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Abstract

The nonlinear absorption of poly[2-[ethyl-[4-(4-nitro-phenylazo)-phenyl]-amino]-ethane(3-thienyl)ethanoate], PAZT, was investigated using
single pulse and pulse train open aperture Z-scan techniques to discriminate between fast and accumulative nonlinearities. We observed an in-
duced transparency for excitation with picosecond laser pulses at resonant conditions, which was attributed to the azobenzene moieties attached
to the polymer backbone. The fast transparency is caused mainly by the build up of molecules in the first excited state that have a negligible
absorption cross-section compared to the ground state. When using pulse trains, the nonlinear response is mainly due to the accumulation of
molecules in the cis configuration, which presents a ground state cross-section slightly smaller than that of trans. The cumulative effect arises
from a combination of the less intense excitation and longer lifetime of the cis population. We believe that the process observed here makes
PAZT an attractive polymer for photonics applications, such as optical switches and storage devices.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: trans—cis Isomerization; Azopolymer; Induced transparency

1. Introduction

The phenomenon of induced transparency in materials can
be used in several technological applications, including light
triggered switches and image storage devices [1,2]. Induced
transparency is observed in nonlinear materials presenting
smaller absorption cross-section in the excited state than that
presented in the ground state. Consequently, when the material
is subjected to high excitation intensity, it will exhibit higher
transparency. Among organic materials for nonlinear applica-
tions, conjugated polymers have emerged as an excellent
option, especially for fabricating photonic devices [3,4]. The
desired optical properties arise from the electron delocaliza-
tion along the polymer backbone, which is easily disturbed
by the presence of electromagnetic field, generating second-
and third-order nonlinear effects [5]. Another attractive class
of polymers with interesting optical properties is that resulting
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from the incorporation of azobenzene moieties into the poly-
mer, often called azopolymer. Azopolymers have been widely
investigated owing to their potential use in a variety of optical
devices employing nonlinear optics, surface relief gratings and
optically induced birefringence [6—11]. These features moti-
vated us to study the nonlinear optical properties of a new
polymer that presents azoaromatic groups attached as a side
chain to a conjugated backbone.

This work reports the induced transparency of a poly-
thiophene derivative synthesized by the introduction of
azobenzene groups at the 3-position of the thiophene rings
(polyazothiophene). The homopolymer polythiophene is a ma-
terial extensively reported in the literature owing its electrical
properties [4,12] combined with good thermal and environ-
mental stability and easier functionalization [13]. In addition,
nonlinear optical properties have already been reported for
some polythiophene derivatives [14]. Azobenzene moieties
display the trans—cis photoisomerization process [15], which
has been used for several applications, such as reversible
optical data storage [6—8], surface relief gratings [8—10]
and electro-optical devices [11]. More recently, studies have
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investigated two-photon absorption of azobenzene moieties
[16,17], which makes them candidates for photonics applica-
tions. Therefore, the material investigated here should com-
bine the properties from the polyconjugated backbone and
azoaromatic substituent.

The nonlinear absorption of the polyazothiophene was
characterized by the Z-scan technique at 532 nm, employing
single pulses [18] and pulse trains [19], in order to discrimi-
nate fast and cumulative effects. Such procedure allowed
one to accurately determine the cis-ground state cross-section
of PAzT, in which the value obtained is close to that of the
trans-ground state. This result points out that the strong in-
duced transparency presented by this polymer is not only pro-
duced by the difference of cis and frans cross-section values,
but also for accumulation of molecules in their respective ex-
cited states, which have negligible cross-sections. Our results
reveal that the nonlinear absorption presented by the polymer
has its origin exclusively related to the azobenzene moieties
attached to the backbone. This work shows the unique nonlin-
ear optical properties of this polythiophene derivative, which
gives rise to a large number of potential applications for this
class of material.

2. Experimental section

PAZT polymer was synthesized according to Ref. [20]. The
solution used in our optical experiments had a concentration
of approximately 0.054 mg/ml in N,N-dimethylformamide
(DMF), and was characterized in a Cary 17 spectrophotometer.

