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Polyaniline is a conducting polymer with appealing electrical and optical properties,
arising from the n-conjugation along the polymer backbone. The understanding of its
excited state absorption is of prime importance for designing and fabricating optical
devices. Here, we report on the study of the excited state absorption of doped and
undoped PANI by using femtosecond pulses in the spectral range from 450 nm up
to 850 nm. For undoped PANI, we observed saturation of absorption as well as
reverse saturable absorption, depending on the excitation wavelength. For doped
PANI, however, only saturable absorption was observed.
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Introduction

Conjugated polymers are materials of great technological interest due to its appealing
electrical and nonlinear optical properties, owing mainly to the conjugation along the
polymer backbone [1,2]. Within the class of conjugated polymers, polyaniline out-
stands for features such as good doping characteristics, high solubility, processability
and stability [3,4]. Changes in the oxidation state of polyaniline by doping provide an
increase in its conductivity [5,6], also modifying its nonlinear optical properties.
Within this context, the understanding of the photoexcitation mechanism in elec-
tronic polymers is still necessary for optimizing nonlinear optical properties aiming
at the fabrication of optical devices [7-10].

Several spectroscopic techniques have been used to probe the excited states of
materials, including those employing white-light continuum (WLC) sources [11-14],
whose outstanding characteristics include high spectral resolution and time saving.
In addition, because of the WLC pulse chirp, distinct spectral components reach
the sample at distinct times, enabling to monitor cumulative effects related to optical
absorption in materials.

Here, we report the use of the WLC Z-scan technique [11] to study the excited
state absorption spectra, from 450 nm up to 850 nm, of polyaniline (PANI) in its
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doped and undoped forms. The oxidized and reduced states of PANI, and its
derivatives, are represented by the index of y, reduced unity and (1 —y), oxidized
unity. The completely reduced form of PANI, the leucoemeraldine, is obtained when
(1 —y)=0. The oxidized form (1 —y)=1 is called pernigraniline, while (1 —y)=0.5
corresponds to the emeraldine form. Based on a three-level energy diagram, a set of
rate equations was employed to establish the population dynamics and fit the experi-
mental data. For doped and undoped PANI in the emeraldine form, we observed
electronic transitions from the first to the second excited state. Undoped PANI
presents saturation of the absorption (SA) and reverse saturable absorption (RSA)
depending on the excitation wavelength, while undoped PANI presents only
saturable absorption for the same spectral range.

Experimental Section

Polyaniline (PANI emeraldine) was synthesized according to reference [15], which
yields a molecular weight of 40.000 g/mol and a polydispersivity of 2.5. The sample
was dissolved in DMSO and placed in 2-mm thick quartz cuvette for linear and non-
linear optical measurements. Linear absorption spectrum was obtained using a Cary
17 spectrophotometer. The doping of polyaniline was carried out by adding specific
volumes of a 1 M solution of hydrochloric, in order to attain the complete doping.
The chemical structure of PANI is displayed in Figure 1, where y =0.5 (emeraldine).

We used the WLC Z-scan technique [11,12] to measure the nonlinear absorption
properties of PANI. This technique consists in generating the WLC spectrum by
focusing 120 fs pulses at 1100 nm in a 3 cm cell containing distilled water. The pulses
at 1100 nm are generated from a optical parametric amplifier pumped by 775 nm from
Ti:sapphire chirped pulse amplified system. In order to characterize the spectrum gen-
erated, from 400 to 900 nm (see inset of Fig. 2), an Ocean Optics spectrometer was
employed. The positive chirp, approximately 5 ps, was measured by using Kerr Gate
effect in a sample of hexane. Before reaching the sample, the WLC beam was recolli-
mated by using a f=10cm lens and then redirected to the Z-scan setup [16]. The
sample was scanned along the focused WLC beam (z-direction), and the transmitted
light was measured with a spectrometer. The transmittance at distinct z-positions was
normalized to the transmittance far from the focus, yielding the experimental Z-scan
(normalized transmittance) curves for each wavelength.

