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Photoinduced absorption data for polyaniline films in two forms, emeraldine base (EB) and emeraldine
salt (ES), are presented and discussed. Electrochemically synthesized films were excited with laser pulses
of large intensity (the energy =2 eV, the pulse duration =8 ps, the pulse energy up to 10 mJ/cm?. Opti-
cal spectra of the EB and ES films in the temperature range from 298 to 363 K are also studied. The po-
lymer film is presumed to be a three-dimensional (3D) system of long finite conjugated fragments of poly-
mer chains. Considering each fragment integrally and taking into account the electronic polarization
energy (~1.5 eV) for a charge in the film, the 3D model of a charge-transfer exciton is proposed. The
low-energy absorption of EB and ES and the electronc processes in photoexcited films are interpreted
within the framework of the proposed model, avoiding the commonly adopted approach of an isolated

polymer chain.

I. INTRODUCTION

Conducting polymers, especially polyaniline (PANi),
have recently attracted considerable attention because of
the interesting properties of these materials. In recent
years, a number of papers have been published (see, for
example, Ref. 1) where the photoinduced absorption
(time-resolved excitation spectroscopy) measurements of
different forms of PANIi (Fig. 1) were discussed. Usually
the emeraldine-base (EB) form of PANi, synthesized
chemically, is investigated using either the excitation
pulses of a low intensity laser (the energy density of a
pulse P~10"3 mJ/cm?) in the ps and ns time ranges or
with the help of a steady-state Ar" laser with a mechani-
cal chopper. Investigations of the photoinduced infrared
(IR) (Refs. 2—6) and ultraviolet (UV) (Refs. 3, 5, 7-11)
spectra of EB gave an insight into physical phenomena
observed in the photoinduced polymer material. Kim
and co-workers®*° found that the photoinduced absorp-
tion spectra of EB in IR and UV regions are very similar
to the nonexcited absorption spectra of the emeraldine-
salt (ES) form of PANi. Based on this similarity, the au-
thors>>° concluded that the photoexcitation of EB by
photons with energy from 2 to 2.5 eV produces the
charged species, which are usually generated through
protonation of EB. Long-lived states with unpaired elec-
trons detected after photoexcitation of EB (Refs. 8 and 9)
and photoconductivity measurements of EB (Refs. 4, 9,
and 12) also indicate that the photoexcitation produces
charged species. It was also found that charge carriers
are produced by direct optical transitions.!> Roe et al.'!
reported the existence of two distinct decay mechanisms
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for recombination of photoexcited states in EB: the tem-
perature (7T) independent (dispersive) decay of the pho-
toinduced bleaching =~ ~%!! for short times (40 ps <t <4
ns) and long-time photoinduced bleaching (from 1 ms to
10 min) which varies as ¢t “? and is weakly T dependent
(B=0.5 at 200-300 K and =~0.4 at 15 K).

In the interpretation of the results of photoexcitation
experiments for EB and other forms of PANi (leucoem-
eraldine base [LB], pernigraniline base [PNB]), the cen-
tral roles have been assigned to phenyl-ring rotations
with creation of massive polarons bound to these
rings.>!! 71 It was suggested”!? that the photoexcitation
transferred an electron into a flat excited-state band,
which is localized on the rings, and the hole, resting in
the occupied band, provided the photocurrent along the
polymer chain. A model was also proposed to account
for photocreation of defect states in LB and EB including
the charge transfer from one part of a polymer chain to
another, and it was suggested that the long-lived excita-
tions were stabilized by ring rotations and solid-state con-
straints that inhibit ring relaxation to the initial confor-
mation.>!! Nevertheless, the appearance of separated
charges in the polymer sample after absorption of one
photon with energy =2 eV attracts particular interest as
an unsolved problem.