The nonlinear absorption was investigated with the tradi-
tional open aperture Z-scan technique described in detail else-
where [18]. Basically, this technique monitors the change in
the nonlinear transmittance as the sample is scanned through
the Z-axis, which contains a focused Gaussian laser beam. Be-
sides single pulse Z-scan, in this work we also employed the Z-
scan technique with pulse train [19,21]. This technique, which
is an extension of the standard Z-scan method, allows investi-
gating the time evolution of nonlinear processes, and was first
proposed for close aperture Z-scan [19]. Subsequently, the
same method was employed for open aperture experiments,
in order to study the dynamics of nonlinear processes [21].
A complete description of the Z-scan technique with pulse
train can be found in Refs. [19,21], however, a few details
will be given here. The excitation source is a frequency-dou-
bled, Q-switched and mode-locked Nd:YAG laser, delivering
pulses at 532 nm and 100 ps. Each pulse train contains about
20 pulses separated by 13 ns at a 10 Hz repetition rate. This
low repetition rate was used to avoid cumulative thermal non-
linearities. The beam was focused with a lens of focal length
f=12cm onto a quartz cell, yielding a diameter of 50 pm at
the focal plane. A detector (rise time ~ 1 ns) placed in the
far field coupled to a digital oscilloscope and a computer
were used to acquire the pulse train signal. Each peak height
is proportional to the corresponding pulse fluence, once the
detection system has a rise time slower than the 100 ps pulse
duration. By measuring the beam waist and the pulse train
average power, we can find out the pulse fluence. The intensity
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Fig. 1. Linear absorption spectrum of POT and PAzT in toluene and DMF,
respectively.

can be determined by carrying out Z-scan measurements with
CS,. When the sample is located at the focus, the pulse train
signal is acquired. Then, this signal is normalized to the one
obtained when the sample is far from the focus, yielding the
normalized transmittance as a function of pulse number curve.
All optical measurements were carried out with the sample
placed in a quartz cuvette with an optical path of 2 mm.

3. Results

The absorption spectra of poly(3-octyl-thiophene), POT
(dissolved in toluene) and poly[2-[ethyl-[4-(4-nitro-phenylazo)-
phenyl]-amino]-ethane(3-thienyl)ethanoate], PAzT (dissolved
in DMF) are displayed in Fig. 1. The use of different solvents
was necessary since POT is insoluble in DMF and PAzT
is poorly soluble in toluene. PAZT presents the peak of the ab-
sorption band at 485 nm, close to the T—1t* of the azobenzene
groups, while POT has its absorption peak at 423 nm. As both
polymers are solvatochromic, the solvent has a considerable
influence on the linear absorption band (e.g. PAZT solution ex-
hibit a A, at 460 nm in toluene), affecting the excitation
wavelength in which the material will present larger nonlinear
effects. The molecular structures of POT and PAzT are dis-
played in Fig. 2(a) and (b), respectively.

A typical Z-scan curve for PAzT using single 100 ps pulses
as excitation at 532 nm, with an intensity of approximately
2 GW/cm? is shown in the inset of Fig. 3. The maximum of
the normalized transmittance is observed at z =0 position.
Fig. 3 displays the normalized transmittance (NT) as a function
of the excitation intensity (dark circles) for PAzT, taken from
the Z-scan experiments. It can be seen that the NT increases
as the excitation intensity is increased, with a trend to reach a
plateau.

We also carried out measurements employing the Z-scan
technique with pulse trains, using the same laser apparatus.
With this technique, processes with response times in the order
of 10 ns (or longer) can be detected due to the build up of the
nonlinear effect, since the separation between each pulse in the
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Fig. 2. Molecular structure of (a) poly(3-octyl-thiophene), POT and (b) poly-

[2-[ethyl-[4-(4-nitro-phenylazo)-phenyl]-amino]-ethane(3-thienyl)ethanoate],
PAZT, displaying the azo moieties attached to the backbone.
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Fig. 3. Evolution of the normalized transmittance as a function of the excita-
tion intensity for PAzT, using single pulses at 532 nm and 100 ps (dark cir-
cles). The solid line represents the fitting of the NT using the three-level
energy diagram shown in Fig. 5. In the inset is shown the experimental data
(open circles) and the theoretical fitting (solid line) of a typical Z-scan curve
of PAzT.

