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a b s t r a c t

A series of polyacrylates containing different substituted-azobenzene chromophores were synthesized
and polymerized via atom transfer radical polymerization. Nonlinear optical homopolymers containing
an azobenzene side chain, of controllable molecular mass and low polydispersity (1.1–1.4) were obtained.
In addition, side-chain copolymers were prepared in which the composition of the copolymers was
controlled by using different feed ratios of the azobenzene monomer and methyl methacrylate. The
third-order nonlinear optical properties of azobenzene monomers and their polymers were measured
using the degenerated four-wave mixing technique. Each of the polymers displayed a high c(3) of about
10�11 esu and rapid response time in femto-second magnitude. The effect of substituents on the azo-
benzene group and the composition of the polymer chain on the third-order nonlinear optical properties
of the polymers were investigated.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, azobenzene-containing polymers have been
widely studied for their potential applications in many fields in-
cluding optical data storage [1,2], liquid crystal displays [3–5], ho-
lographic surface relief gratings (SRG) [6–8], nonlinear optical
(NLO) materials [9,10], and so forth. Various azobenzene bound
within the host–guest doping mixtures and on the side or main
chain of the homopolymers or copolymers of (methyl) methacry-
late, styrene, polyamide and polyester have been investigated.
Among the azo-containing polymers reported in the literature,
polymers based on [40-[(2-methacryloyloxy) ethyl] ethylamino]-4-
nitroazobenzene (DR1M) are the most representative. Whilst many
homopolymers [11–15] and copolymers [16–25] obtained by free
radical polymerization of DR1M have been studied for various
photonic applications, there have been only a few reports of azo-
benzene-containing polymers synthesized by atom transfer radical
polymerization (ATRP) [26–28].

ATRP is one of the most attractive methods for the synthesis of
novel and controlled architectures under straightforward operating
conditions, and furnishes polymers with well-defined molecular
mass and narrow polydispersity [29–32]. In our previous work, we
have synthesized NLO polymers containing an azobenzene side
5.
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chain using ATRP [33] which had well-defined molecular mass and
narrow polydispersity, but the activity of ATRP for these azo
monomers was not high enough because of the steric effect of the
azo side chain in the acrylate backbone.

This paper concerns the synthesis of a series of azobenzene-
containing acrylates and methacrylates with relatively high activ-
ity, including DR1M (named as MANAzo in this paper) whose
structures are shown in Scheme 1. The ATRP technique has been
employed to synthesize the azobenzene-containing side-chain
homopolymers with controllable molecular weight. We further
attempted to carry out the copolymerization of the azo monomers
with methyl methacrylate (MMA) to improve the activity of ATRP.
The composition of the copolymers was controlled using different
feed ratios of the azobenzene monomer and MMA. The influence of
the push–pull electronic effect and the azobenzene content in co-
polymer chain to the macroscopical NLO properties of homopoly-
mers and copolymers were investigated.
2. Experiment

2.1. Materials

4-Nitroaniline, 4-bromoaniline, 4-methoxyaniline and triethyl-
amine were purchased from Shanghai chemical reagent Co. Ltd. as
analytical reagents and used without further purification (declared
purity grade, �99%). Acryloyl chloride and methacryloyl chloride
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Scheme 1. The structure of PDRIM and azobenzene side-chain homopolymers.
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were produced by Haimen Best Fine Chemical Industry Co. Ltd. and
used after redistillation. N,N,N0,N00,N00-pentamethyldiethylenetri-
amine (PMDETA) (98%, Jiangsu Liyang Jiangdian Chemical Factory)
was dried with a molecular sieve and distillated. Copper(I) bromide
(CuBr) (A.R., Shanghai Zhenxin Chemical Reagent Factory) was
purified with sodium sulfite and glacial acetic acid and stored under
argon atmosphere at room temperature. Ethyl 2-bromoisobutyrate
(EBiB) (Acros, 99%) and N-ethyl-N-(2-hydroxyethyl) aniline (Tokyo
Kasei Kogyo Co. Ltd.) were used without further purification. MMA
(A.R., Shanghai Chemical Reagent Co. Ltd.) was vacuum-distilled
after being dried by anhydrous magnesium sulfate. Tetrahydrofuran
(THF), cyclohexanone and N,N-dimethyl formamide (DMF) were
purified by reduced pressure distillation. Other reagents were used
as received.

