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Ultrafast Dephasing of Photoexcited Polarons in Primary Doped Polyaniline
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Ultrashort pulse pumpprobe and transient anisotropy methods are used to study polaron dynamics of primary
doped conductive polyaniline in solution. The degenerate frequency pulses are resonant with the polaron
absorption of the emeraldine salt form of polyaniline. Pronounced oscillatory components with frequencies
of 160 and 210 cm* are observed, in good agreement with recent Raman and infrared spectral studies, and
are likely to represent ground states modes. However, the close agreement with the excited state lifetime
suggests that they may have partial excited state character. Photoexcited carrier dynamics have been identified
on two distinct time scales. The very fast component, with a 34 fs exponential decay and 90% of the total
amplitude, is attributed to the relaxation of the initially delocalized excitations within the polymer chain.
This is supported by the transient anisotropy signal exhibiting a 30 fs Gaussian decay. In analogy with exciton
dynamics in photosynthetic light harvesting assemblies, the extremely rapid anisotropy decay is attributed to
dephasing of the initially delocalized polaron excitation due to diagonal disorder (i.e., variations in the monomer
energies) and vibronic coupling. The longer time scale dynamics, occurring with two or more relaxations on
>500 fs to>100 ps time scales, reflect the decay from the initially excited Fra@@ndon region and the

slow recovery of the ground state from a structurally altered, “twisted” intermediate. We propose this occurs
by way of an electronic state with charge-separated character as in the isomerization of ethylenic species
including retinal and PYP. Kinetic simulations are performed to establish a mechanism for the relaxation
dynamics. Explicit inclusion of heterogeneity is necessary to adequately model the data.

I. Introduction

Polyaniline (PANI) is a conducting polymer with properties 0.4
that are of fundamental interest and technological importance.
The electrical conductivity of polyaniline increases with the
degree of doping with aci@g resulting from improved one-
and three-dimensional transport within the polymer fiim.
Presumably, the extent of structural variations and associated
dislocations of the electronic structure and the degree of
interchain contacts will affect the relative efficacy of intra- vs
interchain transpoft.® Understanding the molecular-level as-
pects of the insulator-to-metal transition is, therefore, an
important issue for improved performance. Ultrashort pulse ‘
methods have been of great utility for the investigation of 1 v S NS
molecular dynamics, including isomerization, following pho- 300 400 500 600 700 800 900 1000 1100
toexcitationt® Several experiments with fs time resolution have A (nm)
been reported for the undoped emeraldine base férid. Figure 1. Absorption spectrum (solid) of polyaniline in chloroform
However, to date, there have not been any ultrafast measure-and the laser spectrum (dashed) used in the ptpngbe measurements.
ments reported on tr.'e primary dgped form O.f PANI. . primary doping. [Primary doping with acids protonates the

M,OSt of the properties of polyaniline can be "”ke‘,’ to different 1 5nomer units of the polymer. The emeraldine base form of
OX|d|ze_d _and reduced staté"‘sThe ele(_;trlcal copducﬂwty_ of the PANI, where 50% of the amine groups are oxidized, is fully
half-oxidized form, termed "emeraldine base”, can be increased ,14nated in the emeraldine salt form, which has the largest
10 orders of magnitude by acidification, a process termed ,octrical conductivit:d The primary doped form shows a

*To whom correspondence should be addressed. E-mail: nfschere@broad absorp'tlon band centered at 896 nm (Flgure l). ?tm.bUted
uchicago.edu. to the formation of a polarof?:1¢In this state, polyaniline is

