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and photomechanical deformation of thin films. The mate-
rials photoresponsive behavior arises from the presence 
of the photochromic azobenzene molecules [8]. These 
molecules can exist in two isomeric forms, which may be 
reversibly interconverted between each other by interaction 
with light of a proper wavelength. The cis-to-trans conver-
sion may be induced thermally as well. A linearly polar-
ized irradiation of a proper wavelength may induce optical 
anisotropy in the polymer material, i.e., optical dichroism 
and birefringence appearing as an increased absorption and 
refractive index in a direction perpendicular to the polariza-
tion of the excitation light, respectively. This optical ani-
sotropy arises from an orientational order of azochromo-
phores [9, 10]. The order is generated as a result of angular 
selectivity of absorption events by highly anisotropic trans 
molecules and of the trans–cis reversible isomerization. 
The rotation of the photochromic molecules can occur dur-
ing the photochemical reaction (trans–cis or cis–trans) or 
during the lifetime of the cis molecule since the rotational 
diffusion of this more spherical isomer is more efficient 
than in the case of the trans molecule [11]. After multiple 
isomerization cycles, the azochromophores finally align in 
one of the directions perpendicular to the laser polariza-
tion, i.e., in the position, for which the light is no longer 
absorbed by the molecules.

The photoinduced birefringence level and growth rate in 
azobenzene polymers depend on numerous factors refer-
ring to the chromophore and polymer architecture (e.g., 
substituents on the azobenzene group, polymer backbone, 
type of linkage between the chromophore and the main 
chain) but also to the illumination conditions (e.g., excita-
tion wavelength or intensity). A lot of studies devoted to the 
photoinduced birefringence have examined the phenome-
non under a continuous wave irradiation obtained from gas- 
or solid-state lasers (488, 514, 532 nm) [12]. Many of the 

Abstract The photoinduced birefringence resulting from 
trans–cis–trans isomerizations has been measured in a thin 
film of azobenzene-functionalized poly(esterimide) at three 
excitation wavelengths. The excitation wavelengths of 388 
and 420 nm have been located at exactly opposite sides of 
the trans azobenzene absorption band. A third irradiation 
wavelength was shifted to 438 nm. Distinct saturation lev-
els and growth dynamics of photoinduced birefringence 
have been observed under the 388- and 420-nm illumina-
tion, while very similar characteristics were recorded at 
420 and 438 nm. Differences in the obtained birefringence 
signals have been explained considering the cis isomer 
absorption and photoisomerization pathways.

1 Introduction

Azobenzene polymers contain the azobenzene groups or 
their derivatives either as dopants or incorporated into the 
backbone. They possess exceptional potential for techno-
logical applications in high-density data storage, optical 
switching, diffractive optics and photomechanics [1–7] due 
to the unique photoinduced effects they may exhibit: the 
generation of optical anisotropy or surface relief gratings 
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investigations have aimed at evaluating the structure–prop-
erty relationships of different polymer materials at a fixed 
wavelength, which most frequently was located on the red 
side of the absorption band of trans azobenzene chromo-
phores. On the contrary, the measurements performed as 
a function of wavelength have not been common, despite 
the fact that they may provide a very useful knowledge on 
the dominant photoisomerization pathway or the excitation 
conditions that ensure the fastest rate of the birefringence 
growth [13].

In this work, we examine the growth of the photoin-
duced birefringence in amorphous azobenzene-functional-
ized polymer at three excitation wavelengths. The material 
under study belongs to the polyimide family, which appears 
a very important for applications in photonics, due to a 
high glass transition temperature and an enhanced stability 
of the generated realignment [14]. Two of the applied exci-
tation wavelengths have been located at exactly opposite 
sides of the trans azobenzene absorption band (i.e., 388 and 
420 nm). Third wavelength has been shifted to 438 nm. To 
the best of our knowledge, the experimental studies of the 
photoinduced birefringence growths in azobenzene-deriv-
ative polymers under the irradiation of the wavelengths 
located symmetrically on the azopolymer film absorption 
band have not been reported so far.

2  Experimental

The synthesis and characterization of the investigated 
poly(esterimide) (PEI) was described in [15]. The poly-
mer film was obtained from the cyclohexanone solution 
(0.1 g/1 mL) spin coated onto glass substrate at 350 rpm. 
Drying was performed at 155 °C for 4 h. The film thick-
ness, measured by a Dektak XT stylus profiler, was 
0.98 μm. The UV–Vis spectrum was recorded using a Per-
kin Elmer Lambda 40 spectrophotometer.