Results and Discussion

By employing the WLC Z-scan technique, one can determine the material’s nonlinear
optical absorption spectrum by a single Z-scan. For instance, Figure 2 displays Z-scan

Figure 1. Molecular structure of PANI, in which y=0.5 (emeraldine).
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Figure 2. Experimental Z-scan curves (symbols) at distinct wavelengths for undoped PANI,
obtained by using the WLC Z-scan technique. The solid lines represent the fittings by using
the three-energy-level model (see inset of Fig. 3). The inset portrays the normalized WLC
spectrum.

curves for distinct excitation wavelengths for undoped PANI. The increase of the
normalized transmittance at positions close to the focus (z=0) is a consequence of
the excitation of molecules from the ground to an excited state, which has a smaller
absorption cross-section. This behavior characterizes saturation of absorption (SA),
providing to the material an optically induced transparency. We also observed a
decrease in the normalized transmittance for wavelengths in the blue region of the
WLC spectrum, which characterizes a reverse saturable absorption (RSA).

In order to explain the nonlinear optical absorption of PANI in its doped and
undoped forms, we need to take into account the electronic transitions of PANI involved
in the absorption. The solid lines in Figure 3(a) and (b) show the ground state absorption
cross-section (og;) of undoped and doped PANI respectively. We observe that the
doping causes substantial changes in the linear absorption of PANI; the oo, peak for
undoped PANI, around 630 nm, appears as nearly 850 nm for doped PANI [17].

Based on the three-level energy diagram displayed in the inset of Figure 3, we
obtained the excited state absorption cross-sections of PANI by fitting the experi-
mental normalized transmittance as a function of excitation wavelength. Each level
in the diagram corresponds to the bottom of the respective vibronic band. Based on
this diagram, molecules from the ground state, Sy, are promoted to first excited state,
S;, via one-photon absorption by the red part of the WLC spectrum. From this state,
molecules can either relax to Sy or be re-excited to a higher level S, and then decay
to S;. According to the energy diagram, we used the following rate equations to
describe the dynamic change of absorption:

dl’lo(l) . I’ll(l)
dr _nO(l‘) Woi “FW
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Figure 3. Ground (o¢;: solid line) and excited (o, line with symbols) states absorption
cross-sections for PANI in its (a) undoped and (b) doped forms, as a function of the excitation
wavelength. For both PANI, o, was obtained by fitting the experimental data using the
three-level energy diagram displayed in the inset.

dl’l;’(l) = I’lo(l) Wor —n—lt—l’ll(l‘) Wi —|—nn(l) (2)
t T10 Tnl
Yol =m0 @

where Wo; (2) = a01(A)I(A)/hv is the transition rate Sy—S;, and Wy, (1) = a¢1(D)I(1)/
hv 1s the transition rate S;—S,, g¢1(4) and g,(2) are the ground state and excited
state cross-sections respectively. I(1) is the excitation intensity for each wavelength.
ni(?) and n,(¢) are the population fraction in each state, and 7,y and 1,, are the
relaxation times of the transitions S; — Sy and S, — S; respectively. % is the Planck
constant, and v is the photon frequency.

To solve this set of equation, we consider the energy of the WLC pulse composed
of a group of bandwidth limited pulses centered at the wavelengths comprising the
white light spectrum. The energy of each bandwidth can be determined from the total
energy and spectral distribution of the WLC. Because of the chirp of the pulse (5 ps),
the red component of the WLC pulse promotes part of the population to the first
excited state (S;). Consequently, the other spectral components of the WLC pulse
probe the excited state absorption of the molecules, since the first excited state presents
a lifetime of nearly 100 ps [18] which is much longer than the pulse duration. During
the WLC pulse width, relaxation from S, to S, with a decaying time of approximately
500 fs [18], is also considered to describe the accumulation of molecules in state S;,.

The nonlinear absorption coefficient evolution can be calculated according to:

C)C(/l7 Z) = N[no(t)am (i) +n (l)G]n(A)] (4)
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where N is the number of molecules /cm3. The first and the second terms in Eq. (4)
provide the absorption coefficient of the ground and excited states respectively. Once
the ground state absorption cross-section (solid line in Fig. 3(a) and (b)) for every
spectral component is determined by the linear absorption spectrum measurements,
the only adjustable parameter in our fitting procedure is the excited state
cross-section a,(4).

For undoped PANI (Fig. 3(a)), we observe that the ground state absorption
cross-section (a;: solid line) remains larger than the excited state one (a,: line with
squares) from 850 nm down to 545 nm, yielding a normalized transmittance greater
than one. In this spectral region, molecules are depleted from the ground to the first
excited state (S;), by the red portion of the WLC, and subsequently re-excited to S,
by the blue portion of the WLC. Because S;— S, has a smaller absorption
cross-section, saturation of absorption is observed. The re-excitation and accumu-
lation of molecules in the first excited state is a consequence of the short WLC pulse
chirp (~5 ps) compared to the decaying time, 79, of some picoseconds (>100 ps) [18].
However, for excitation wavelengths shorter than 540 nm, we observe in Fig. 3(a)
that gy, values overpass agy;, leading to a reverse saturable absorption.