T NSF Predoctoral Fellow. considered to be a quasi-1D conductor and the charge carriers
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(i.e. polarons) can move along the polymer chain. Secondary sampled by a 16-bit ADC (National Instruments) 1000 times at
doping induces further changes in the optical properties of each delay step and the whole scan was repeated at least 50
polyanilinel”18 the absorption around 806 nm decreases, times and averaged. The resultant was divided in the computer
whereas a new absorption arises in the IR and the spectrumby the same reference signal sampled by the ADC (DC
shows an isosbestic point around 1100 nm indicating conversioncomponent) yielding\T/T, the fractional change of the trans-
of material from one form to the other. [Secondary doping is mitted probe intensity induced by the pump pulse. This signal
an additional chemical treatment that increases electrical detection scheme was required to obtain the part ifi 10
conductivity. As opposed to doping the material by adding sensitivity necessary for analysis. It was verified that the signal
charges (i.e., primary doping), one should view this process asdid not degrade for #1 4 h data acquisition runs.
solvation of the charges introduced by primary doping such that  Anisotropy data were acquired by orienting a polarizer (Karl
the polymer itself is not the only dielectric medium available Lambrecht, MGTYADB) in the probe beam at°4®ith respect
for free energy stabilization.] The very broad IR band that ranges to the pump beam. After the sample, the parallel and perpen-
from 800 nm to beyond 2600 nm has been described as freedicular components of the probe beam were separated by a
carrier absorption; this occurs in conjunction with a very high Rochon polarizer (Karl Lambrecht, MRA-10). Each component
specific conductivity of several hundred S/hn thin films. was simultaneously detected with two identical Si photodetec-
The structural consequences of secondary doping have beertors. The signals were then processed with two lock-in ampli-
followed by AFM studies of spin cast filn®&:-22 An increase fiers, numerically averaged as described above and stored in
in the conductivity is accompanied by an uncoiling of the the computer. It was verified that the initial anisotropy of the
polymer chain where the morphologically rough polyaniline dye molecule IR-140 matched the expected value of 0.4 before
films become smooth and more continuous after secondaryand after the anisotropy measurement on PANI.
doping. The morphological studies on thin films were comple-  Polyaniline solutions were prepared by dissolving 0.1 g of

mented with ultrafast pumpprobe measurements of the decay emeraldine base powder (Polysciences, undoped form) in 10
of the photoexcited polaro#f:?! The nonexponential (modeled mL of a chloroform solution containing 0.128mL-camphor-
as biexponential) dynamics could not be distinguished as sulfonic acid. The solution was stirred and sonicated before
originating from only intrachain or mixed intra- and interchain filtering with a 200 nm pore size filter; larger pore sizes resulted
dynamics. Measurements on isolated polymer chains arein more scattered light from the sample and hence a worse
required for comparison. This paper addresses this ambiguity signal-to-noise ratio. Sample aging leads to a change in the
through ultrafast pumpprobe investigations of the primary optical absorption spectrum because of complete development
doped conductive form of polyaniline. Pumprobe and ani- of the polaron bandé the small initial absorption around 730
sotropy studies were performed exciting and probing the nm decreases after several hours, and only the polaron band at
polymer dynamics associated with the polaron absorption band.806 nm remains. Further sample aging results in the formation

of aggregates. Therefore, the experiments presented here were

Il. Experimental Section performed on freshly prepared samples to avoid formation of
aggregated particles yet after sufficient aging time (i.e., several
hours) such that the polaron band was fully developed.

The linear absorption spectrum of a representative (primary
oped) polyaniline solution used for pumprobe studies is
shown in Figure 1, together with the laser spectrum of the pump
and probe beams. Absorption spectra of the samples sealed in
the spinning cells were measured before and after the ultrafast

easurements. The spectra were unchanged, and the samples

A description of the laser has been published elsewtere.
Briefly, the home-built cavity-dumped laser system employed
in these experiments delivered 18 fs pulses with center d
wavelengths of 800 nm to the solution samples. The 800 nm
beam was split by a partial reflecting (50% R) mirror, and after
prism precompensation for material dispersion, the two were
used as pump and probe beams. The probe beam was attenuat

3-fold with a neutral density filter. A 25 cm focal length doublet used here showed no tendency to aggregate; in fact, the spectra

lens was u;ed to focus the pump and the probe beamg in_ theremained unchanged while stored in the cells for more than a
sample, which was contained in a 0.5 mm path length spinning week

cell of 1" diameter rotating at-10 Hz. The pump-induced probe
transmission waveforms were dependent on the sample excita-III Results
tion rate. Above 200 kHz, a dip was observed preceding the

rising edge of the signal near time zero, which was attributed The results presented here are divided into two parts:
to a thermal lensing effect, whereas the signal-to-noise ratio experiments on a long time scale, up to 100 ps, and a short
was reduced under 50 kHz. Thus, all of the experiments time scale, up to 2 ps because signal relaxation occurs over
presented here were performed at 100 kHz and pump pulsemore than 4 decades of time. Figure 2 shows the ptpnpbe
energies of 1 nJ at the (focal plane of the) sample yielding a signal of polyaniline solution in chloroform on a long time scale.
fluence of~20 uJ/cn?, which can be considered to be in the The entire signal, still decaying at 100 ps, was fitted with a 4th

low fluence regime for the study of metallic systefhdt was order exponential decay with the parameters shown in Table 1
verified that the waveforms were independent of pump fluence and a stretched exponential. As can be seen, the stretched
over a 3-fold range above and below the operating point. exponential form gives a poorer fit to the data than the 4th order

