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Nonlinear optical properties of an azobenzene polymer∗
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The nonlinear optical properties of an azobenzene polymer azo12–MO were investigated by a Z-scan technique. The
polymer was synthesized by assembling the liquid-crystalline polymer azo12 with methyl orange. The nonlinear refrac-
tive index (1.39×10−15 cm2/W) and the nonlinear absorption coefficient (0.11 cm/GW) of azo12–MO were determined
with 532-nm picosecond laser pulses at the irradiance of 92.40 GW/cm2. When compared to the nonlinear properties of
azo12 and methyl orange, azo12–MO possesses the advantages of its two constituents and shows larger nonlinear optical
properties.
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1. Introduction
Materials with excellent nonlinear optical characteristics

have been proven to be quite advantageous for various pho-
tonic device applications. For example, photosensitive mate-
rials have received much attention as a fundamental-research
aspect of nonlinear optical technologies because of their appli-
cations in information storage,[1] optical processing,[2] opti-
cal limiters,[3,4] holographic gratings,[5,6] and so on. Photore-
sponsive polymers containing azobenzene chromophores have
simulated considerable interest for their promising nonlinear
optical properties during recent years.[7–9] The detailed inves-
tigation of linear and nonlinear optical coefficients in optical
materials enables us to fabricate optical materials, appropri-
ately designing their structure at the molecular level for a spe-
cific device. In this work, we designed a novel polymer azo12–
MO, which possesses the advantages of both methyl orange
and a liquid crystal polymer azo12.[10] We synthesized the
polymer and measured its nonlinear optical properties, finding
both the nonlinear refraction index and the nonlinear absorp-
tion properties to be larger than those of methyl orange and
azo12. Furthermore, azo12–MO showed a reverse saturable
absorption and optical limiting effect.

2. Experimental
Trimethylammonium-functionalized 1-bromo-12-(4-me-

thoxyazobenzene-4’-oxy) do-decane (azo12) was synthesized
according to the method of Xiao et al.,[10] and analyti-
cal reagent grade 4-((4-(dimethylamino)phenyl)diazenyl) ben-
zenesulfonate (MO) was obtained commercially. For the
preparation of azo12–MO, 8-mg/mL mo aqueous solution was
added dropwise to azo12 aqueous solution with the concentra-

tion of 3 mg/mL, in a 1:1 molar charge ratio. The precipi-
tated complex was filtered and washed several times with dou-
bly distilled water to remove residual salts and then dried in a
vacuum at 50 ◦C for 12 h. Figure 1 shows the linear absorp-
tion spectra of azo12, MO and azo12–MO in dimethyl sulfox-
ide (DMSO); the inset is the molecular structure of azo12–
MO. The absorption bands of azo12–MO were at 375 nm and
425 nm, which correspond to the absorption bands of azo12
at 365 nm and MO at 430 nm, respectively, showing that the
absorption spectrum of azo12–MO consists of the absorption
spectra of azo12 and MO. Figure 2 shows images of azo12 (a)
and azo12–MO (b) at 400x magnification without polarized
light irradiation, indicating that azo12–MO has a good crys-
talline structure.
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Fig. 1. Linear absorption spectra of azo12, MO, and azo12–MO; inset:
molecular structure of azo12–MO.

The Z-scan technique[11] was utilized to investigate the
nonlinear optical properties of the polymers, including the
measurement of the nonlinear refraction index and nonlinear
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absorption. In the Z-scan measurement, the Gaussian beam
was focused on the sample by a lens with a 30-cm focal length.
By translating the sample through the focus, the change of in-
tensities at the far-field intensity pattern was monitored by us-
ing the open aperture (OA) and closed aperture (CA) measure-
ments. This experiment was performed with the mode-locked
Nd:YAG laser (38 ps and 10 Hz) at a wavelength of 532 nm.

(a) (b)

Fig. 2. (color online) Images of polymers with 400x magnification with-
out polarized light irradiation: (a) azo12; (b) azo12–MO.

3. Results and discussion
Figure 3(a) shows the OA data of azo12–MO in DSMO

at 532 nm and Fig. 3(b) gives the Z-scan experimental result
of CA divided by OA measurements. Figure 3(a) shows that
transmittance is enhanced with decreasing light intensity and
is reduced with increasing light intensity. The solid curve in
Fig. 3(a) is the result of theoretical fit according to the form[11]

T (z,s = 1) =∑ [−q0(z,0)]
m/(m+1)3/2, (q0(0)< 1), (1)

where q0(z,0) =β I0Leff/
(
1+z2/z2

0
)
, z0=kω

2
0/2 is the diffrac-

tion length of the beam, ω0 is the beam waist radius at the
focal point and k = 2π/λ is the wave vector. The nonlin-
ear absorption coefficient was calculated by the fit result as
−0.11 cm/GW. In Fig. 3(b), the peak to valley configura-
tion of the curve suggests a negative nonlinear refractive in-
dex, indicating a self-defocusing effect. In the experiment,
the peak intensity of the incident laser at the focal point was
92.40 GW/cm2. The solid curve in Fig. 3(b) is a theoretical fit
using

∆T (z,∆Φ0) = 1−4∆Φ0x/
(
x2 +9

)(
x2 +1

)
, (2)

where z0=kω
2
0/2, |∆Φ0|= kLeffn2I0 is the on-axis phase shift

at the focus, I0 is the intensity of the laser beam at focus z = 0,
Leff = [1−exp(−αL)]/α is the effective thickness of the sam-
ple, x = z/z0, z0 is the diffraction length of the beam. From
the theoretical fit results in Fig. 3(b), the nonlinear refractive
index was found to be −1.39×10−15 cm2/W.