2.2. Synthesis of monomer

Six monomers with side-chain azobenzene groups, 40-[N-(2-
(meth)acryloyloxy ethyl)-N-ethyl] amino-4-nitro azobenzene
(ANAzo and MANAzo), 40-[N-(2-(meth)acryloyloxy ethyl)-N-ethyl]
amino-4-bromo azobenzene (ABAzo and MABAzo) and 40-[N-(2-
(meth)acryloyloxy ethyl)-N-ethyl] amino-4-methoxy azobenzene
(AMAzo and MAMAzo) were synthesized following a procedure
modified from that described in the literature [34,35], as shown in
Scheme 2.

ANAzo: 1H NMR (CDCl3): d (ppm)¼ 8.34 (2H, benzene ring
protons adjacent to –NO2), 7.94–7.90 (4H, benzene ring protons
adjacent to –N]N–), 6.83 (2H, benzene ring protons), 6.45 (1H,
vinyl proton), 6.14 (1H, –CH]), 5.89 (1H, vinyl proton), 4.39 (2H,
–OCH2), 3.89 (2H, H2C–N in N–CH2CH2O), 3.58 (2H, –CH2 in ethyl),
1.27 (2H, –CH3 in ethyl); Elem. Anal. Calcd. for C19H20N4O4: C,
61.948; H, 5.4719; N, 15.209; Found: C, 62.165; H, 5.6073; N, 14.993.

ABAzo: 1H NMR (CDCl3): d (ppm)¼ 7.90–7.75 (4H, benzene
ring protons adjacent to –N]N–), 7.65 (2H, benzene ring protons
adjacent to –Br), 6.80 (2H, benzene ring protons), 6.44 (1H, vinyl
proton), 6.13 (1H, –CH]), 5.88 (1H, vinyl proton), 4.38 (2H,
Scheme 2. The synthetic route
–OCH2), 3.71 (2H, H2C–N in N–CH2CH2O), 3.54 (2H, –CH2 in ethyl),
1.25 (3H, –CH3 in ethyl); Elem. Anal. Calcd. for C19H20N3BrO2: C,
56.727; H, 5.0108; N, 10.445; Found: C, 56.218; H, 4.8964; N,
10.112.

AMAzo: 1H NMR (CDCl3): d (ppm)¼ 7.85–7.26 (4H, benzene ring
protons adjacent to –N]N–), 6.97 (2H, benzene ring protons ad-
jacent to –OCH3), 6.81 (2H, benzene ring protons), 6.44 (1H, vinyl
proton), 6.11 (1H, –CH]), 5.84 (1H, vinyl proton), 4.37 (2H, –OCH2),
3.87 (3H, methoxyl protons), 3.68 (2H, H2C–N in N–CH2CH2O), 3.48
(2H, –CH2 in ethyl), 1.23 (3H, –CH3 in ethyl); Elem. Anal. Calcd. for
C20H23N3O3: C, 67.797; H, 6.5592; N, 11.889; Found: C, 68.021; H,
6.6294; N, 11.835.

MANAzo: 1H NMR (CDCl3): d (ppm)¼ 8.31 (2H, benzene ring
protons adjacent to –NO2), 7.94–7.90 (4H, benzene ring protons
adjacent to –N]N–), 6.81 (2H, benzene ring protons), 6.11 (1H,
vinyl proton), 5.59 (1H, vinyl proton), 4.39 (2H, –OCH2), 3.72 (2H,
H2C–N in N–CH2CH2O), 3.53 (2H, –CH2 in ethyl), 1.94 (3H, methyl
adjacent to vinyl), 1.27 (3H, –CH3 in ethyl); Elem. Anal. Calcd. for
C20H22N4O4: C, 62.816; H, 5.7983; N, 14.651; Found: C, 62.636; H,
5.9426; N, 14.516.

MABAzo: 1H NMR (CDCl3): d (ppm)¼ 7.88–7.73 (4H, benzene
ring protons adjacent to –N]N–), 7.60 (2H, benzene ring protons
adjacent to –Br), 6.82 (2H, benzene ring protons), 6.11 (1H, vinyl
proton), 5.58 (1H, vinyl proton), 4.38 (2H, –OCH2), 3.71 (2H, H2C–N
in N–CH2CH2O), 3.50 (2H, –CH2 in ethyl), 1.94 (3H, methyl adjacent
to vinyl), 1.25 (3H, –CH3 in ethyl); Elem. Anal. Calcd. for
C10H22N3BrO2: C, 57.701; H, 5.3261; N, 10.093; Found: C, 57.588; H,
5.4812; N, 9.8862.

