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Optical birefringence induced by two-photon absorption in
polythiophene bearing an azochromophore
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Abstract
We carried out experiments of induced birefringence via two-photon absorption in spin-coated films of the conjugated polymer poly[2-[ethyl-
[4-(4-nitro-phenylazo)-phenyl]-amino]-ethane (3-thienyl)ethanoate], PAzT, at 680 and 775 nm. This process allows recording in the bulk
because of the spatial confinement of the birefringence provided by the two-photon absorption. The induced birefringence is associated with
molecular reorientation caused by the two-photon induced isomerization of the azochromophores attached to the polymer backbone. In addition,
the two-photon absorption spectrum of PAzT was measured to help selecting the excitation wavelength for two-photon absorption induced
birefringence.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Two-photon absorption takes place when the material ab-
sorbs two photons in a single event. Such process provides
high spatial resolution, thanks to its quadratically dependence
on the light intensity. Moreover, as less energetic photons can
be used in two-photon absorption, improved light penetration
and lower scattering are generally achieved. Two-photon ab-
sorption process has been studied by several research groups
interested in the areas of photonics, medicine and physical-
chemistry. The reason for this lies in the versatility of such
nonlinear optical process, which has been used to manufacture
photonic crystals [1e3], structures of micro and sub-micro di-
mensions [4,5], three-dimensional optical data storage [6], op-
tical limiting [7], photodynamic therapy [8] and fluorescence
imaging [9,10]. Three-dimensional optical storage achieved
by two-photon absorption has been investigated because this
process can increase the storage capability by several orders
of magnitude. Two-photon induced anisotropy [11e15] and
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two-photon induced isomerization [16,17] have been recently
reported for azoaromatic chromophores. In particular, we
demonstrated two-photon induced birefringence achieved by
photoisomerization and subsequent molecular orientation in
guestehost films containing azoaromatic chromophores
[11,12]. Such process, when induced by one-photon excita-
tion, has already been deeply investigated for applications in
surface-relief gratings and optical storage [18,19].

In this paper, we study the two-photon induced birefrin-
gence caused by the photoisomerization of the azomoieties
in spin-coated films of poly[2-[ethyl-[4-(4-nitro-phenylazo)-
phenyl]-amino]-ethane (3-thienyl)ethanoate], PAzT. Recently,
we have reported resonant nonlinear optical properties of
PAzT induced by picosecond [20] and femtosecond laser
pulses [21]. This polymer is a derivative of a polythiophene,
synthesized by the introduction of azoaromatic groups at the
3-position of the thiophene rings (polyazothiophene), compris-
ing the properties from the polyconjugated backbone and
azoaromatic substituent. The transecis photoisomerization
of the chromophores present in the PAzT allows its application
in reversible optical data storage [18,22,23], surface-relief
gratings [23e25] and electro-optical devices [26]. To select

mailto:crmendon@if.sc.usp.br
http://www.elsevier.com/locate/polymer


1563D.S. Correa et al. / Polymer 49 (2008) 1562e1566
the proper excitation wavelengths for the two-photon induced
birefringence experiments, we measured the two-photon ab-
sorption spectrum of PAzT using the Z-scan technique. Optical
birefringence was induced in PAzT via two-photon absorption
by employing femtosecond pulses at 680 and 775 nm, opening
new opportunities for optical storage devices. As the azochro-
mophores in PAzT are attached to the polymer backbone as
side chain units, improved two-photon induced birefringence
features were expected, in comparison to the guestehost sys-
tems previously studied [11,12].

2. Experimental

The synthesis of PAzT (poly[2-[ethyl-[4-(4-nitro-phenyl-
azo)-phenyl]-amino]-ethane (3-thienyl)ethanoate]) used in
this study was carried out according to Ref. [27], and its mo-
lecular structure is displayed in the inset of Fig. 1. The linear
absorption spectrum of PAzT dissolved in N,N-dimethylfor-
mamide (DMF) was obtained in a Cary 17 spectrophotometer.