For PANI in its doped form (Fig. 3(b)), we can see that the peak of excited state
absorption cross-section (o1, line with circles) accompanies the shift of the ground
state cross-section (o, solid line) towards the red region of the spectrum, when com-
pared to undoped PANI. However, doped PANI presents excited state absorption
cross-sections larger than the ground state ones along the entire spectrum studied
(450-850 nm), therefore, leading only to saturation of absorption and not reverse
saturable absorption.

Conclusions

We measured the excited state absorption spectrum from 450 up to 850 nm of PANI
emeraldine in its doped and undoped state by using the White-Light Continuum
Z-scan technique. Undoped PANI presented saturation of absorption (SA) from
850 down to 545nm, and reverse saturable absorption (RSA) from 545nm down
to 450 nm. For doped PANI, however, we observed only SA along the spectrum
region studied (850—450nm), leading to a fast induced optical transparency. There-
fore, by adjusting the doping level of PANI and choosing a proper excitation
wavelength, one can select and optimize a specific nonlinear absorption process
aiming at applications in optical devices.

Acknowledgments

We acknowledge financial support from FAPESP, CNPq and CAPES from Brazil
and AFOSR from USA (grant number: FA9550-07-1-0374). We also thank Carlos
Toro for helpful discussions.

References

] Bredas, J. L., Beljonne, D., Coropceanu, V., & Cornil, J. (2004). Chem. Rev., 104, 4971.
] Kraft, A., Grimsdale, A. C., & Holmes, A. B. (1998). Ang. Chem. Intern. Ed., 37, 402.
] Cao, Y., Treacy, G. M., Smith, P., & Heeger, A. J. (1992). Appl. Phys. Lett., 60, 2711.
[4] Bhadra, S., Khastgir, D., Singha, N. K., & Lee, J. H. (2009). Prog. Polym. Sci., 34, 783.

1
2
13

120

125

130

135

140

145

150

155



Excited State Absorption of Doped and Undoped Polyanyline 469/[881]

[5] Macdiarmid, A. G. & Epstein, A. J. (1995). Synt. Met., 69, 85.
[6] Macdiarmid, A. G. & Epstein, A. J. (1994). Synt. Met., 65, 103. 160
[7]1 He, G. S., Tan, L. S., Zheng, Q., & Prasad, P. N. (2008). Chem. Rev., 108, 1245.
[8] Pilla, V., Mendonca, C. R., Balogh, D., & Zilio, S. C. (2002). Mol. Cryst. Lig. Cryst.,
374, 487.
[9] Correa, D. S., De Boni, L., Goncalves, V. C., Balogh, D. T., & Mendonga, C. R. (2007).
Polymer, 48, 5303. 165
[10] Correa, D. S., Goncalves, V. C., Balogh, D. T., Mendonca, C. R., & De Boni, L. (2006).
Polymer, 47, 7436.
[11] De Boni, L., Andrade, A. A., Misoguti, L., Mendonca, C. R., & Zilio, S. C. (2004). Opt.
Exp., 12, 3921.
[12] Balu, M., Hales, J., Hagan, D. J., & Van Stryland, E. W. (2004). Opt. Exp., 12, 3820. 170
[13] He, G. S., Lin, T. C., & Prasad, P. N. (2002). Opt. Exp., 10, 566.
[14] Negres, R. A., Hales, J. M., Kobyakov, A., Hagan, D. J., & Van Stryland, E. W. (2002).
Opt. Lett., 27, 270.
[15] Mattoso, L. H. C., Manohar, S. K., Macdiarmid, A. G., & Epstein, A. J. (1995). J.
Polym. Sc. Part A-Polym. Chem., 33, 1227. 175
[16] Sheik-Bahae, M., Said, A. A., Wei, T. H., Hagan, D. J., & Van Stryland, E. W. (1990).
IEEE J. Quant. Electron., 26, 760.
[17] Wallace, G. G., Spinks, G. M., Kane-Maguire, L. A. P., & Teasdale, P. R. (2003). Con-
ductive Electroactive Polymers, CRC Press LLC: London, New York, Washington, D.C.
[18] Kim, J., Unterreiner, A. N., Rane, S., Park, S., Jureller, J., Book, L., Liau, Y. H., & 180
Scherer, N. F. (2002). J. Phys. Chem. B, 106, 12866.





