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In this work, an epoxy-based polymer containing 2-phenylazo-4, 5-dicyanoimidazole chromophores (BP-IZ-DC) was synthesized
and characterized by spectroscopic methods. The polymer showed unusual photo-bleachable property and the refractive index of the
polymer could be readily modified by irradiation with a laser beam at visible wavelength. The irradiation with a laser beam at 488 nm
caused a much more significant change of the refractive index than irradiation with 532 nm laser light. Upon the irradiation with the
laser beam (488 nm, 100 mW/cm2) for 1 h, the refractive index decreased from 1.6512 to 1.5802. By using the photo-bleachable azo
polymer, channel waveguide was fabricated by light irradiation through a mask and the light-transmission ability of the waveguide
was evaluated.
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1 Introduction

Polymers containing azobenzene and its derivatives (azo
polymer for short) have been intensively study in recent
years (1–5). When irradiated with light at appropriate wave-
lengths, azobenzenes can undergo a reversible trans-cis iso-
merization and trigger many photoresponsive variations
(6–9). Azo polymers have been prepared by many differ-
ent methods and studied for those interesting properties
(8,9). As one of the feasible preparation methods, azo
polymers can be synthesized through post-polymerization
azo-coupling reaction (10,11). In the processes, the azo
polymers are synthesized by the azo-coupling reactions be-
tween precursor polymers containing anilino moieties and
diazonium salts in polar organic solvents. This method in-
troduces azo chromophores through an in situ formation
manner at the final step of the preparation, some possi-
ble side-reaction on azo chromophores can be avoided and
different types of azo polymers can be prepared by this
method (12–16).
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Nonlinear optical (NLO) effect is an interesting property
of azo polymers, which offers new possibilities for the pro-
duction of versatile and highly effective optical and electro-
optical (EO) devices (17,18). Optical channel waveguide is
one of the most common components in EO modulators
and integrated optics devices. In a typical waveguide, light is
confined in the channel with higher refractive index. Recent
years, adjusting refractive index of polymeric films through
photo-irradiation has become a recognized technique for
waveguide fabrication (19–22). By this technique, the re-
fractive index of the bleached part can be easily tailored
by controlling the irradiation condition. The index con-
trast between the cores and the claddings of the channel
waveguides can be adjusted to the desirable values. This
technique combined with conventional photolithography
or direct UV etching has been applied to different polymer
systems, such as acrylic polymers and polyimides (23–25).
However, most of the polymer systems reported contain
more than one-components and high intensity UV irradi-
ation for a long time is often required (23,24). Moreover,
the refractive index change caused by the irradiation is still
relatively small. Therefore, developing new one-component
polymer system with easily adjustable refractive index is of
interest in the channel waveguide preparation and other
applications. Although azo polymers have been intensively
studied for NLO effect and photophysical properties re-
lated to the trans-cis isomerization, report concerning the
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fabrication of azo polymer waveguide through visible light
irradiation is still scarce in the literature.

In this work, an epoxy-based polymer containing 2-
phenylazo-4, 5-dicyanoimidazole chromophores was pre-
pared. The polymer showed good optical transparency and
film-forming ability. The refractive index of the polymer
films could be feasibly adjusted by visible light irradiation.
The photo-induced refractive index change was studied by
irradiation with visible laser light at two different wave-
lengths (488 nm and 532 nm). By using the azo polymer,
channel waveguide was fabricated through light irradiation
and its performance was evaluated.

2 Experimental

2.1 Materials

Diglycidyl ether of bisphenol-A (Mw = 392) and 2-amino-
4,5-imidazoledicarbonitrile were purchased as commercial
products from Shell Company and TCI. All other reagents
and solvents were obtained from commercial sources and
used as received without further purification. The poly-
mer was synthesized according to the schemes shown in
Scheme 1. Details of the syntheses and characterization are
described in the following sections.

Sch. 1. Synthetic route of azo polymer BP-IZ-DC.