MAMAzo: 1H NMR (CDCl3): d (ppm)¼ 7.83–7.81 (4H, benzene
ring protons adjacent to –N]N–), 6.98 (2H, benzene ring protons
adjacent to –OCH3), 6.80 (2H, benzene ring protons), 6.09 (1H, vinyl
proton), 5.57 (1H, vinyl proton), 4.34 (2H, –OCH2), 3.66 (2H, H2C–N
in N–CH2CH2O), 3.70 (3H, methoxyl protons), 3.48 (2H, –CH2 in
ethyl), 1.93 (3H, methyl adjacent to vinyl), 1.23 (3H, –CH3 in ethyl);
Elem. Anal. Calcd. for C21H25N3O3: C, 68.644; H, 6.857; N, 11.436;
Found: C, 68.987; H, 6.8526; N, 11.524.
of azobenzene monomers.
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2.3. Homopolymerization via ATRP

A typical ATRP procedure was carried out as follows. A poly-
merization pipe was equipped with a magnetic stirrer and a gas
inlet/outlet. Ethyl 2-bromoisobutyrate (EBiB, 1.7 mL, 0.01 mmol),
1.5 mg (0.01 mmol) of CuBr and 2.0 mL (0.01 mmol) of PMDETA
were added with 184 mg (0.5 mmol) of ANAzo and 2.0 mL of cy-
clohexanone to the pipe and the mixture was immediately
degassed three times and flushed with nitrogen in an ice bath. The
reaction mixture was then immersed in an oil bath connected with
a thermal control meter with sufficient stirring for a certain re-
action time. Then the mixture was poured into about 200 mL of
methanol where 1:1 chlorhydric acid was added (100:1 v/v) to
elute the copper in the mixture. The suspension was filtered for
removal of residual monomer and most of the catalyst. The
obtained polymers were purified by reprecipitation from THF into
methanol twice and dried under vacuum for 24 h at room
temperature.

A similar procedure was followed when other conditions were
applied in the homopolymerization. The ATRP of all the azo
monomers was investigated under the same condition.

2.4. Copolymerization with MMA via ATRP

The procedure of copolymerization was similar to the synthesis
of homopolymers, but the sole azo monomer was changed into azo
monomer and MMA together in different feed ratios. The ratio of
0.25 mmol azo monomer/0.25 mmol MMA (x¼ 0.5) and 0.25 mmol
azo monomer/0.75 mmol MMA (x¼ 0.25) was used in this ATRP
system. The composition of the copolymer was well controlled by
feed ratio of azo monomer and MMA, which is confirmed by ele-
mental analysis of N concentration in copolymers and the 1H NMR
spectra of the obtained copolymers. The structure of the obtained
homopolymers and copolymers containing azobenzene chromo-
phores is shown in Scheme 3.

2.5. Instruments for characterization

1H NMR spectra of monomers and polymers in CDCl3 were
obtained on an Inova 400 MHz FT-NMR spectrometer at ambient
temperature. UV–vis absorption spectra were carried out at 25 �C in
the 700–190 nm spectral region with a Perkin–Elmer Lambda
spectrophotometer using cell path lengths of 0.5 cm. The elemental
analysis was performed by Italian 1106FT analyzer. Monomer con-
version was determined by gravimetry. Molecular weights (Mn) and
polydispersity (Mw/Mn) were measured on a gel permeation chro-
matography (GPC) utilizing Waters 515 pump and differential
Scheme 3. The structure of azobenzene-containing homopolymers and copolymers.
refractometer. THF was used as a mobile phase at a flow rate of
1.0 mL/min. The glass transition temperature values were de-
termined by differential scanning calorimetry (DSC) on a 2010 DSC
TA Instrument at a heating rate of 10 K/min under nitrogen
atmosphere.