The sample birefringence was induced by the ultra-
short-pulsed irradiation at the wavelengths of 388, 420 

and 438 nm. The beams were produced by a Flexible Har-
monic Generator (GWU-FHG Spectra-Physics) as the sec-
ond harmonics of a mode-locked Ti:Sapphire femtosecond 
laser (Tsunami, Spectra-Physics; time duration: 100 fs, 
repetition rate: 80 MHz). The intensity of all the excitation 
beams was the same and equal to 70 mW/cm2.

A weak, smaller in diameter, 690-nm beam from a 
laser diode was used for probing the induced birefrin-
gence changes in the material. The beam was modulated 
at 2580 Hz. The excitation and probing beams were propa-
gated co-linearly as shown in Fig. 1, being centered rela-
tively to each other. The polymer film was placed perpen-
dicularly into the optical pathway behind a red reflector 
used for combining both of the beams. The transmission of 
the probe beam through the crossed-polarizer set-up was 
detected by a silicon photodetector and measured using 
a lock-in amplifier at the probing beam modulation fre-
quency. In order to obtain a maximum change in the trans-
mission signal Fresnel rhoms were used to rotate the polari-
zation of the writing beam so that it made an angle of 45° 
with the horizontal polarization of the probing beam.

3  Results and discussion

The chemical structure of the investigated PEI together 
with the UV–Vis spectrum of the polymer film deposited 
on the glass slide is presented in Fig. 2.

The polymer possesses the covalently bonded chromo-
phores with the fluorine atom substituent, attached to the 
main chain through a nitrogen atom. The absorption curve 
of the polymer film shows one band at 408 nm resulting 
from the overlap of a high intensity π–π*- and a low-
intensity n–π* transitions of trans azochromophores [16]. 
On the basis of the absorption spectrum, the chromophores 
of the investigated polymer can be classified as push–pull 
azobenzenes.

The utilized harmonic generator combined with the 
mode-locked Ti:Sapphire 100-fs laser offered a unique 

Fig. 1  Experimental set-up 
for photoinduced birefringence 
measurements
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possibility of a continuous change of the output wavelength 
by several tens of nanometers in the blue–violet spectral 
range. Therefore, for the investigated polymer, it was pos-
sible to tune two excitation wavelengths to the positions 
corresponding to the equal film absorbances (Fig. 2). The 
choice of the most blue-shifted wavelength was limited 
by the optics utilized in the experimental set-up. The film 
absorbance at a third excitation wavelength (i.e., 438 nm) 
was 18 % lower than that at 388 and 420 nm.

The photoinduced birefringence was obtained from the 
measured transmittance T through the crossed-polarizer 
set-up by the formula: Δn = λ/(πd)arcsinT1/2, where λ is 
the probing beam wavelength and d is the film thickness.

Figure 3a presents the birefringence curves recorded for 
the polymer film during ca. 10-min irradiation—the time 
period needed for achieving the saturation level in the case 
of 388-nm excitation.

The normalized birefringence relaxation curves recorded 
after turning off the excitation beams are shown in Fig. 3b. 
The most striking result is a large final birefringence gener-
ated upon illumination on the blue side of the chromophore 
absorption band, which almost doubles the final birefrin-
gence induced under irradiations at 420 and 438 nm. More-
over, the birefringence relaxation observed after 388-nm 
illumination is slightly but distinguishably smaller than that 
observed after 420- or 438-nm irradiation.

In the functionalized polymer systems containing the 
azobenzene derivatives the birefringence growth with time 
is often described by the biexponential equation:

where τA, τB are the time constants and A, B are the 
amplitudes associated with different physical processes 

(1)�n = A
[

1− exp
(

−t
/

τA

)]

+ B
[

1− exp
(

−t
/

τB

)]

,

appearing upon illumination. According to Ho et al. [17] 
the fast (A) and slow (B) process could be associated with 
the reorientation of the azobenzene groups and the aligning 
motion of the polymeric segments, respectively. However, 
according to other authors, a different attribution of the 
processes may also be given [18, 19]. Although the attribu-
tion of the physical process appearing in the investigated 
PEI requires further studies, performing the curve fitting 
allowed us to quantitatively compare the obtained birefrin-
gence signals. The experimental data were analyzed within 

Fig. 2  UV–Vis spectrum of poly(esterimide) film with its chemical 
structure in the inset. The arrows indicate sample absorbance at the 
applied excitation wavelengths

Fig. 3  Photoinduced birefringence of poly(esterimide) film after a 
turning on the 388-, 420- and 438-nm beams; b turning off the excita-
tion beams

Table 1  Fitted parameters for Eq. (1)

Excitation wavelength (nm) A B τA (s) τB (s)

388 0.006 0.0094 3.0 26

420 0.0054 0.0043 1.6 24

438 0.0044 0.0051 1.5 21
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the initial 60 s of birefringence recording. After this time 
period, the birefringence reached the value of 81 % of its 
maximum in the case of 420-nm- and 74 % in the case of 
380-nm excitation. The fitted parameters are collected in 
Table 1.

