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ABSTRACT

In our previous work (Khatun et al., J. Phys. Chem. A 122 (2018) 7089-7098), synthesis and
characterization of sulfonated polyaniline (SPANI) were discussed. Photophysical properties of
SPANI in aqueous medium were also investigated using steady state spectroscopic techniques,
which suggested the co-existence of two conformations (‘A’ and ‘B’) of SPANI in the normal
working low acidic medium. Also, combined red-edge effect was observed from the two
conformations of SPANI in aqueous medium. In the present work, a detailed investigation is
carried out on the ultrafast photophysical properties of SPANI in aqueous medium by employing
femtosecond transient absorption spectroscopy based on pump-probe technique. It is found that
excited state absorption from the S; state of SPANI in aqueous medium to higher electronic
states originates mostly due to the conformation ‘A’ in the whole spectral range and very weakly
due to the conformation ‘B’ on the blue side of the spectra. These new findings are extremely
important keeping in mind various potential applications of SPANI in the field of polymer

optoelectronics.
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1. Introduction

Polyaniline (PANI) is one of the most widely studied conducting polymers due to its
many interesting properties like chemical and environmental stability, redox reversibility, and
ease of synthesis [1]. The conducting or semiconducting nature of PANI has been used in various
applications, like biosensors [2,3], supercapacitors [4], metal-semiconductor devices [5],
actuators [6], secondary batteries [7,8], light emitting diodes [9], photovoltaic devices [10], field
effect transistors [11], laser printing [12], anticorrosion coating [13—15], etc. However, the main
drawback of PANI is its poor solubility in water [16]. Till date, the most common method to
improve the solubility, and hence processability of PANI in water is sulfonation, in which the
emeraldine salt form of PANI is treated with chlorosulfonic acid in an inert solvent [17-21]. The
sulfonated PANI (SPANI) so prepared is water soluble at all pH values, though at the cost of
conductivity to some extent due to the presence of strong electron withdrawing sulfonic acid
(-SOsH) groups [22].

In our previous work [23], SPANI was prepared by direct sulfonation of emeraldine salt
form of PANI with chlorosulfonic acid in an inert solvent. The material characterizations of
SPANI were carried out using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD) and field emission scanning electron microscope (FESEM). Detailed photophysical
properties of SPANI in aqueous medium were investigated using steady state (absorption as well
as fluorescence emission) and time-resolved (time-correlated single photon counting, TCSPC, set
up for fluorescence lifetime measurement) spectroscopic techniques. The steady state absorption
spectra of SPANI consist of a relatively sharp peak at 320 nm (3.88 e¢V), a shoulder at about 440
nm (2.82 eV) and a broad band at 650 nm (1.91 eV). These bands are attributed to m-n* transition

due to the benzenoid unit, polaron transition and charge transfer exciton like transition due to the



quinoid unit, respectively. The steady state fluorescence emission of SPANI in aqueous medium
is due to the benzenoid unit upon photoexcitation by n-n* transition from ground singlet state to
first excited singlet state (So — Si), and ranges from 350 nm to 525 nm (approximately).
Possibility of any excimer/aggregate formation of SPANI in aqueous medium at high
concentrations of the polymer was excluded based on the concentration dependent measurements
of the fluorescence emission spectra. Temperature dependent measurements of the fluorescence
emission spectra of SPANI in aqueous medium indicated the possibility of dual fluorescence
from two closely lying singlet (S1) excited conformations. Again, pH dependent measurements
of steady state absorption and fluorescence emission spectra suggested the co-existence of two
ground state conformations (‘A’ and ‘B’) of SPANI. The conformation ‘A’ arises due to six-
membered ring formation by H-bonding between the H atom of the sulfonic acid group and N
atom of the amine group. However, the conformation ‘B’ arises due to abstraction of one H atom
from the solvent by the amine group. The conformation ‘B’ was found to be relatively less stable
than the conformation ‘A’ in the ground state. Also, it was suggested that population of
conformation ‘A’ is more than that of conformation ‘B’ in less acidic medium, while the reverse
is true in more acidic medium. Obviously, in normal working low acidic (pH = 4.5) aqueous
medium, contribution from conformation ‘A’ was found to be more than that of conformation
‘B’ in the fluorescence emission spectra. These findings were corroborated by the data obtained
from the time-resolved measurements. Moreover, excitation wavelength dependent
measurements of the fluorescence emission spectra of SPANI in aqueous medium revealed
combined red-edge effect (REE) from the two conformations of SPANI.