Figures 4(a) and 4(b) show the OA and CA/OA curves of
MO. The peak intensity of the incident laser at the focal point
was 131.38 GW/cm2 for the MO sample. The solid curve is
the theoretical fit. The nonlinear absorption coefficient and

nonlinear refractive index were calculated as 0.06 cm/GW and
1.01×10−15 cm2/W. Meanwhile, the valley to peak character-
istic shape shown in Fig. 4(b) indicates a self-defocusing ef-
fect. The nonlinear optical process given in Figs. 3(a) and 4(a)
is taken to be reverse saturable absorption (RSA),[12,13] i.e.,
the medium absorption coefficient increases with input inten-
sity.
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Fig. 3. Z-scan traces of the polymer azo12–MO in DSMO at ps 532 nm.
(a) Open aperture. (b) Closed aperture divided by open aperture. The
solid curves are the fitting curves.

Figure 5 shows the CA Z-scan signals of azo12 in DMSO
under the excitation light of 532 nm. In the experiments, the
peak intensity of the incident laser at the focal point was en-
larged to get data with a higher signal to noise ratio. The value
was 566.14 GW/cm2. The inset is OA Z-scan results of azo12
in DMSO, which indicate that the nonlinear absorption can
be neglected. With the solid theoretical fitted curve, the non-
linear refractive index was calculated as 6.40×10−17 cm2/W.
The measured nonlinear optical parameters are summarized
in Table 1. Furthermore, the valley to peak configuration of
the curve in Fig. 5, which differs from that of azo12–MO and
MO, indicates a self-focusing effect. The self-focusing ef-
fect in azo12 is mainly caused by an electronic effect induced
by either population redistribution or distortion of electronic
clouds.[14] In contrast, the self-defocusing effects in azo12–
MO and MO are mainly due to laser heating. Note that the
measured values of the nonlinear refractive index and absorp-
tion coefficient of azo12–MO are larger than those of azo12
and MO. Therefore, it is clear that azo12–MO has the advan-
tages of nonlinear optical properties of both azo12 and MO.
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Further, it is obvious that the nonlinear optical properties of
azo12–MO polymer can be adjusted by assembling azo12 with
MO at the molecular level.
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Fig. 4. Z-scan traces of the polymer MO in DSMO at ps 532 nm. (a)
Open aperture. (b) Closed aperture divided by open aperture. The solid
lines are the fitting curves.
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Fig. 5. Closed aperture Z-scan traces of the polymer azo12 in DSMO;
inset: open aperture Z-scan results of azo12.

Table 1. Estimated values of nonlinear optical parameters of azo12,
MO, and azo12–MO at ps 532 nm.

Sample I0/(GW/cm2) β /(cm/GW) n/(cm2/W)
azo12–MO 92.60 0.11 –1.39×10−15

MO 131.18 0.06 –1.01×10−15

azo12 566.14 – 6.40×10−17

In order to analyze the nonlinear absorption property of
azo12–MO and MO further, we studied the two polymers with

different input intensities of the picosecond laser using an OA
Z-scan technique. Figure 6 shows the nonlinear optical ab-
sorption coefficients β (dots) of azo12–MO and MO under
different excitation levels; solid curves are sketched as a guide
for the eyes. Note that the values of β decrease with increas-
ing on-axis input intensity I0 for both polymers, which proba-
bly results from the excited-state absorption effect.[15,16] This
excited-state absorption induced RSA might be the origin of
the optical limiting property of polymers. Optical limiting ex-
periments were performed by placing the sample at the focus
of the laser beam and measuring the transmitted energy for dif-
ferent input laser energies. Figure 7 shows the optical limiting
response of the polymers in DMSO solutions. The solid line
is a guide for the eyes, which indicates that the linear trans-
mittance of azo12–MO and MO is 2% and 2.9%, respectively.
This indicates that the two polymers both exhibit optical limit-
ing behaviors in response to picosecond laser pulses in DMSO
solution. Therefore, the polymer investigated here seems to be
a promising material for making nonlinear photonic devices.

0 100 200 300
0

0.05

0.10

0.15

0.20

0 50 100 150 200

MO
azo12-MO

β
/
c
m
SG
W

-
1

I0/GWScm-2

Fig. 6. Nonlinear absorption coefficients of azo12–MO and MO under
different irradiances; the solid curves are sketched as a guide for the
eyes.
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Fig. 7. Optical limiting response of azo12–MO and MO; the solid line
is a guide for the eyes.

4. Conclusion
An azobenzene polymer, azo12–MO, was synthesized

and its nonlinear optical properties were investigated by a Z-
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scan technique. The measured nonlinear refractive index co-
efficient was found to be larger than that of either of the two
constituents, azo12 and MO. Reverse saturable absorption was
observed and the nonlinear absorption coefficient was mea-
sured to be larger than that of either of the two constituents.
This indicates that azo12–MO possesses the advantages of
nonlinear optical properties of both of its two constituents and
has greater nonlinear optical properties. Furthermore, azo12–
MO was measured to exhibit optical limiting behaviors un-
der picosecond laser pulses. These experimental results make
azo12–MO a candidate for applications in all-optical switch-
ing modulators and it seems to be a promising material for
making nonlinear photonic devices.
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