Comparison of the results obtained leads to the general 
features as follows:

1. Excitation on the blue and the red side of the absorp-
tion band results in two different time constants of the 
fastest process. The values of all the τB parameters are 
similar.

2. The highest A and B amplitudes are obtained for 388-
nm excitation. At this wavelength, the contribution B/
(A + B) of a slower process to total birefringence is the 
largest.

The photoinduced birefringence in the polymer film is a 
consequence of the azobenzene chromophore realignment 
due to the trans–cis–trans isomerization cycles. The pho-
toisomerization cycles involve two isomers, for which both 
the π–π* and n–π* transitions are possible. In the investi-
gated material due to the overlap of π–π* and n–π* transi-
tions of trans molecules, both of the transitions are excited 
during the laser irradiation with each wavelength. However, 
the π–π* transitions are predominant ones [8].

Kim et al. [13] investigated a rate of the birefringence 
growth in azobenzene-derivative polymers while increas-
ing the excitation wavelength along the red side of the 
trans isomer absorption band. The observed local maxi-
mum in the rate constant was correlated with cis-to-trans 
photoisomerization caused by absorption of the cis isomer 
in the n–π* band. In our study, by utilizing the irradia-
tion wavelengths located on the opposite sides of the trans 
isomer absorption band and by exciting the same type of 
predominant transition for trans azochromophores, the 
effect of the cis absorption on the generated birefringence 
is probed.

For the 420- and 438-nm excitation wavelengths, the 
birefringence growth proceeds via the same photoisomeri-
zation pathway (i.e., the same types of transitions for 
trans and cis isomers) since both a very similar extent and 
dynamics of birefringence generation is observed. On the 
other hand, a different extent and dynamics of the birefrin-
gence growth upon the 388-nm irradiation in comparison 
with 420-nm one present an evidence of distinct isomeriza-
tion pathways for the cis isomers (in either case, the path-
ways for trans–cis photoisomerization mainly involve the 
π–π* transition). According to the earlier study [15], the 
absorption spectra of the investigated PEI in solution upon 
illumination by UV unpolarized light showed a new band 
at 368 nm assigned to the cis–π–π* transition. A cis–n–π* 
transition was not clearly revealed in that study. Taking the 

above into account, it can be assumed that the 388-nm irra-
diation stimulates the cis-to-trans transitions in the π–π* 
band. Since both the 420- and 438-nm wavelengths are 
located far from the maximum of cis–π–π* band it is rea-
sonable to suspect that under these irradiation conditions 
the cis-to-trans photoisomerization occurs predominantly 
by the n–π* transition of the cis isomer.

According to the quantum calculations performed by 
Pedersen et al., the optical storage performance of azocom-
pounds with separated bands for cis isomers is improved 
when a more polarized π–π* band for cis isomers is used 
[20] i.e., at the excitation conditions for which a high 
degree of anisotropy of the cis isomers was revealed. This 
could be one of the factors responsible for the differences 
in the birefringence curves obtained at 388 nm than at 
420 nm in our study. Besides, we believe that a stronger 
absorption of cis molecules in the π–π* band in compari-
son with the absorption in the n–π* band should account 
for a larger final birefringence generated at 388 nm than at 
420 nm. It is reasonable to suspect that a larger number of 
the cis–trans photoisomerization cycles induce larger seg-
mental motions of the polymer chains, what could turn 
into a higher amplitude of the slow process observed in the 
sample.

The decay of birefringence after turning off the excita-
tion light is caused by the thermal cis–trans isomerization 
of azochromophores and a thermal randomization of the 
molecular orientation [17]. A slightly larger birefringence 
relaxation after the irradiation on the red side of the absorp-
tion band than on the blue side might indicate a slightly 
higher number of cis isomers generated in the former case.

4  Conclusions

The photoinduced birefringence signals of azobenzene PEI 
film have been measured for the laser beams of the same 
intensities and the wavelengths located on the opposite 
sides of the trans azochromophore absorption band. The 
excitation on the blue side of the band induced twice larger 
final birefringence than the excitation on the red side how-
ever, with a slower dynamics. The absorption of cis isomer 
should be responsible for the differences of the generated 
birefringence signals, as one of the reasons.
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