The prime objective of the present work is to investigate the sub-ns (or ultrafast)

photophysical properties of SPANI in aqueous medium by carrying out femtosecond (fs)



transient absorption measurements based on pump-probe technique. The present findings are
extremely important keeping in view various commercial applications of SPANI in the field of
polymer optoelectronics. It is to be mentioned that till date, to the best of our knowledge, only a
few literature data are available on the ultrafast spectroscopy of PANI [24-26]. Kim et al. [24,25]
reported ultrafast pump-probe spectroscopic measurements of primary and secondary doped
forms of PANI in solution to investigate the relaxation dynamics of photoexcited carriers and
established that the excited carriers relax nonradiatively to the ground state via an intermediate
state with a twisted geometry. Using fs pump-probe transient absorption measurements, Mensik
et al. [26] observed and theoretically explained the ultrafast dynamics of excited state, charge

transfer state and polaron state of emeraldine base form of PANI in solution.

2. Chemicals and Methods

2.1.  Chemicals

Aniline hydrocholoride (SRL India), ammonium persulphate (Merck India),
chlorosulfonic acid (Spectrochem India), 1,2-dichloroethane (DCE) (Spectrochem India) and
millipore water (Merck India) were used as supplied without further purification. The solvent
(millipore water) was tested before use and no impurity emission was detected in the wavelength

region studied.



2.2.  Synthesis and Characterization of SPANI
The synthesis and characterizations (material as well as optical) of SPANI were carried

out as described in our previous work [23].

2.3.  Set Up for Femtosecond Transient Absorption Measurement

For the pump-probe transient absorption measurements, a mode-locked automated
broadband (tuning from 690 nm to 1040 nm) Ti:Sapphire laser (Mai Tai HP, Spectra Physics),
pumped by 14 W frequency doubled ND:YVO4 (532 nm), was used as master oscillator. It
produces laser pulses of < 100 fs duration (full width at half-maximum, FWHM) and ~31 nJ
(energy/pulse) centred at 800 nm (80 MHz repetition rate) with average power 2.5 W. A part of
this fundamental pulsed laser beam was stretched in a grating stretcher and amplified at 1 kHz
using a Ti:Sapphire regenerative amplifier (Spitfire Ace, Spectra Physics) pumped by the second
harmonic (527 nm, 30 W) from intercavity-doubled, diode-pumped Q-switched ND:YLF laser
(Empower-30 Spectra Physics). Compression of the amplified pulses yielded > 4 mlJ pulses
centered at 800 nm having an FWHM of < 120 fs. Part of this amplified fundamental beam was
seed into OPA (TOPAS Prime) to create pump source of required wavelength for pump-probe
experiment and another part of this fundamental beam (100 mW) was steered to generate a
white-light continuum for generating probe pulse for transient absorption experiment. To
perform pump-probe experiment, transient spectrometer of CDP Corporation (Excipro) was
used. The output of TOPAS prime was used as pump source at required wavelength and fed into
the spectrometer through synchronized chopper at 1 kHz repetition rate. A lens (f = 200 mm)
was used to adjust the pump diameter, while an iris and neutral density filter combination were

used to adjust the pump energy. A Berek's variable wave plate was placed in the pump beam for



polarization and continuum chirp measurement. A part of the (1 kHz repetition rate) amplified
fundamental beam (100 mW, 800 nm) was fed to the spectrometer focused onto a thin rotating (2
mm) CaF; crystal window to generate a white-light continuum and a fraction of this beam was
sent to a photodetector, which controls speed and phase of the chopper rotation. The beam of
white light was collimated with a parabolic mirror (f= 50 mm, 90 deg). Suitable aperture cut the
central part of the white light continuum and a suitable filter eliminated the fundamental light.
Then this white light was reflected from a beam splitter and mirror into two identical probe and
reference beams. Two concave mirrors (f = 150 nm) were used to focus both probe and
reference beams to the rotating sample cell. Two lenses (f = 60 mm) made probe and reference
images at the entrance surfaces of two optical fibers, which are connected to the entrance slit of
the imaging spectrometer (CDP2022i). This spectrometer consists of UV-visible photodiode (Si
linear photodiode) arrays and IR photodiode (GaAs linear photodiode) array with spectral

response range 200-1000 nm and 900-1700 nm, respectively.