pulse train is around 13 ns. In this way, the pulse of number n
of the envelope (where 7 is an integer from 1 to 20) feels the
effect caused by the previous pulses. However, owing to the
low intensity of each individual pulse of the envelope
(~0.1 GW/cm? for the most intense one), only a small amount
of molecules can be excited to the first excited state. This im-
plies that the excited state absorption cannot be probed inside
the same pulse, as observed when single pulses of much higher
intensities are employed. In Fig. 4 the normalized transmit-
tance is displayed (taken from the Z-scan curves) as a function
of the pulse number (closed circles). We observe that the nor-
malized transmittance saturates before the pulse number 10.
However, the normalized transmittance in Fig. 4(a) presents
a higher slope than the others owing to the higher excitation
power. The error bars are bigger for pulses lying among the
first and last ones in the envelope because of their very low
intensity, which decreases the signal/noise ratio.
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Fig. 4. Evolution of the normalized transmittance of PAzT as a function of the
pulse number using an average power of the entire envelope of (a) 26 mW, (b)
16 mW and (c) 6 mW. Each envelope of pulses contains 20 pulses at 532 nm
and 100 ps, which are separated by 13 ns. The solid line represents the fitting
of the NT using the three-level energy diagram shown in Fig. 5.

4. Discussion

Z-scan measurements in the solution of PAzT were carried
out to determine nonlinear parameters such as excited state
cross-sections, cis-ground state cross-section and relaxation
time. In the inset of Fig. 3, we observe that the normalized
transmittance maximum takes place at the focus (z = 0), indi-
cating an induced transparency in the material (lowering in the
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absorption). The induced transparency process for PAzT can
be observed in Fig. 3, which shows the normalized transmit-
tance (NT) as a function of the excitation intensity (dark cir-
cles). The increase of the NT for higher excitation intensities
arises from the larger number of molecules promoted to the
first excited state. It is expected that for very high excitation
intensities, the NT reaches a plateau as a consequence of the
saturation of the population. However, in order to avoid mate-
rial degradation such intensity regime was not attained in our
experiment.

The results obtained from the Z-scan technique with pulse
trains are shown in Fig. 4. The 13 ns separation between
each pulse in the pulse train makes possible the monitoring
of cumulative effects. This pulse separation, however, does
not allow fast induced transparencies (~ps or faster) to be
probed by this method. Only slower processes, in the order
of at least a few ns, which are within the time scale for cis—
trans thermal relaxation, can be monitored. Besides, each in-
dividual pulse of the envelope does not excite a very large
fraction of molecules to the first excited state, due to its low
intensity, assuring that the observed effect is due to cumulative
processes. In Fig. 4 it can be seen that the NT is increased as
the material is pumped with more pulses. In this case, in con-
trast to what happened with single pulses, the NT increases
due to the accumulation of molecules in the cis state, which
have a lower absorption cross-section than the trans-ground
state. The NT reaches a plateau before the sample is irradiated
by the entire envelope because a steady state is achieved.

The three-level energy diagram shown in Fig. 5 was em-
ployed to understand our results. Assuming that initially all
the population is in the state Sy (trans) [2,22], part of it is
excited to Sy (trans*) by light, relaxing nonradiatively to the
bottom of this band. From this configuration, two possible re-
laxation paths can take place: to the Sy (trans) or to the Sq (cis)
states, both with similar relaxation lifetimes (71, and 7,.) ac-
cording to Wachtveitl et al. [23,24]. This process transfers
part of the population from S, (trans) to Sy (cis). A similar
mechanism occurs for molecules in S (cis). After several pho-
toisomerization cycles, a population of molecules in the S,

trans* A cis*
A
A

trans

Fig. 5. Three-level energy diagram used to aid in the interpretation of the non-
linear absorption of PAzT, which is based on the change of population of
the molecules from trans to cis configuration of both ground and excited
states.

(cis) state is created, generating a different absorption coeffi-
cient for the sample. This population can decay to Sq (trans)
after a relatively long time 7, (thermal isomerization time).
The rate equations describing the three-level energy diagram
of Fig. 5, employed to fit the experimental data (Figs. 3 and
4), are:

dng, Ng, | Ncs
= —n5, Wes, + L 4~ 1
dr o Tie T ( )
dngs, Ng,  Ncs
= —Ngg, W. S +71 -0 2
de comen Tlc Tet ( )
dl’lg‘l ng ng
50— pys, Was, + ey Wes, — —t — =1 3
dt tSo YV tS; cSo "V cSy Tie ™ ( )