2.2 Characterization
1H-NMR spectra were obtained on a JOEL JNM-ECA300
spectrometer (300 MHz for proton). The glass transition
temperatures (Tgs) of the polymers were obtained with a
TA Instruments DSC 2920 at a heating rate of 10◦C/min
under N2 protection. Molecular weights and molecular
weight distributions were determined by using a gel perme-
ation chromatography (GPC) instrument (SHIMADZU,
LC-20AD) at room temperature with THF as eluent
(1 mL·min−1). The instrument was equipped with a refrac-
tive index (RI) detector (Wyatt Optilab rEX) and fitted with
a PLgel 5 µm mixed-D column. The column was calibrated
with linear polystyrene standards. The UV–Vis spectra of
the samples were recorded by a Perkin–Elmer Lambda
Bio-40 spectrophotometer. The refractive indices were mea-
sured by prism-coupling method at wavelength of 1315 nm.

2.3 Azo Polymer Synthesis

BP-AN: BP–AN was obtained from the reaction between
diglycidyl ether of bisphenol-A (32.7 g, 0.083 mol) and ani-
line (7.7 g, 0.083 mol) according to literature (12). GPC:
Mn = 35 000; Mw = 79 000; MWD = 2.2. The glass tran-
sition temperature (Tg) of the polymer was determined
to be 87◦C. IR (KBr): 3380 cm−1 (O–H, m), 1600 1510
1463 cm−1(Benz. ring, s), 1250 cm−1 (C–O, s). 1H NMR
(DMSO-d6): δ = 7.07 (6H, d), 6.82 (4H, d), 6.72 (2H, d),
6.54 (1H, m), 4.03 (2H, m), 3.87 (4H, s), 3.34–3.75 (4H, m),
1.55 (6H, s).

BP-IZ-DC: BP–AN (1.892 g, 4 mmol) was dissolved in
DMF (200 mL) at 0◦C. A diazonium salt of 2-amino-
4,5-imidazoledicarbonitrile was prepared by adding an
aqueous solution of sodium nitrite (0.345 g, 5 mmol
in 1 mL of water) into a solution of 2-amino-4,5-
imidazoledicarbonitrile 0.586 g, 4.4 mmol) in a homoge-
neous mixture of 1 mL of sulfuric acid and 15 mL of glacial
acetic acid. The mixture was stirred at 0◦C for 10 min and
then was added dropwise into the BP–AN solution. The
solution was stirred at 0◦C for 12 h. Then the solution
was poured into plenty of water and the precipitate was
collected and dried. The product was dissolved in 40 mL
THF and precipitated into 400 mL petroleum ether. The
final product was vacuum dried at 60◦C for 24 h. IR (KBr,
cm−1): 3400 (O–H, m), 1600, 1508 (Benz. ring, s), 1230 (C–
O, s). 1H-NMR (DMSO-d6): δ = 7.79 (CH, 2H, d), 7.12
(CH, 4H, br), 7.03 (CH, 2H, br), 6.86 (CH, 4H, br), 4.17
(CH, 2H, br), 3.95 (CH2, 4H, br), 3.86 (CH2, 2H, br), 3.65
(CH2, 2H, m), 1.57 (CH3, 6H, s).

2.4 Polymer Film Preparation and Photo-bleaching

The homogeneous solution of BP-IZ-DC in anhydrous N,
N-dimethylformamide (DMF) (about 10 wt%) was filtered
through 0.45 µm membrane and spin-coated onto glass or
silica substrates. The film thickness was controlled to be in
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the range of 0.5–0.8 µm by adjusting the solution concen-
tration and the spin speed (800–1200 rpm). The spin-coated
films were dried at 60◦C under vacuum for 48 h and were
stored in a desiccator for further measurements. For the
photo-bleaching test, the films were vertically irradiated
with a laser beam at two different wavelengths (488 nm and
532 nm). The laser beam was from an Ar+ laser or solid-
state diode laser, which was spatially filtered, expanded and
collimated. The light intensity of the laser beam was con-
trolled to be 100–120 mW/cm2. After exposure to the laser
beam for different time periods, the refractive indices of
the exposed areas were measured by the prism coupling
method.