3. Results and Discussion

3.1.  Transient Absorption up to a Delay Time of 1 ns

Figure 1 shows the transient absorption spectra of SPANI in aqueous medium
(concentration: 0.3 mg ml!") at different delay times (up to 1 ns) following excitation (pump) at
320 nm (m-m* transition due to the benzenoid unit, So — Si). Clearly, upon excitation, fast
(apparently within a few hundred fs) excited state absorption (ESA) from the S; state of SPANI

to higher electronic states (Sn, n = 2,3.,4,....) gives rise to broad transient absorption spectra in the



spectral region 425-575 nm (approximately), which then decays in the fs-ps time scale due to
depopulation of the S; state. Apparently, the broad transient absorption spectra consist of two
bands. At shorter delay times, both the bands are weak and broadly overlapping, which makes it
difficult to determine the exact peak positions of the two bands. However, at longer delay times,
as the band on the red side of the spectra is almost completely decayed, the peak position of the
band on the blue side of the spectra becomes clear (about 474 nm). On the other hand, looking at
the spectra at 650 fs delay time, the peak position of the band on the red side of the spectra may
be assigned to be at about 530 nm (as the contribution from the other band is relatively weak on

the red side of the spectra at this delay time).
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Fig. 1. Transient absorption spectra of SPANI in aqueous medium (0.3 mg ml™) at different

delay times (up to 1 ns) following excitation at 320 nm with a laser pulse.



To understand the origin of these two bands in the transient absorption spectra (Fig. 1),
the transient absorption kinetics are analyzed at probe wavelengths of 474 nm and 530 nm. At
474 nm, the transient absorption kinetics at shorter delay times are fitted by a single-exponential
rise with a time constant of 246 fs, while the decay of the transient absorption follows a triple-
exponential fit with decay time constants of 337 fs, 4106 fs and a third long-lived component
having normalized pre-exponential factors 0.921, 0.063 and 0.016, respectively (Fig. 2). The
third long-lived component, having a very low contribution to the overall decay curve, is
neglected. Again, at 530 nm, the transient absorption kinetics follow a single-exponential rise
with a time constant of 375 fs at shorter delay times (Fig. 3). The decay of the transient
absorption at 530 nm follows a triple-exponential fit with decay time constants of 176 fs, 537 fs
and a third long-lived component having normalized pre-exponential factors 0.994, 0.005 and
0.001, respectively (Fig. 3). The second and third decay components, having very low

contributions to the overall decay curve, are neglected.
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Fig. 2. Transient absorption kinetics of SPANI in aqueous medium (0.3 mg ml™') following
excitation at 320 nm at a probe wavelength of 474 nm (up to a delay time of 1 ns): (a) complete
transient absorption kinetics; (b) rise of the transient absorption (red curve) and single-

exponential fit (black curve) (r* = 0.973); (c) decay of the transient absorption (red curve) and

Time (ps)

triple-exponential fit (black curve) (r* = 0.997).
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Fig. 3. Transient absorption kinetics of SPANI in aqueous medium (0.3 mg ml™') following
excitation at 320 nm at a probe wavelength of 530 nm (up to a delay time of 1 ns): (a) complete
transient absorption kinetics; (b) rise of the transient absorption (red curve) and single-
exponential fit (black curve) (r* = 0.943); (c) decay of the transient absorption (red curve) and

triple-exponential fit (black curve) (r* = 0.968).
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3.2.  Transient Absorption up to a Delay Time of 120 ps

Figures 2 and 3 clearly indicate that the two bands in the transient absorption spectra of
SPANI in aqueous medium (Fig. 1, using different delay times up to 1 ns) follow ultrafast (of the
order of few hundred fs or few ps) formation and decay kinetics. Therefore, to have a better look
into the origin of these two bands, transient absorption measurements of SPANI in aqueous
medium (concentration: 0.3 mg ml!) are carried out using different delay times up to 120 ps
following excitation at 320 nm. The transient absorption spectra obtained from these
measurements are shown in figure 4. Figure 4 shows similar features as figure 1 except that the
two bands on the blue and red sides of the spectra are apparently resolved better in the former
one. Accordingly, the peak positions of the bands on the blue and red sides of the spectra are