2.6. Measurements of the third-order optical nonlinearities

The phase conjugated forward three-dimensional degenerate
four-wave mixing (3D DFWM) technique was used with the femto-
second pulse Solid-state Laser (wavelength is 800 nm, pulse-width
is 45.7 fs, repetition rate is 10 Hz and pulse power is about
720 mW) to measure the third-order nonlinear optical (NLO) sus-
ceptibility. Solutions of 0.1 mM azo polymers in DMF were used in
NLO measurements. The third-order NLO coefficients c(3) and the
response time Y1/2 can be obtained by comparing the measured
signals of the samples with that of carbon disulfide (CS2) as refer-
ence by the procedure presented in our previous work [36].

3. Results and discussion

3.1. Preparation of azobenzene-containing homopolymers by ATRP

ATRP was successfully used to prepare the homopolymers from
the azo monomers with controlled number-average molecular
weight and a low polydispersity. The polymer was prepared by
using EBiB, CuBr, and PMDETA as initiator, catalyst and ligand, re-
spectively. Kinetics of all the azo monomers was investigated under
the same polymerization condition, as shown in Figs. 1 and 2. The
results showed that the molecular weights and the conversion of
polymers increased with the increase of reaction time and PDI (Mw/
Mn) of obtained polymers remained at relatively low values (1.15–
1.4). The ln([M]0/[M]) of each monomer increased with reaction
time linearly, although the activity of each azobenzene-containing
acrylate is much lower than the corresponding methacrylate. The
azo monomers synthesized with methacryloyl chloride have higher
activity in this ATRP system for the electronic effect of the methyl
group on the C adjacent to vinyl. So the azobenzne-containing side-
chain polymers with higher molecular weight can be obtained by
ATRP of azobenzene-containing methacrylates.

The structure of each obtained polymer was confirmed by 1H
NMR spectra. As shown in Fig. 3, the chemical shifts at d¼ 5.6 ppm
and 6.10 ppm assigned to the vinyl protons of monomer
Fig. 1. First-order kinetic plots for ATRP of azo-containing methacrylates and methyl
methacrylates (reaction conditions: [monomer]/[EBiB]/[CuBr]/[PMDETA]¼ 50:1:1:1,
temperature¼ 80 �C).



Fig. 2. Dependence of conversion and Mw/Mn on reaction time for ATRP of azo-con-
taining methacrylates and methyl methacrylates (reaction conditions: [monomer]/
[EBiB]/[CuBr]/[PMDETA]¼ 50:1:1:1, temperature¼ 80 �C).

Fig. 4. Dependence of conversion and ln([M]0/[M]) for ATRP of azo monomer and
MMA (reaction conditions: PANAzo: [ANAzo]/[EBiB]/[CuBr]/[PMDETA]¼ 50:1:1:1,
PANAzo(0.5): [MMA]/[ANAzo]/[EBiB]/[CuBr]/[PMDETA]¼ 25:25:1:1:1, PANAzo(0.25):
[MMA]/[ANAzo]/[EBiB]/[CuBr]/[PMDETA]¼ 75:25:1:1:1, temperature¼ 80 �C).
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disappeared after the polymerization. At the same time, an addi-
tional chemical shift of –CH2– was observed at d¼ 1.0 ppm in the
spectra of the homopolymer. In addition, other chemical shifts
corresponding to those caused by its monomer were much wider,
which also certified the successful polymerization.

3.2. Preparation of azobenzene-containing copolymers by ATRP

Considering the low activity of the acrylates containing azo-
benzene side chain, MMA was employed as the second high-active
monomer to copolymerize with each azo monomer, respectively.
The copolymerization was carried out at 80 �C with the feed molar
ratio of azo monomer: MMA¼ 1:1 and 1:3 under the same reaction
condition of the homopolymerization. As shown in Fig. 4, the
‘‘living’’/controlled characteristics of ATRP like the result of
Fig. 3. 1H NMR spectra in CDCl3 of MABAzo and its homopolymer by ATRP.
homopolymerization were observed in the copolymerization sys-
tem while it was much faster than that of the homopolymerization
of each azo monomer.

The copolymerization of the azobenzene-containing methac-
rylates with MMA was much faster than that of acrylates containing
azobenzene group, which is similar to the behavior of their
homopolymerization. From the results listed in Table 1 we can see
that the obtained copolymers have higher molecular weight than
that of homopolymers under the same condition of ATRP. The
higher the molar feed ratio of MMA is, the bigger the molecular
weight of the copolymer is.