3 Results and Discussion

3.1 Polymer Synthesis and Characterization

Epoxy-based precursor polymer BP-AN was prepared
through polycondensation as shown in Scheme 1. To avoid
the reaction between the secondary OH groups formed dur-
ing the polymerization and the unreacted epoxide groups,
the polymerization was carried out at a relatively low tem-
perature (110◦C) (12). Number average molecular weight
of BP-AN was estimated to be 35000 with polydispersity
index of 2.2, obtained by gel permeation chromatography
(GPC).

The precursor polymer was functionalized to introduce
the imidazole-containing azo chromophores through post-
polymerization azo-coupling reaction (Sch. 1) (13). The
diazonium salts readily attack the benzene rings of the
anilino moieties at para-positions with higher electron den-
sity. The eletrophilic substitution exclusively takes place at
the para-positions also because of the bulkiness of the at-
tacking groups and steric hindrance. For precursor polymer
BP-AN, the chemical shifts of aniline moieties, appear-
ing at about 7.10 ppm (overlapped), 6.75 ppm (doublet),
and 6.55 ppm (multiplet), are resonances of the protons at
meta-, ortho-, and para-positions of the amino groups. Af-
ter the azo-coupling reaction, the 6.55 ppm resonance cor-
responding to protons at the para-positions of the amino
groups disappear. It proves that the substitution has taken
place at the para-positions with high yield. The analysis
data of the polymers are given in the experimental part.

The UV-Vis spectrum of BP-IZ-DC is given in Figure 1,
which shows typical spectral feature of pseudo-stilbene type
azo chromophores. The strong absorption band appearing
in the visible range (λmax at 490 nm) corresponds to the π–
π∗ electron transition of the azo chromophores. BP-IZ-DC
is an amorphous polymer with the glass transition tem-
perature (Tg) of 173◦C determined by differential scanning
calorimetry (DSC).

3.2 Photo-induced Refractive Index Change

The influence of light on the refractive index was stud-
ied by irradiating BP-IZ-DC films with an Ar+ laser or a
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Fig. 1. UV-Vis spectrum of BP-IZ-DC in DMF.

solid-state diode laser. The light irradiation caused signif-
icant photo-bleaching effect, which could be observed by
the naked eye. Figure 2 gives a photograph of a piece of BP-
IZ-DC film, after irradiated with Ar+ laser beam (488 nm,
100 mW/cm2) for 30 min. There is an obvious color change
in the exposed area (yellowish part) after the irradiation.
Figure 3 shows the UV-Vis absorption spectrum of a piece
of BP-IZ-DC film on glass substrate before and after expo-
sure to Ar+ laser light (488 nm, 100 mW/cm2) for different
time. It can be seen that the maximum absorption at around
490 nm decreases significantly and the absorption band is
blue-shifted as the exposure time increases. After 60 min
irradiation, the intensity of the maximum absorption de-
creases to about 25% of the original value, and the λmax
shifts to 450 nm. The result indicates that the number of
the azo chromophores is significantly decreased due to the
light irradiation.

To study the effect of the photo-bleaching on the
refractive index of the BP-IZ-DC films, the refractive
indexes in the exposed areas were measured by the
prism coupling method. For comparison, the films were
irradiated with a laser beam at two different wavelengths
(488 nm and 532 nm), which had the same intensity (100
mW/cm2). Figure 4 shows the refractive index changes
of the BP-IZ-DC films with the exposure time. It can be
seen that the refractive indices decrease as the exposure
time increases. A larger refractive index decrease is caused
by irradiation at 488 nm. After irradiation for 1 h, the