The two-photon absorption spectrum of PAzT in DMF
(N0¼ 2.2� 1018 molecules/cm3 in repeating units) was ob-
tained using the Z-scan technique [28], which allows the deter-
mination of the two-photon absorption coefficient b. This
technique consists in moving the sample through the focal
plane of a focused Gaussian beam, and monitoring the corre-
sponding changes in the far field intensity. In the case of non-
linear absorption, the light field creates an intensity dependent
absorption coefficient given by a ¼ a0 þ bI, where I is the
laser irradiance, and a0 is the linear absorption coefficient.
In off-resonant conditions, such as in two-photon absorption,
the change in the transmitted power is integrated over time
to give the normalized energy transmittance [28],

T ¼ 1ffiffiffiffi
p
p
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being q0ðz; tÞ ¼ bI0ðtÞLð1þ z2=z2
0Þ. In Eq. (1) L is the sample

thickness, z0 is the Rayleigh length, z is the sample position,
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Fig. 1. UVevis spectrum of PAzT/DMF solution. The inset shows the

molecular structure of the PAzT repeating unit.
and I0 is the pulse irradiance. The nonlinear coefficient, b, is
obtained by fitting the Z-scan signatures using Eq. (1) [28].
The two-photon absorption cross-section, d, is determined
through the expression d ¼ hnb=N, hn being the excitation
photon energy, and N is the number of molecules per cm3.
The unit used to express d is the Göppert Mayer (GM), in
which 1 GM¼ 1� 10�50 cm4 s molecules�1 photon�1. The
Z-scan experiment was performed using 120-fs pulses (from
620 nm to 1020 nm) from an optical parametric amplifier
pumped by 150-fs pulses at 775 nm, delivered by a Ti/sapphire
chirped pulse amplifier operating at 1 kHz.

To study the optically induced birefringence, we prepared
films of PAzT by the spin coating method, which provides ho-
mogeneous films of regular thickness. The films were prepared
from a solution of PAzT in chloroform using a concentration
of 15 mg/ml, which was filtrated to separate the soluble
from the insoluble fraction. The evaluation of the final concen-
tration was performed by gravimetric methods. We submitted
the samples to a thermal treatment for 16 h at 100 �C in order
to eliminate residual stress arisen during the film preparation,
which could produce an initial birefringence in the films.
The average thickness of the films used in the birefringence
measurement is 120 nm.

The two-photon induced birefringence was brought about
by exposing the sample to linearly polarized 120-fs pulses
from the optical parametric amplifier (writing beam). To mon-
itor the birefringence during the fs-laser exposure, we mea-
sured the transmission of a low-power, linearly polarized
632.8 nm HeeNe laser beam (reading beam) through the sam-
ple and a set of crossed polarizers, as illustrated in Fig. 2. The
polarization angle of the writing beam was set at 45� with
respect to the polarization of the reading beam. The optically
induced birefringence, Dn, can be determined from the reading
beam transmission, T, using

Dn¼ ðl=pdÞ sin�1
ffiffiffi
T
p

; ð2Þ

l being the wavelength of the incident beam, and d the film
thickness.
Fig. 2. Experimental setup for optical storage measurements. We used a Hee
Ne laser at 632.8 nm as the reading beam. The writing beams at 680 and

775 nm are produced by an optical parametric amplifier. Two crossed polar-

izers are used to determine the birefringence induced by the writing beam.

The polarization of recording beam is set 45� off to the reading beam.
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3. Results and discussion

The two-photon absorption properties presented by PAzT
are not only given by the azochromophores attached to the
polymer backbone, but also due to the conjugation of the poly-
thiophene backbone, as reported in the literature [29,30]. In
this study, however, we are only interested in the two-photon
absorption of the azochromophores, because they are the
ones responsible for the optically induced birefringence
related to the transecis photoisomerization.