Data were acquired by detecting the probe beam transmissionexponential although the two curves are very similar after several
through the sample using a Si photodetector (New Focus, hundred femtoseconds time delay.
Nirvana 2007). The probe beam was split before the sample, The short time pumpprobe signal of polyaniline is shown
and this reference beam was directed to an identical detector.in Figure 3. The autocorrelation trace, measured in a0
The amplitudes of the probe and reference beams were adjustedhick BBO crystal, has been added for compari&chwo major
to the same level with neutral density filters. The difference of features can be seen: first, a very fast component that is clearly
the probe and reference signals was processed in a lock-indelayed from the autocorrelation trace and, second, the overall
amplifier (Stanford Research, SR-830) referenced to a chopperdecay that is accompanied by oscillations. Two shorter expo-
at 2.5 kHz to give the AC component. The lock-in output was nential decay components with 34 and 560 fs time constants
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TABLE 1: Nonlinear Least Squares Fit and LPSVD Analysis Results of the Pump-Probe Decay Signal Accompanied by
Oscillations

4th order exp. fit 3rd order exp. fit LPSVD analysis
amplitude T amplitude T amplitude freq T phase
component (x 1079 (ps) (x 1079 (ps) (x 1079 (cm™) (ps) (deg.)
1 0.9 117.0
2 2.0 9.36 35 9.36 3.2 0 16.2 0
3 6.8 0.62 7.0 0.56 7.7 0 0.54 0
4 91 0.032 105 0.034 106 0 0.034 0
5 1.8 163 0.31 -29
6 0.4 219 0.55 —-28
6 5
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Figure 2. Pump-induced transient transmission (filled circles) with 1 b
4th order (solid line) and stretched exponential (dashed line) fits with 2
logarithmic time axis.Y axis is transmission change divided by the
probe beam DC intensity. The data were collected with a logarithmic
time step to sample the large time range more efficiently. The decay .~ 1-
was fitted with a 4th order exponential with the parameters in Table g
1 and a stretched exponential with the for8ft) = AT/IT = %
o exp[—(t/7)’] with the best fit values ofx = 1.81 x 1073 7 = = 01
6.19 x 1076 ps, and5 = 0.108. Inset is the same data on linear time Z
axis.
1
are obtained when convoluting the instrument response function
with a triexponential decay while fixing the long component at -2
9.36 ps, with the latter determined from the longer time range y . , . ’ . ’ .
data of Figure 2. The oscillations were analyzed by linear 0.0 0.5 1o 1.5 20
prediction singular value decomposition (LPSVD) and Fourier Time (ps)

transformation techniqué§;‘|’ablelsummarizes the parameters rigyre 3. (a) Pump-probe signal (filled circles) and 3rd order
obtained by nonlinear least squares and LPSVD analysis. Figureexponential fit (solid line) convoluted with the instrument response
4 shows the spectra obtained by Fourier transformation of the function (dashed line) with the slow decay constant fixed at 9.36 ps
residual (i.e., data minus triexponential fit) shown in Figure 3b. (see text). The time step size is 10 fs. The fast decay component has
it shows he disincton betvieen the RelFourer spectu) vs 317 S91S001o 54 5 e as o oher S comonert /a2 e
the modulus spectrum. Note the distortion |n. the modulus on log time axis. (b) Residual obtained b’y subtracting the 3rd order
(square root of the power spectrum) that arises from the gyponential fit from the signal.
“interference” of the dispersive (i.e., imaginary) part that shifts
the small amplitude feature at 220 chito nearly 250 cm?.
The real Fourier s i i i SO ~ SO
pectrum is the more appropriate representation )= — (1)

of the actual molecular response. Both analyses resolve a Si(t) + 25(1)
dominant frequency component of 160 thAlso, a distinct
peak centered at 210 crhin the real part of the Fourier  The initial value of the transient anisotropy shown in Figure 5
spectrum of Figure 4a can be related to the 218'aromponent  is 0.26 and decreases within 60 fs to 0.14 and remains at this
in the LPSVD analysis. Some additional peaks between 300 value for at least 0.4 ps; the anisotropy could not be examined
and 600 cm* are evident, but the noise level of the data does for longer times because of the weakness of the signals. The
not warrant further analysis. initial anisotropy decay is fit much better by a Gaussian as