The structure of the polymers was also confirmed by 1H NMR
spectra and elemental analysis of N concentration in copolymers.
As the 1H NMR spectra of PABAzo(0.5) and PABAzo(0.25) shown as
example in Fig. 5, the composition of the copolymers was con-
firmed by the integral area ratio of the H proton from azo monomer
and MMA in the 1H NMR spectra of copolymer. The composition of
the copolymer was well controlled as the feed ratio of the azo
monomer and MMA. When the feed ratio of ABAzo/MMA is 0.5/0.5,
the composition ratio of azobenzene units to methyl methacrylate
units in the copolymer is 0.5/0.5 approximately. When the feed
ratio of ABAzo/MMA is changed into 0.25/0.75, the composition
ratio of azobenzene units to methyl methacrylate units in the co-
polymer is also turned to 0.25/0.75 accordingly. It is also confirmed
by the elemental analysis for N concentration of copolymer. Since
there is no N element in methyl methacrylate unit, we can calculate
the concentration of azobenzene unit in the copolymer in terms of
N concentration of copolymer. The results showed that the com-
position of copolymer is corresponded with the feed ratio of azo-
benzene monomer and MMA.
Table 1
The copolymerization results of MMA and the azobenzene-containing methyl
acrylates

Monomer [Monomer]:[MMA]
feed molar ratioa

[Monomer]:[MMA]
measured molar ratio

Conversion
(%)

Mn Mw/Mn

MANAzo 25:25 20:30 41.7 3800 1.24
MABAzo 25:25 19: 31 81.8 5800 1.27
MAMAzo 25:25 23:27 58.7 7250 1.35
MANAzo 25:75 21:79 43.2 5900 1.47
MABAzo 25:75 20:80 76.2 7700 1.45
MAMAzo 25:75 29:71 65.9 11000 1.46

a ATRP condition: [monomer]/[MMA]/[EBiB]/[CuBr]/[PMDETA]¼ 25:25:1:1:1 or
[monomer]/[MMA]/[EBiB]/[CuBr]/[PMDETA]¼ 25:75:1:1:1 by mol., 80 �C, 4 days.



Fig. 5. 1H NMR spectra in CDCl3 of the copolymers of ABAzo and MMA by ATRP.

Fig. 7. UV–vis spectra of azobenzene-containing acrylates and their copolymers
(condition: 1�10�5 mol/L, CHCl3 as solvent).
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3.3. UV–vis spectra of azo side-chain polymers

Figs. 6 and 7 show the UV–vis spectra of the homopolymers and
copolymers polymerized by azobenzene-containing acrylates, re-
spectively. Each homopolymer of the azobenzene-containing ac-
rylates showed the maximum absorption with a little red shift
(Fig. 6). It may be caused by ordered and localized arrangement of
the azo side chain on the polymer chain, which reduced the steri-
cally hindered effect among the azobenzene chromophores and
enhanced the conjugation of the polymer chain.

Fig. 7 shows the UV–vis spectra of the azo copolymers with
different molar feed ratio of azo monomer/MMA. As the copolymers
with the same substituent prepared by different feed ratio, their
maximum absorption is red-shifted a little and the absorption
intensity is reduced corresponding to the decrease of the azo con-
centration that is coincident with the feed ratio. As the monomer
ANAzo for example, PANAzo> PANAzo(0.5)> PANAzo(0.25). After
the copolymerization of methyl methacrylate with azo monomer,
the sterically hindered effect in the chain of resulted copolymer is
cut down in comparison with its homopolymer, which results in
Fig. 6. UV–vis spectra of azobenzene-containing acrylates and their homopolymers
(condition: 1�10�5 mol/L, CHCl3 as solvent).
a red shift in the maximum absorption of the UV–vis spectra. The
results of each azo homopolymer and copolymer are listed in Table
2.

3.4. Solubility of azo side-chain polymers

The solubility of the azo intermediate products is not good due
to the azobenzene group. But the azo-containing acrylates and
methacrylates show much better solubility after the introduction of
acryloyl group. Homopolymers with azo side chain exhibit good
solubility and the higher the molecular weight, the better the sol-
ubility. In addition, the solubility of the azo-containing copolymers
is further improved after the introduction of methyl methacrylate
unit in the polymer chain. All of the azobenzene-containing side-
chain polymers exhibit good solubility in a wide range of organic
solvents, including CHCl3, THF and DMF, which shows the potential
to film-forming and further application in optical devices.