Fig. 2. Photograph of the partially bleached BP-IZ-DC film.
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Fig. 3. UV-vis absorption spectra of a BP-IZ-DC film before and
after exposed to Ar+ laser beam (488 nm, 100 mW/cm2) for 15
min, 30 min, and 60 min.

refractive index of the BP-IZ-DC film changes from 1.6512
to 1.5802. When irradiated with the light at the wavelength
of 532 nm for 1 h, the refractive index only changes from
1.6512 to 1.6075. The results indicate that the refractive
index change is related with the electron excitation of
the azo chromophores. The 488 nm light is close to the
absorption band of the π − π∗ transition (λmax = 490 nm)
of the azo chromophores, which can more efficiently cause
the excitation of the π electrons in the conjugated system.

3.3 Photo-fabrication of Channel Waveguide

Channel waveguide was fabricated by a procedure illus-
trated in Figure 5. First, BP-AN and isocyanate crosslink-
ing agent M20S were dissolved in DMF to obtain a homo-
geneous solution. The bottom cladding layer was obtained
by spin-coated the solution on the Si substrate and cur-
ing properly. After that, BP-IZ-DC as the core layer was
spin-coated on the cladding layer and vacuum-dried. The
thickness of the core layer was controlled to be 1 µm. A
beam form Ar+ laser (488 nm) was used as the light source,
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Fig. 4. Refractive index variation of BP-IZ-DC films upon irradi-
ation with the lasers at two different wavelengths.

Fig. 5. Schematic of the fabrication of waveguide through a photo-
bleaching approach.

which was spatially filtered, expanded and collimated and
had an intensity of 100 mW/cm2. The film was irradiated
with the light through a chromium mask with the waveguide
pattern. During the process, the mask was tightly attached
on the core layer surface to avoid possible diffraction. After
writing the channel waveguide, UV-curable agent NOA73
as top cladding layer was spin-coated on the core layer.
The top cladding layer was cured under irradiation of a
high-pressure Hg lamp (54 mW/cm2) and post-baked by
conventional method. The waveguide was then cut to a
required size and connected with the optical fibers.

Figure 6 shows the microscopic images of the waveg-
uide and the coupling optical fiber. The photo-beaching

Fig. 6. Microscopic images of waveguide and connected optical
fiber.
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Fig. 7. Photographed light spots output from (a) the single waveg-
uide, (b) the Y-branched waveguide.

at the exposed area can be clearly seen. Optical waveg-
uide transmission measurement was performed by using
commercial single-mode optical fibers and infrared light
with wavelength of 1.341 µm. The light spots output from
the single waveguide and the Y-branched waveguide were
photographed (Fig. 7). The optical loss was calculated by
comparing the intensity of the input and output light. The
total loss including the propagation loss and the coupling
loss for the 2.2 cm long waveguide was 36.7 dB. The cou-
pling loss between the fiber and waveguide at each end was
previously measured to be 4.0 dB. The propagation loss
was estimated to be 13.05 dB/cm.

The above results indicate that the channel waveguide
can be prepared by the light irradiation process. Although
the waveguide preparation is simple, the optical loss is ob-
viously too high for many applications. As there is huge
room for improvements from materials to fabrication, we
believe that this interesting property of BP-IZ-DC, possibly
also for some other azo polymers, can be further explored
to meet the requirement for real applications.

4 Conclusions

In this work, an epoxy-based azo polymer (BP-IZ-DC)
was synthesized by post-polymerization azo-coupling re-
action. The polymer showed unusual photo-bleaching ef-
fect and the refractive index of the polymer films could be
readily modified by irradiation with a visible laser beam.
The irradiation with 488 nm light induced a more signifi-
cant decrease in the refractive index than irradiation with
532 nm light. After irradiation with the laser beam (488
nm, 100 mW/cm2) for 1 h, the refractive index of the BP-
IZ-DC film decreased from 1.6512 to 1.5802. The channel
waveguide of BP-IZ-DC was successfully prepared by laser
irradiation method but the optical loss of the waveguide
was high.
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