The transient anisotropy was measured to further elucidate opposed to exponential decay. A 30 fs fwhm Gaussian
the origin of the decay components and the oscillations. The convoluted with the instrument response function is shown in
inset in Figure 5 shows the pumjprobe transient responses, Figure 5. There are oscillatory features with components of
S(t), obtained with parallel and perpendicular relative polariza- various frequencies, two of which are in the same frequency
tions. The anisotropyr(t), is calculated from the transient region as the dominant oscillations observed in the puprpbe
transmission date(t), ag® signal.
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—— 77— ments have been shown to be sensitive to ultrafast dephasing
of collective excitations (e.g., excitor&)3°The anisotropy value
reflects the degree of order of the transition dipole distribution
in the polymer chain; a random distribution of transition dipole
orientations would give(t) = 0. Hochstrasser and co-workers
demonstrated this behavior in polysilarfésin the poly-
(phenylmethylsilane), the decay of the initial anisotropy from
0.4 to about 0.18 was found to occur with a-280 ps time
constant, which is far slower than expected from the measured
i electronic bandwidth. Also, in an anisotropy measurement of
poly(di-n-hexylsilane), the anisotropy decays from an initial
value of 0.17 to 0.04 in 23 ps3 By contrast, in the present
case for polyaniline, the anisotropy decays from an initial value
-0.2 — T of 0.26 to a final value of 0.14 within 60 fs, indicating stronger
electron-phonon coupling than in polysilane. As pointed out
b by Cotts et al3133 torsional motion could result in restricted
motion of the transition dipoles, which manifests itself in a
0.2 plateau that is seen in the present experiments after 60 fs. The
initial and final anisotropy values of 0.26 and 0.14, respectively,
correspond to average angles of 2&d 40 for the transition
dipoles.

Studies of exciton dynamics in photosynthetic light harvesting
complexes have revealed a similar fast initial detaly.was
attributed to the localization of the transition dipole moment to
random locations in the circular aggregate because of exciton
dephasing. The initial exciton, delocalized over the ring ag-
gregate, also gives rise to a large transition dipole moment that
rapidly diminishes because of thermal fluctuations and energetic
disorder among the monomers that randomize the phase
relationships between the monomers. Similar phenomena could

Figure 4. (a) Real (solid) and imaginary (dashed) Fourier spectra of cause the fast decay of the polaron coherence observed here
the reS|d_uaI shown in Figure 3b. The spectra have_ been normallzeq 19a1d the~30 fs initial decay of the pumpprobe signal.

the Fourier spectrum of the temporal instrument (i.e., autocorrelation . . o
function) response. The Fourier transform for the transient transmission 1 he Gaussian anisotropy decay can result from a distribution
data was performed from200 fs to 2 ps. (b) Fourier power spectrum  Of transition energies in the polymer. A polaron can be
of the residual. delocalized only along a conjugated segment, so a distribution
of polaron energies would result from the distribution of
conjugated chain lengths. The latter are determined by chemical
defects and structural disorder. Excitation localization by the
(lower-energy) long-chain segments, with a distribution of
transition dipole orientations, would cause the ultrafast decay
of the anisotropy. This is in accord with the mechanism proposed
to explain changes in the steady-state anisotropy with excitation
wavelengthi1.34-36

The low initial anisotropy value is also consistent with strong
electror-phonon coupling and a large inhomogeneous distribu-
tion of polaron energies due to structural irregularities or defects.
This is certainly possible given the broad line width shown in
Figure 1. These factors can give rise to rapid exciton localization
with a more randomized distribution of transition dipole moment
0101, ' , ' , . orientations. Assuming a golden rule description of the rate of

0.0 041 02 03 04 localization, one can scale the LH2 coupling to obtain a value
Time (ps) for PANI. Because the rates for localization differ by about