3.5. The third-order nonlinear optical (NLO) properties

All the samples have no linear absorption under the irradiation
of the laser with 800 nm wavelength and no heating effect existed
during the measurements for NLO properties. Firstly, the DFWM
measurements performed on DMF solutions of six azo monomers
and their side-chain homopolymers with different number-average
molecular weight are reported and the DFWM response curves are
displayed in Gaussian distribution, as the examples shown in Fig. 8.
Table 2
UV–vis absorption data of azo monomers and their polymers

(Poly)acrylate lmax
a (Poly)methacrylate lmax

a

ANAzo 462 MANAzo 460
ABAzo 415 MABAzo 417
AMAzo 403 MAMAzo 405
PANAzo 465 PMANAzo 462
PABAzo 418 PMABAzo 420
PAMAzo 405 PMAMAzo 407
PANAzo(0.5) 470 PMANAzo(0.5) 472
PABAzo(0.5) 418 PMABAzo(0.5) 422
PAMAzo(0.5) 408 PMAMAzo(0.5) 409
PANAzo(0.25) 472 PMANAzo(0.25) 475
PABAzo(0.25) 420 PMABAzo(0.25) 425
PAMAzo(0.25) 409 PMAMAzo(0.25) 411

a UV–vis spectra were measured under this condition: 1�10�5 mol/L, CHCl3 as
solvent.



Fig. 8. The third-order NLO response curves of ANAzo and PANAzo in DMF solution by DFWM.
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The calculated values of their third-order nonlinear coefficient c(3)

and response time Y1/2 are listed in Table 3.
As the monomers with different substituent, the electron-

withdrawing nitro group on the end of azobenzene can form
a push–pull electronic structure with the dibasic amine group on
the other end of azobenzene in the molecules of monomers ANAzo
and MANAzo. So the fluidity of the delocalized p electrons within
the conjugated azobenzene system is enhanced and the induced
polarization of the electric moment in the azo molecules is accel-
erated, which intensify the macroscopical third-order NLO effect
obviously. Thus, the c(3) value of the monomers and their homo-
polymers containing nitro group on the end is much higher than
methoxyl- and bromo-substituted monomers and polymers, which
is in the 10�11 order of magnitude [37–39]. It also can be verified by
the one-dimensional molecule model founded by Sauteret et al.
[40]:

cð3Þ ¼ 25

45
p2e10

s

�a0

d

�3
 

1
E6

g

!

in which a0 is Bohr radius and d is the average length of C–C bond, s

is the transversal surface area of the molecular chain and Eg is the
energy gap of the polymer. The significant improvement of the
polarization in the azobenzene-containing side chain is caused by
the formation of D–p–A structure, which brings about a smaller
energy gap and then an excellent NLO property with higher c(3)

value is exhibited in the azo polymers with strong electron-with-
drawing nitro group.

After polymerization, the macroscopical third-order NLO co-
efficient c(3) value of azo polymer is enhanced by the nonlinear
Table 3
The third-order NLO coefficient and response time of azo monomers and their
homopolymers

Sample Mn c(3) (10�12 esu) Y1/2 (10�15 s)

ANAzo – 13.0 86
ABAzo – 7.48 85
AMAzo – 7.30 81
MANAzo – 13.8 99
MABAzo – 7.82 89
MAMAzo – 7.58 90

PANAzo 3000 14.9 99
PABAzo 3450 8.23 95
PAMAzo 3650 8.14 93
PMANAzo 4500 15.1 101
PMANAzo 5650 15.7 104
PMABAzo 5850 8.90 92
PMABAzo 7000 9.11 97
PMAMAzo 5000 8.46 90
PMAMAzo 6500 8.55 93
superimposed NLO effect of the repeated azobenzene chromo-
phores in the same molecular chain of polymer and some other
effect such as photoelectric conjugation and orientation selectivity
in polymer chain. Although the polymerization reactivity of azo
monomers is not very high, which is influenced by the steric effect
of azobenzene chromophore in the side chain, the increase of the
number-average molecular weight of the side-chain polymers
influenced their third-order NLO properties a little. The polymer
with higher molecular weight has higher third-order NLO co-
efficient c(3) value. It implicates us to synthesize azo polymers with
high molecular weight and defined molecular structure via other
effective techniques.