assigned to be at about 471 nm and 530 nm, respectively (based on Fig. 4).
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Fig. 4. Transient absorption spectra of SPANI in aqueous medium (0.3 mg ml™!) at different

delay times (up to 120 ps) following excitation at 320 nm with a laser pulse.
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An analysis of the kinetics of the transient absorption at a probe wavelength of 471 nm in
figure 4 reveals a single-exponential rise with a time constant of 138 fs at shorter delay times
followed by a triple-exponential decay with decay time constants of 292 fs, 2653 fs and a third
long-lived component having normalized pre-exponential factors 0.964, 0.029 and 0.007,
respectively (Fig. 5). As before, the third long-lived component having a very low contribution
to the overall decay curve is neglected. On the other hand, at 530 nm, the kinetics of the transient
absorption follow a single-exponential rise with a time constant of 165 fs at shorter delay times,
while the decay of the transient absorption perfectly follows a single-exponential decay with a

time constant of 193 fs (Fig. 6).
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Fig. 5. Transient absorption kinetics of SPANI in aqueous medium (0.3 mg ml™") following
excitation at 320 nm at a probe wavelength of 471 nm (up to a delay time of 120 ps): (a)
complete transient absorption kinetics; (b) rise of the transient absorption (red curve) and single-
exponential fit (black curve) (r* = 0.987); (c) decay of the transient absorption (red curve) and

triple-exponential fit (black curve) (r* = 0.998).
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Fig. 6. Transient absorption kinetics of SPANI in aqueous medium (0.3 mg ml™") following
excitation at 320 nm at a probe wavelength of 530 nm (up to a delay time of 120 ps): (a)
complete transient absorption kinetics; (b) rise of the transient absorption (red curve) and single
exponential fit (black curve) (r* = 0.949); (c) decay of the transient absorption (red curve) and

triple-exponential fit (black curve) (1> = 0.969).
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3.3.  Comparative Study

From the aforementioned discussion on the transient absorption of SPANI in aqueous
medium with two sets of data, one with delay time up to 1 ns as shown in figure 1 and other with
delay time up to 120 ps as shown in figure 4, the following may be concluded:
(1) Upon excitation (pump) at 320 nm (So — Si transition), ultrafast ESA from the S; state of
SPANI to higher electronic states (Sn, n = 2, 3, 4,....) gives rise to broad transient absorption
spectra in the spectral region 425-575 nm (approximately), which then decays in an ultrafast time
scale due to depopulation of the S; state. From the analysis of the kinetics of the transient
absorption, it is clear that the broad transient absorption spectra of SPANI in aqueous medium
consist of two bands.
(i1)) The band on the blue side of the transient absorption spectra rises in an ultrafast time scale
(of the order of a few hundred fs) and then decays following mainly two ultrafast time scales,
first being of the order of a few hundred fs and the second is of the order of a few ps. However,
the contribution of the second long-lived decay component to the overall decay profile is much
smaller, though not negligible, compared to that of the first short-lived decay component.
(i11) The band on the red side of the transient absorption spectra rises in an ultrafast time scale, of
the order of a few hundred fs, and then decays following mainly one ultrafast time scale, of the
order of a few hundred fs. The latter is clear from the analysis of the decay profile of the
transient absorption at a probe wavelength of 530 nm from the set of data using different delay
times up to 120 ps.
(iv) Analysis of the two sets of transient absorption data (one with delay time up to 1 ns as
shown in figure 1 and other with delay time up to 120 ps as shown in figure 4), reveals nearly

similar observations. However, a careful look at the transient absorption kinetics and
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corresponding fits (rise at shorter delay times and subsequent decay) clearly indicates that the
rise and decay time constants are quantitatively more precise from the set of data with delay time

up to 120 ps than those from the other set of data with delay time up to 1 ns.

3.4.  Origin of ESA

Finally, present observations regarding the ultrafast transient absorption kinetics of
SPANI in aqueous medium, keeping in mind greater precision of the data obtained from the set
with delay time up to 120 ps, allow us to conclude the following: Upon photoexcitation (pump)
at 320 nm (So — S; transition), ESA occurs from the S; state of SPANI to higher electronic
states (Sn, n = 2, 3, 4,....) giving rise to a broad transient absorption spectra within the
approximate range of 425-575 nm, with a rise time of 138 fs and 165 fs on the blue side (probe
wavelength = 471 nm) and red side (probe wavelength = 530 nm) of the spectra, respectively.
Clearly, the rise time constant remains nearly the same for the whole spectral region.