4-fold, the electronic coupling would be 56600 cnt? in
Figure 5. Anisotropy (filled circles) and Gaussian fit (solid line) with NI piing

awidth of 30 fs. The time step size is 5 fs. Inset is transient transmission . . o
data with the polarization of the probe beam parallel (solid line, filled ~ Structural Changes Associated with Excitation and Re-

circles) and perpendicular (dashed line, open circles) to the pump laxation. When polyaniline is photoexcited, it will evolve to a
beam?3 geometrically distorted structure by way of torsional motions
between the adjacent benzenoid rings giving rise to a twisted
geometn?’ It was shown that the changes in the ring torsion
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IV. Discussion

Structural Inhomogeneity and Anisotropy Decay.In linear angle play a crucial role in determining the energetics of the
chain polymer systems, the excitation may migrate along the excited states of polyanilin®.Mode frequencies of 158 and
chain as a result of coupling between the regi®rithe chain 120 cnt! were observed in IR and Raman spectra, respectively,

is twisted, the excitation migration would lead to a change in of the emeraldine salt powder forfhAlso, 213 and 200 cmt
the transition dipole orientation. Transient anisotropy measure- modes were observed in the same IR and Raman spectra,
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TABLE 2: Best-Fit Parameters for Analysis of Kinetic Schemes
Scheme 1 Scheme 2 Scheme 3 Scheme 4
x?>=1.23x 1077 ¥?>=7.32x 1078 ¥?>=6.06x 1078 ¥?>=5.39x 1078
€EG 2.02 x 1(Y5 €EG 3.10x 105 €EG 4.29x 105 €EG 517 x 105
1/ki(ps) 2.37 Edlo 0.43 1ki{ps) 0.66 Edlo 0.47
1/ko(ps) 40 Tkio(ps) 0.86 a(ps) 1.38 Wy ps) 0.71
1kip(ps) 0.91 Woo(ps) 3.28 Waa(ps) 0.57
1/ko(ps) 11 1kan(ps) 67 1k1pdpS) 0.31
1/kip(PS) 3.26
1/kao(ps) 1.63
1/kan(ps) 24
respectively. These modes were assigned to torsional deforma- Eb
tions of the Gng—N—Ciing units in the polymer chain with Ea
coupled ring motions; these could play an important role in the 3 Ky,
dynamics of exciton/polaron localization along the chain. Long- la
lived photoinduced absorpti&h*® and spiné! were observed hv | | e I
in the base form of polyaniline at low temperatures. These long- ’
lived excitations were attributed to aggregation of polaron (or K
. o . ,
soliton) excitations because of the large number of rotated rings.
These conformational changes would strongly localize the G
polarons and impede relaxation to the ground state.
The (exponential) decay observed in Figures 2 and 3 is
(exp ) y J Scheme 2

accompanied by oscillations that relax with 310 or 550 fs time
constants (see Table 1). The 160 ¢nmode is the dominant
frequency component with another mode~&10 cnt?. The Eb
160 cnt! feature was also identified in ultrashort pulse studies

of primary doped polyaniline film&! It is most plausible to
associate these oscillations to the ground state; these modes are
strongly coupled to the electronic excitation and may be
overdamped in the excited state because of the large amplitude
conformational change. However, given the very similar values
of the LPSVD time constants for the modes and excited-state
lifetime obtained from kinetic modeling (see Tables 1 and 2),
it is possible that the oscillations have contributions from
excited-state vibration.

Given the torsional motions in the polymer chain, the
oscillations in the anisotropy signal might reflect the fluctuation
of transition dipole moment orientation. Fourier analysis of the
data in Figure 5 reveals peaks near 200 tand also at higher  intermediate ). Thek's refer to the kinetic rate constants ang the
frequencies. The large amplitude motions invoR/ed could effective extinction coefficient for th& — G optical transition. A
account for the present observation. Alternatively, the photo- multiplicity of states (e.g.Ea, Es or la, Iv) allows modeling inhomo-
excitation of a coherent superposition of electronically excited 9eneity in the kinetics.
states in an inhomogeneously broadened band could give risealgorithnt? (MathSoft, Mathcad) by minimizing the sum of the
to the oscillations? Further studies are required to settle this squared deviations. The simulated signals and the best-fit
point. parameters are shown in Figure 7 and Table 2, respectively.

