra of PMBAMA and PNBAMA
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Figure 6: Z-scan data of nonlinear absorption of MBAMA (left) and PMBAMA 
(right)
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Figure 7: Z-scan data of nonlinear absorption of NBAMA and PNBAMA

of azobenzothiazole can improve the three-order nonlinear optical 
eff ects signifi cantly.
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