where ngg,, ncs, and ng, are the population fractions in the states
So (trans), Sg (cis) and Sy, respectively. 7, and 7. are the re-
laxation times from the excited state S; to Sy (frans) and S,
(cis) states, respectively. Wis, = od/hv and Wes, = ol /hy
are the transition rates from the ground states to S; (trans*)
and S; (cis*) excited states, with o, and o. being the
trans- and cis-ground state absorption cross-sections of the
azobenzene moieties (in repeating units), respectively, and /
the excitation irradiance. Solving numerically this equation
yields to the temporal evolution of the absorption

a(t) = N{n,o0 + nes, 01}, 4)

where N is number of molecules/cm®.

By measuring the linear absorption at 532 nm from Fig. 1
(e =No,) and considering that azobenzene moieties are in
the trans conformation (less energetic) at room temperature
[2,22], we determined the ground state cross-section as
(6.0£0.1) x 107" cm?. The numerical calculation was car-
ried out with 7y, = 7. = (3.3 £ 0.3) ps, which is the same or-
der of the ones presented in the literature for another family of
azobenzene compounds [23,24]. Using these input parameters
to solve the set of rate equations, we obtained the best fitting
of the experimental data (solid lines of Figs. 3 and 4a—c)
by using o, = (4.5+0.2) x 107" cm?. The cis lifetime (7.,
could not be accurately determined due to the limited sensibil-
ity of the pulse train Z-scan technique for response times
slower than ps. As a consequence, the data of Fig. 4 could
be fitted fairly well using 7. ranging from 1ps up to
100 ps. Fig. 4 shows the fitting obtained with 7. = 100 ps.

Although the cis- and tfrans-ground state cross-sections
present distinct values, they cannot hold the high nonlinear ab-
sorption presented by the polymer when single pulses are used
as excitation (Fig. 3). According to our simulations, in a hypo-
thetical situation where all molecules were in the cis configu-
ration (which, actually never takes place), the NT would
reach a maximum value around 1.26. Nevertheless, the exper-
imental results obtained with the single pulse Z-scan technique
(Fig. 3) exhibit a NT of 1.42 for an excitation irradiance of
approximately 2.6 GW/cm?, which is not the maximum value
according to the curve trend. Therefore, the cumulative popu-
lation in the excited S| band (for both cis and trans) is the
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major responsible for the strong transparency of this material,
as depicted in Fig. 3, due to their extremely low excited state
cross-sections (as,c = as,,=0 cm?). It is also worth mention-
ing that POT presented no nonlinear signal for excitation at
532 nm, showing that the azobenzene moieties attached to
the polythiophene backbone are responsible for the nonlinear
absorption.

In summary, our results show that the nonlinear absorption
of PAZzT, responsible for its transparency, arises from two
phenomena: (i) accumulation of molecules in the cis- and
trans-excited states (major contribution) and (ii) change of the
ground state population from trans to cis (minor contribution).
The first one (i) can be probed only if the material is excited
by high intensity single pulses with duration smaller than the
trans—cis relaxation time (result presented in Fig. 3). This pro-
cess causes a large population transfer from the ground to the
excited state, which has a negligible cross-section. The second
phenomenon (ii) becomes measurable when the material is
pumped by a pulse train, whose time scale allows the observa-
tion of cumulative effect (results presented in Fig. 4). In our
case, the cumulative effect arises from trans to cis (ground state)
configuration change. The low intensity of each individual
pulse in the envelope excites only a negligible amount of
molecules to the first excited state, keeping the NT practically
unchanged for that pulse. However, in such temporal regime
the excited state population can relax to the cis state, which
has a lower cross-section compared to the trans state. This
situation allowed us to obtain the cis-ground state cross-section
with more accuracy.

5. Conclusion

We investigated the nonlinear absorption of a polyazothio-
phene derivative using single pulses and pulse train at 532 nm
and 100 ps as excitation source. A three-level-diagram was
employed to explain the saturation of absorption of this mate-
rial. The change of population from the ground state S, to the
excited state S| was found to be the main contribution for the
fast transparency presented by this polymer. The ground state
population change from trans to cis plays only a minor contri-
bution to the nonlinear absorption, since both states present
similar cross-section values. The induced transparency pre-
sented by this material suggests novel applications for this pol-
ythiophene derivative, such as optical switches and image
storage devices.
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