The linear absorption spectrum of PAzT dissolved in DMF
is displayed in Fig. 1, along with the molecular structure of its
repeating unit (inset). The peak at 480 nm corresponds to the
p/p� transition of the azoaromatic group, which is respon-
sible for the transecis photoisomerization. This absorption
peak has also a contribution of the thiophene backbone, but
with intensity lower than that of the azoaromatic group. The
sample is completely transparent for wavelengths longer
than 650 nm, the spectral region where the nonlinear absorp-
tion will be excited.

The two-photon absorption cross-section spectrum of PAzT
in DMF was measured through the open aperture Z-scan tech-
nique, and is displayed in Fig. 3. PAzT presents two-photon ab-
sorption in a large range of the NIRevis spectrum, starting from
620 nm until 1020 nm. Higher values of d are obtained when the
excitation wavelength approaches the linear absorption band of
PAzT. This behavior occurs as a consequence of the resonance
enhancement of the nonlinearity, described by the Sum-Over-
States (SOS) model, as reported in the literature [31e34]. In
the near IR region (l> 900 nm), we carried out Z-scan measure-
ments with wavelength steps of nearly 30 nm, since this spectral
region is far from the resonance enhancement, and therefore, is
not very interesting for 2PA birefringence experiments. Despite
the low accuracy, the two-photon absorption spectrum displayed
in Fig. 3 seems to show a peak around 940 nm, which corre-
sponds to approximately twice the wavelength of the one-
photon absorption band at 480 nm (Fig. 1). Such feature was
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Fig. 3. Two-photon absorption cross-section spectrum of PAzT in DMF. The

increase of two-photon absorption cross-section for excitations towards

the beginning of linear absorbance is due to the resonance enhancement of

the nonlinearity.
already reported for other organic molecules [32,35], and its ex-
planation lies in the fact that the azochromophore in PAzT, re-
sponsible for the two-photon absorption, is asymmetric. In
such case, transitions allowed via one-photon absorption can
also be accessed via two-photon absorption, because the selec-
tion rules are relaxed. It is worth mentioning that two-photon ab-
sorption was not observed for PAzT in Ref. [21], where a white
light continuum (WLC) source was used as excitation, because
of the lower pulse intensity and sample concentration employed,
in comparison to the ones used here. Considering the informa-
tion obtained from the two-photon absorption spectrum of
PAzT, we initiate the study on the two-photon absorption in-
duced birefringence with the 120 nm thick spin-coated films.
We chose two distinct excitation wavelengths for the writing
beam: 680 and 775 nm. Excitation at 680 nm was chosen be-
cause at this wavelength PAzT presents a high two-photon ab-
sorption cross-section (370 GM) and, therefore, the induced
birefringence should be optimized. In addition, this wavelength
is far enough from the bottom of the absorption band, preventing
any undesired linear absorption. Since commercially available
fs-lasers operate around 800 nm, we also selected 775 nm
(d¼ 90 GM) as a writing beam wavelength, aiming for future
applications of the two-photon induced birefringence process.

Fig. 4 shows the time evolution of the reading beam trans-
mission for both excitation wavelengths. We used excitation
intensities of 1.53 GW/cm2 and 15.3 GW/cm2 for 680 and
775 nm, respectively. The higher excitation intensity was
used to compensate the lower two-photon absorption cross-
section at 775 nm. As seen in Fig. 4, before exposure
(t< A), the probe beam transmission is zero, indicating that
the chromophores are isotropically distributed. When the writ-
ing laser is switched on at t¼ A, the transmission increases as
a result of the optically induced birefringence. At t¼ B the fs-
laser is switched off and the transmission decreases to a nearly
constant value (see Fig. 4), remaining stable for several weeks.
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Fig. 4. Time evolution of the reading beam transmission obtained in spin-

coated PAzT films via two-photon absorption at 680 and 775 nm.
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The optically induced birefringence is a consequence of
a change in the molecular orientation brought about by the
absorption of the writing beam. Upon absorption of linearly
polarized light from the writing beam, the azochromophores
undergo a transecis isomerization. Subsequently, the cis iso-
mer relaxes back to the more stable trans isomer, a process ac-
companied by a change in the chromophore orientation. After
this isomerizationeorientation cycle, the molecules with their
dipole moments aligned perpendicular to the electric field no
longer absorb light and, consequently, no further conversions
will occur. At the end of several molecular isomerizationeori-
entation cycles, the net result is a large number of molecules
oriented perpendicularly to the laser polarization direction,
creating a macroscopic birefringence [36e38]. When the writ-
ing beam is switched off, although some molecular relaxation
comes about, a considerable number of molecules keep their
orientation, yielding stable birefringence.