However, the decay of the transient absorption follows different kinetics on the blue side
and the red side of the spectra. On the blue side, mainly two decay times are observed: one is
very short-lived (292 fs) and the other is short-lived (2653 fs) with normalized pre-exponential
factors 0.964 and 0.029, respectively. The very short-lived decay component (decay time ~ 292
fs) is attributed to solvent-solute relaxation (SSR), from an unrelaxed Franck-Condon excited
state Si just after photoexcitation to a relaxed Franck-Condon excited state (relaxed S1). Both the
conformations ‘A’ and ‘B’ of SPANI undergo nearly the same extent of SSRs. The short-lived
decay component (decay time ~ 2653 fs) is attributed to further stabilization of the excited state
(relaxed Si via SSR) in energy to final excited state (final relaxed Si) due to the enhanced

conjugation for the conformation ‘B’. However, the contribution of the short-lived decay
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component to the overall decay profile is much less compared to that of the very short-lived

decay component. This fact agrees with our earlier observations that in normal working low

acidic (pH = 4.5) aqueous medium, population of the conformation ‘A’ is more than that of the
conformation ‘B’ [23]. Again, on the red side, only one very short-lived decay time (193 £5s) is
observed, which is ascribed to be due to the usual SSR of the conformation ‘A’. Clearly, the
value of the very short-lived decay time is nearly the same (~ 200-300 fs) on the whole spectral
region of the transient absorption.

These observations seemingly indicate that ESA from the S; state of SPANI in aqueous
medium to higher electronic states originates from the following:

(1) Mostly due to the conformation ‘A’ in the whole spectral region with rise time (t;) ~ 138-165
fs and decay time (tq1) ~ 193-292 fs due to usual SSR.

(i1) Very weakly due to the conformation ‘B’ on the blue side of the spectra with rise time (t;) ~
138 fs and decay times (ta1) ~ 292 fs due to usual SSR, (ta2) ~ 2653 fs due to further
stabilization for enhanced conjugation.

These various ultrafast rise and decay channels for the transient absorption of SPANI in normal

working low acidic aqueous medium due to conformations ‘A’ and ‘B’ are shown schematically

in figure 7.
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Fig. 7. Schematic diagram showing various ultrafast rise and decay channels for the transient
absorption of SPANI in normal working low acidic (pH = 4.5) aqueous medium due to

conformations ‘A’ and ‘B’.

4. Conclusions

It has been already suggested [23] that two conformations (‘A’ and ‘B’) of SPANI co-
exist in the ground state and first excited singlet state (S1) in aqueous medium. The conformation
‘A’ arises due to six-membered ring formation by H-bonding between the H atom of the sulfonic
acid group and N atom of the amine group. However, the conformation ‘B’ arises due to
abstraction of one H atom from the solvent by the amine group. In the present work, ultrafast
photophysical properties of SPANI in aqueous medium are studied in detail using fs transient
absorption spectroscopy based on pump-probe technique. Two sets of measurements are carried
out at different delay times, one up to a delay time of 1 ns and another up to a delay time of 120
ps, following excitation (pump) at 320 nm (S; state). Both the measurements give nearly similar

observations regarding the formation and decay of the ESA (responsible for the transient
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absorption) from the S; state of SPANI to higher electronic states in normal working low acidic
(pH = 4.5) aqueous medium. However, quantitatively more precise data is obtained from the
measurements for different delay times up to a delay time of 120 ps. Thus, it may be concluded
that the aforementioned ESA originates mostly due to the conformation ‘A’ in the whole spectral
region (with rise time ~ 138-165 fs and decay time ~ 193-292 fs) and very weakly due to the
conformation ‘B’ on the blue side of the spectra (with rise time ~ 138 fs and decay times ~ 292
fs, 2653 fs). The very short-lived decay component (~ 193-292 f£s) is attributed to SSR from
unrelaxed Franck-Condon excited state to relaxed Franck-Condon excited state for both the
conformations ‘A’ and ‘B’, while the short-lived decay component (~ 2653 fs) is attributed to
further stabilization of the excited state (relaxed S via SSR) in energy to final excited state (final

relaxed S1) due to enhanced conjugation for the conformation ‘B’.
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