The decay of the excitation must occur by a nonradiative The initial dephasing was not included in the modeling so the
channel as opposed to charge recombination that occurs infirst 200 fs was not included in the analysis.
electroluminescent polymers such as Pf¥ and trans- The signals from Schemes 1 and 2 differ significantly from
polyacetylen# because the quantum yield for radiative emission the measured pumprobe signal. Meanwhile, Scheme 3, in
from polyaniline is immeasurably small. Given the 100 ps bleach which the inhomogeneity of the intermediate state is considered,
signal observed here, an intermediate state is necessary. Thigives a reasonably close fit to the measured signal from 400 fs
intermediate may involve a distorted geometrical structure and/ delay. Inhomogeneity of both the excited and intermediate states
or the photogeneration of quasi-free electré&ig. is considered in Scheme 4. This model gives a much better fit

Kinetic Model of Relaxation. Kinetic modeling of the than the other three schemes, which could be a result of more
relaxation of the pumpprobe signal was performed with several parameters involved as suggested byjthgalues in Table 2.
three-level kinetic schemes involving ground (G), excited (E), The time constants obtained from Schemes 3 and 4 show that
and intermediate (I) states. The four schemes shown in Figurethe slow decay passes through the intermediate stgté&dm
6 allow us to consider inhomogeneity in the kinetics of the which the decay to the ground state is much slower than from
excited and intermediate states. The associated kinetic equationél ;”. This analysis supports the necessity of an intermediate state
were solved and the pumjprobe signal was constructed from that exhibits inhomogeneous decay kinetics. This is substantiated
0.2 to 100 ps considering ground-state bleaching and stimulatedby the success of the stretched exponential fit at times over 1
emission contributions. These equations are shown in theps, as shown in Figure 2. The inhomogeneity may reflect
Appendix. The model signal was fitted to the measured signal structural “defects” that are associated with the polaron localiza-
using the LevenbergMarquardt nonlinear least-squares fitting tion discussed above.

hv

G —

Scheme 3

Scheme 4

Figure 6. Kinetic schemes used to simulate the relaxation dynamics
for a three-state system; grour@)( polaron E), and optically “dark”
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Figure 7. (a) Simulated signal (solid line) from Scheme 3 compared
with the measured pumgprobe signal (points). Inset is population
evolution of the states involved in SchemeG3(solid), E (dashed)]a
(dotted), andy, (dash-dotted). (b) Simulated signal (solid line) from
Scheme 4 compared with the measured pupnobe signal. Inset is
population evolution of the states involved in Schem&4solid), Ea
(long-dashed)E;, (dotted),l, (dash-dotted), andy (short-dashed).

Proposed Mechanism for Polaron RelaxationMartinez and
co-workers reported that the photoexcited state of ethylene
rapidly evolves to a twisted geometry with charge-separated
character that nonradiatively quenches to the ground state
through a conical intersectidf.This behavior is believed to
be involved in the nonradiative ground recovery of ethylenic
species, including ethylene, stilbene, retinal, GFP, and PYP.

Following this idea, we propose that the initial excitation in
polyaniline relaxes nonradiatively to a “twisted” intermediate
state with charge-separated character with subsequent “slow”

ground state recovery over a broad range of time scales. The

34 fs exponential component reflects the fast relaxation dynam-
ics of the initially delocalized polarons within an individual
polymer chain. This is supported by the 30 fs Gaussian decay
of the transient anisotropy signal. The long decay components,
two or more exponential decays 8500 fs to>100 ps time
constants, are attributed to the rapid relaxation from the initially
excited Franck Condon region and the slow recovery of the
ground state via a long-lived intermediate state. Kinetic model-
ing shows the presence of long-lived intermediate states
exhibiting significant inhomogeneity. As a matter of fact, a broad
IR band is assigned to a free carrier absorption in secondary
doped PANR821 Thus, time-resolved experiments in the near-
infrared region would be essential to establish the free carrier
contribution to the long time behavior.

J. Phys. Chem. B, Vol. 106, No. 50, 2002871

V. Conclusions

Explicit modeling of the dynamics is important to understand
the delocalization-to-localization transition and subsequent
carrier transport? Recent simulations and single molecule
fluorescence studies suggest that conjugated polymers with
chemical defects collapse into various conformations according
to their stiffnes$® They have shown that the anisotropy
distribution obtained from polarization spectroscopy of MEH
PPV is consistent with a stiff polymer adopting a highly ordered
conformation. Electronic structure calculations and analogous
ultrafast nonlinear optical measurements to those presented here
on aniline oligomers will be helpful in understanding the nature
of the polaron and verifying the source of the initial dephasing.
Ab initio calculations have been performed for aniline,
phenylene diamine, ard,N'-bis(4-aminophenyl)-1,4-quinone-
diimine 51 Models of polyaniline with three and four aniline units
have been used to identify size-dependent electronic properties
of this polymer. Geometry optimization revealed the onset of
helical structures even with di- and tri-aniline; it was suggested
that one full turn of the helix is achieved with seven ufts.
The different oxidation states in the polymer, however, com-
plicate simple scaling from the oligomer to the polymer unit.
Nevertheless, a partially helical polymer structure that presents
a distribution of localized exciton/polaron transition moment
directions would explain the results of the anisotropy measure-
ments reported herein.
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Appendix