We believe that the difficulties in explaining many
unusual phenomena in conducting polymers arise mainly
from the commonly adopted approximation of an isolated
polymer chain. The main difficulty results from the
necessity to explain the electrophysical properties of con-
ducting polymers only by single polymer chain features.
This approach found wide use in explaining the electro-
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FIG. 1. Idealized repeat structure for (a) leucoemeraldine
base, (b) emeraldine base, (c) emeraldine salt, and (d) pernigrani-
line base.
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physical properties of polyacetylene, polydiacetylene,
polythiophene, and other polymers with conjugation in
the main chain.!® Meanwhile, only a little attention is
currently paid to an important feature of the real struc-
ture of these materials. Namely, polymeric materials
consist of bundles of chains arranged parallel to each oth-
er. Distances between the neighbor chains are rather
small: =~4.3 A in polyacetylene,!” ~4.85 A in PANi.'8
Such distances make electron hopping between neighbor
chains easy. In addition, the full conjugation is broken,
and the polymer chains are divided by the chain defects
into conjugated fragments (CF) of a finite length. This
fact does allow us to speak about the average length of
conjugation which is essentially the average length of
these CF’s. Moreover, it is impossible to imagine charge
transport (electrical current) in a CF of an isolated chain,
because the mean value of the radius vector of an elec-
tron in any of the electron states of the CF coincides with
the middle of the fragment. Because of this, one may
only consider the charge transfer on a bundle of chains
between neighbor CF’s taken as a whole. For these
reasons we suggest that a conducting polymer should be
considered as a three-dimensional (3D) system of long
finite CF’s. An interpretation of the experimental data
for polyacetylene based on these concepts has been
developed recently.'”2! Analyzing the results of con-
ductivity, thermopower, and dielectric-constant studies,
Wang et al.? also concluded that the metallic states of
the ES form of PANI are essentially 3D states and ES is
composed of bundles of coupled parallel chains instead of
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isolated chains. These results emphasize the importance
of interchain coupling in avoiding 1D electron localiza-
tion in conducting polymers.??

Many properties of conducting polymers are rather
similar, even though these polymers are chemically
different. Among these properties one can point to the
value of the energy AE;~2-2.5 eV of the first intense
maximum in an optical spectrum and the typical changes
in optical-absorption spectra and conductivity, which ac-
company chemical doping or photoexcitation, etc.' The
approach to describing the electrophysical properties of
polyacetylene!® 2! is suitable for conducting polymers
with a different chemical structure, because it takes into
account only the basic parameters common to all poly-
mers. These parameters are the average length of CF’s,
the electron affinity, and the ionization potential of an
isolated CF, the parameter of the electron hopping be-
tween the neighbor CF’s on neighbor chains, the polar-
ization energy of all other CF’s in the Coulomb field of a
given charged CF or a charged defect, the energy of the
first electronic excitation (AE,) of an isolated CF, etc.
The values of these parameters are usually nearly the
same for all conducting polymers, and this fact explains
the similarity of their properties.

In this paper, we present the results of the
photoinduced-absorption measurements performed with
the EB films. Photoexcitation was provided by means of
high-intensity laser pulses (the energy =2 eV, the pulse
duration ~8 ps, and the energy density of the pulse
mounted up to 10 mJ/cm?). We were interested in the
specific effects of a powerful laser pulse upon EB as well
as new information on the photoelectronic processes in
this form of PANi. The optical spectra of the EB and ES
films have also been measured at different temperatures in
the range from 298 to 363 K to allow for the effect of the
sample heating caused by an intense pulse on the optical
spectra. Discussing our experimental data in terms of the
above-mentioned approach,’®”?! we argue that PANi
represents a 3D system of long finite CF’s of polymer
chains. Furthermore, we propose a 3D model of a local-
ized exciton with an electron transfer to a number of
CPF’s. Finally, we suggest a new interpretation of the
low-energy absorption and of the electronic processes in
the photoexcited films based on this model of the charge-
transfer exciton.

II. EXPERIMENT

The polyaniline ES films were deposited by the electro-
chemical techniques®® [galvanostatically or by cycling the
potential of the electrode from —0.2 to +0.79 V vs the
saturated calomel electrode and using a nonstirred aque-
ous solution of H,SO, (1.0M) and aniline (freshly dis-
tilled, 0.4M)] onto tin oxide (SnO,) glass substrates. The
film thicknesses, ranging from 0.1 to 0.2 um, were es-
timated.?* 2% The PANI-ES film was transformed to the
EB form by keeping it in ammonia vapor for several
minutes.

The direct absorption spectra were measured with a
Perkin-Elmer UV/Vis spectrophotometer in the range of
350-900 nm (using a diffuse reflection chamber) and
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Shimadzu UV-365 spectrophotometer in the range of
200-2500 nm.

The time-resolved photoinduced-absorption measure-
ments were carried out in the standard pump-and-probe
configuration. For the kinetic measurements, the second
harmonic (A,;, =590 nm, =~2.1 eV) of the Stokes’s com-
ponent of a KGd(WO,),:Nd** laser’” was used (pulse
length 5 ps, repetition rate 3 Hz). A parametric genera-
tor of light was the probe source. The energy of the exci-
tation pulses varied from 1 to 10 mJ/cm?
Photoinduced-absorption spectra were obtained with the
help of a YAG:Nd** laser (where YAG denotes yttrium
aluminum garnet) (pulse length 5 ps, repetition rate 3
Hz). The second harmonic of a parametric generator
(Aexeit=590 nm, =~2.1 eV) was used as a pump source.
The picosecond continuum generated in heavy water was
used as a probe source. Every point of photoinduced
spectra in Figs. 4-8 is the result of 100 laser shots. The
measurements were carried out at room temperature in
the air.