The maximum optically induced birefringence, Dn, ob-
tained using Eq. (2), is about 1� 10�2 for both excitation
wavelengths. Fig. 4 clearly reveals that the optically induced
birefringence presents two well distinct dynamics when excita-
tions at 680 and 775 nm are employed. The slower process
observed with 775 nm is due to the smaller two-photon absorp-
tion cross-section at this wavelength, which causes a smaller
isomerization rate and, consequently, a slower birefringence
dynamics. It is also interesting to note that an excitation inten-
sity 10 times higher was used at 775 nm in order to obtain a Dn
value comparable to the one measured at 680 nm. Again, this
result is related to the lower two-photon absorption cross-
section of PAzT at 775 nm. This result also indicates that the
process is about twice more efficient at 680 nm, once an inten-
sity 10 times higher have to be used at 775 nm to induce the
same level of birefringence, whereas the two-photon absorp-
tion cross-section is four times smaller at 775 nm.

As mentioned before, the two-photon induced birefringence
obtained for PAzT is approximately 10�2. This value is about
two orders of magnitude higher than the ones reported for
guestehost films under two-photon excitation [11,12]. We be-
lieve that such distinct values are related to the smaller mobil-
ity of the azochromophores in PAzT after the orientation, in
contrast to the higher molecular mobility expected in gueste
host systems, where the azochromophores are not attached
to the polymer backbone. An optically induced birefringence
value of 10�1 was obtained for PAzT films when one-photon
excitation at 514 nm was used (result not shown). This value
is one order of magnitude higher than the one presented
here for two-photon excitation, in agreement with Refs.
[11,12], where the same difference is observed for one- and
two-photon induced processes. This result also points out
that the structure of PAzT favors the orientation of the
azochromophores.

To confirm the two-photon nature of the observed birefrin-
gence, we measured the optically induced birefringence as
a function of the writing beam irradiance at 775 nm, as shown
in Fig. 5. The nearly quadratic dependence observed
(slope¼ 1.93 and R2¼ 0.98) corroborates the two-photon
origin of the observed process.
Although the two-photon absorption cross-section values
for PAzT are not as high as the ones reported in the literature
for other molecules [39e41], they are enough to allow excita-
tion of the azochromophores and induce the transecis isomer-
ization. Due to the cumulative nature of the orientational
process, after several cycles of isomerizationeorientation,
measurable birefringence is induced into the sample via two-
photon absorption, which yields the optical storage. The ad-
vantage of using two-photon absorption instead of one-photon
absorption to achieve birefringence into the material lies in the
possibility of data recording in the bulk [11], and not only at
the surface, due to the spatial localization provided by the
two-photon absorption. Therefore, recording within the
volume [6,42] becomes feasible, without erasing or overwrit-
ing the data previously stored on neighboring positions. As
a consequence, the data density achievable by optical memory
devices can be extremely increased.
4. Conclusion

The two-photon absorption cross-section spectrum of
PAzT, determined through the open aperture Z-scan technique,
increases near the edge of the linear absorption due to reso-
nance enhancement of the nonlinearity. According to the
two-photon absorption spectrum, we selected 680 and
775 nm as the wavelengths to be used in the birefringence ex-
periments. The two-photon absorption induced birefringence
arises from the molecular reorientation after several cycles
of light isomerizationeorientation of the azochromophore
attached to the polymer backbone. This feature combined to
the polymer backbone intrinsic conductivity makes this mate-
rial a promising candidate to be used in photonics applications.
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