Because kinetic scheme 4 is not typically found in the
literature, it is useful to summarize the pertinent equations. As
shown in Figure 6, there are five states to consider with
associated differential rate equations:

d[G
% =Ko 1o + Kofl] (A.la)
diE]
T = _(klaa+ klat)[Ea] (A.1b)
dE]
& —(Kypa+ Kipp)[Eol (A.lc)
dfr]
Tt = Kiad BEd + Kipd Eol — kol (A.1d)
dl,]
ot = Kad Bl + Kipd Bl — Ko[l] (A.le)

These are solved with the boundary conditions &t 0:

[lo=T[llo=0

(Gl =0 (A2)

[Edo t [Elo=1;
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The resulting time-dependent populations for each state are SCHEME 1

[Ea] — [Ea]Oe—(kma‘*'kmt)t (A.3a)

[Ey] = [Ey]ge tanaat (A.3b)

k
] = % [E,] (e (eahadt _ glody

2a klaa_ klab
klba
_tha @ —(Kibatkippt _ q—kod
k2a_ klba_ klbb[Eb]O{e © } (A'3C)

k b _ _
[Ib] = —k — kla — [Ea]O{e (kiagtkiadt _ o kzbt} +
2b laa 1ab
klbb [Eb]o{e_(klha+klbt1)t _ —kzbt} (A.3d)
k2b - klba_ klbb
1 { klae}(Za + klat}(Zb t) «
klaa+ klab\kZa_ I(1aa_ klab k2b - klaa_ kla
[Ea] 0{ 1— e—(klaa"'klat)t} +
1 ( Kipda KyptKap b) «
klba+ klbb\kZa_ klba_ klbb k2b - klba_ klb
[E b] 0{ 1— e_(klba+k1bb)t} 4

[G] =

klaa klba )
——— E. ], t ————[E X
(kZa_ klaa_ klab[ a]o I(Za_ klba_ lbb[ b]o
(€ — 1)+
klab klbb

[Edo+

_— E X
(kzb_ klaa_ 1ab [ b]O)

Kop = Kipa = Kipp
(e — 1) (A.3e)
Considering bleaching of the ground sta® @nd stimulated

emission from the excited statg)( the optical respons&(t),
can be constructed from eqs A:3a:

St) = eg6(1 — [C]) + exal[El + [Ep))

= e 1+ [Ea] Oe_(klaa+k1a@t + [Eb] Oe—(klba+k1bt9t +

1 Kyadoa i Kyatkon b) o«

+ Kian\Koa = Kiaa = Kiap - Kop = Kiaa ™ Kia

[Ea] 0{ e*(klanrklat)t -1} +

1 Kypeoa n KipeKon l)) «

Kipa T Kipp\Koa = Kiba = Kipp  Kob =~ Kipa = Kip
[E.]o g (kaatkunt _ 1} +

Ky

aa

klaa klba
— 2 F) 4+ ——2  E]| x
(kZa_ klaa_ klab a]O kZa_ 1ba~ 1bb b]O
(1—e’d +
k
1ab 1bb
—[E ], t ————E X
(kzb - klaa_ klab[ 3]0 k2b - klba_ 1bb[ b]o)

1- ‘kZb‘)] (A.4)

The above equations and sloutions can be modified to obtain

Kim et al.
[EJ=I[E; [E]=0; [lJ=[] [l]=0 (A5a)
Kiab= Kipa= Kipp = Kop = 05 Kpa=ky;  Ka =k, (A.5b)
SCHEME 2
(=0, [nJg=o (A.63a)
Kiab= Kipp =Ko = 05 Kpaa=Kiz  Kipa=Kipy  Kpa= ks
(A.6b)
SCHEME 3
[EJ=I[El [E]=0 (A.7a)
Kipa= Kiop=0; Kiaa=kig Kigp=kKy, (A7)
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