The copolymers of MMA and azo monomer were also in-
vestigated by DFWM technique. Fig. 9 shows the NLO response
curves of PANAzo(0.5) and PANAzo(0.25). It can be clearly seen that
the third-order NLO effect of PANAzo(0.5) is stronger than the
latter because of a higher concentration of the azo NLO chromo-
phores in the copolymer chain. From the data listed in Table 4 we
can see that the c(3) value of azo side-chain copolymers decreased
with increasing the molar feed ratio of MMA/azo monomer. Since
the concentration of azo NLO chromophore in the obtained co-
polymers decreased with increasing the feed ratio of MMA/azo
monomer, the copolymer containing higher ratio of methyl meth-
acrylate unit exhibits lower macroscopical third-order NLO co-
efficient c(3) values. But the copolymers containing higher MMA
unit ratio have better solubility and film-forming ability, which is
Fig. 9. The third-order NLO response curves of PANAzo(x) in DMF solution by DFWM.



Table 4
Characterization data and the third-order NLO coefficient c(3) of the copolymers of
MMA and the azobenzene-containing (methyl) acrylates

Copolymer (x) GPC result c(3) (10�12 esu)

Mn Mw/Mn

PANAzo(0.5) 4550 1.23 14.1
PANAzo(0.25) 6500 1.32 12.9
PABAzo(0.5) 4750 1.23 8.09
PABAzo(0.25) 5900 1.35 7.88
PAMAzo(0.5) 4350 1.28 8.10
PAMAzo(0.25) 8450 1.39 7.96

PMANAzo(0.5) 4050 1.25 14.3
PMANAzo(0.25) 5900 1.47 12.6
PMABAzo(0.5) 5800 1.27 8.69
PMABAzo(0.25) 7700 1.45 7.88
PMAMAzo(0.5) 7250 1.35 8.30
PMAMAzo(0.25) 11000 1.46 7.96
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also important for the application of the azo-containing polymers
as polymeric NLO materials. In our experiment, the third-order NLO
coefficient of the copolymers PAzo(0.5) (MMA/azo monomer¼ 1:1
by mole) is close to that of the homopolymers with the same
substituent. Although the concentration of the azo chromophores
in the copolymer chain is reduced, the flexible methyl methacrylate
unit introduced in copolymer main chain can weaken the sterically
hindered effect and the azobenzene-containing side chain can be
a better ordered arrangement in the same polymer chain, which is
contributed to the NLO effect. However, when the feed ratio is up to
[MMA]/[azo monomer] ¼ 3:1, the concentration of the azo chro-
mophores in the copolymer chain is too low to bring about a high
NLO response. So it is important for us to adjust an optimized
concentration of the azo chromophores to obtain the good NLO
material of azo copolymers. Here PAzo(0.5) has both high NLO ef-
fect and good processability for device application.

4. Conclusion

A new series of acrylates and methacrylates containing azo NLO
chromophore have been synthesized and polymerized into side-
chain NLO polymers by ATRP technique. The kinetics of the
monomers are investigated and found that the activity of
azo-containing methacrylates is much higher than that of azo-
containing acrylates. The well-controlled homopolymers and co-
polymers with narrow polydispersity and well-defined molecular
weights were obtained from the monomers with different sub-
stituents on the azo side chain and MMA. All the azo monomers and
their polymers have high third-order NLO properties. The elec-
tronic effect of the substituent on the azobenzene group impacts
the third-order NLO property in evidence. When the push–pull
electronic structure is formed, the electron in the molecular chain
flow well and the energy gap of the conjugate system decreases,
which contributes much to enhancing the NLO coefficient. After
polymerization, the c(3) value of the polymers is higher than their
monomers and it is increased a little with the increase of molecular
weight. With increasing feed ratio of MMA, the obtained co-
polymers have much better solubility for introduction of methyl
methacrylate unit, but the content of azobenzene chromophore in
the copolymer chain is decreased and the macroscopical third-or-
der NLO coefficient c(3) of polymers is weakened. There is further
work for us to optimize the reaction condition of polymerization
and the composition of copolymers containing azo NLO chromo-
phore for application of polymeric NLO materials.
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