III. RESULTS

Figure 2 shows the electronic-absorption spectra,
recorded for the same PANI film in EB and ES forms on
a Shimadzu spectrometer. For EB, a sharp peak at
Amax =620 nm (==2.01 eV) is observed. The spectrum of
the salt form shows the sharp peak at A~360 nm and an
absorption band with a broad plateau from 760 to 1300
nm. The optical density D of ES decreases with a very
gentle dip from the plateau to the boundary of the spec-
tral region (2500 nm) diminishing three times. After
heating to 68°C, the general features of ES absorption
spectrum are retained but a relatively small and broad
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FIG. 2. Optical-absorption spectra of polyaniline film
(d =0.1 p) in various states: emeraldine base form (solid line,
t=25°C) and emeraldine salt form (line, t =25°C and dashed
line, t =68 °C).
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maximum appears at 860 nm (=1.45 eV). With thermal
heating from room temperature to 90°C the low-energy
absorption of EB shows a slight blueshift (the maximum
shifts by 22 nm).

Figure 3 shows the difference thermal spectra, each
spectrum being a difference of two absorption spectra
recorded at elevated and room temperature. With in-
creasing temperature the absorption spectrum for EB
[Fig. 3(a)] varies the most essentially in the range of
650—-800 nm. Here, heating leads to bleaching, which in-
creases with temperature. Nevertheless, it can be seen
from Fig. 3(a) that the D values at 370, 425, and 553 nm
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FIG. 3. Difference thermal-absorption spectra of polyaniline
film (d =0.2 p) in various states: (a) emeraldine base form
[dashed line, AD =D (60°C)—D(25°C) and line,
AD =D(90°C)—D(25°C)] and (b) emeraldine salt form,
AD =D(68°C)—D(33°C).
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do not change practically with temperature. For ES [Fig.
3(b)] the changes of D with temperature are considerably
smaller than for EB, with absorption increasing in the
range of 850-1200 nm (thermoinduced absorption) and
decreasing for A > 1200 nm (thermoinduced bleaching).

Figure 4 shows the spectra of the photoinduced ab-
sorption AD, of EB film in the range 440-900 nm,
where AD;, is the difference of the D values for photoex-
cited and unexcited film. The photoinduced-absorption
spectra were recorded at 300 K with two energies (P) of
an excitation pulse (1 and 5 mJ/cm?) for two different de-
lay times (7) between the pump-and-probe pulses (7=0
and 500 ps). The spectra in Fig. 4 with bleaching
(AD,; <0) in the region 550-800 nm with a maximum at
700 nm are similar. Beyond this region the AD; values
are small or actually change sign to positive. The maxi-
ma of photoinduced-absorption spectra for =500 ps
show a slight redshift, of about 30 nm, in comparison to
spectra for 7=0.

Figure 5 shows the curves of photoinduced bleaching
AD;, at 555 and 660 nm for EB as a function of excita-
tion pulse energy without pump-probe delay (r=0) and
after a delay of 7=300 and 600 ps, respectively. Figure
5(a) shows the monotonous dependence of AD ;, on P for
the 555-nm bleaching without delay (7=0), where the
bleaching change rate gradually diminishes with P grow-
ing. For bleaching with delay, the dependence is
different: the AD, change rate at small P is lower than
that in the case of 7=0 and gradually grows. In the re-
gion of P>7.5 mJ/cm? the values of AD,; after a delay
of 7=300 ps become greater than those without delay.
For the 660-nm bleaching [Fig. 5(b)] the general AD -P
relationship without delay and after a delay of =600 ps

is approximately the same as in the case of A, =555
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FIG. 4. Photoinduced absorption spectra of the emeraldine
base film (d =0.15 p) for different pulse intensity and pump-
probe delay: (a) P=1 mJ/cm?, 7=0, (b) P=1 mJ/cm?, 7=500
ps, (¢) P =5 mJ/cm?, 7=0, (d) P =5 mJ/cm?, 7=500 ps.
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nm [Fig. 5(a)]. A linear dependence AD,(P) was ob-
served for =600 ps [Fig. 5(b)].

Figures 6—8 show dynamics of the changes of AD ;, for
EB at A5, =555, 660, and 1066 nm for different energies
of excitation pulse. In the bleaching band (Figs. 6 and 7)
at a relatively low pulse intensity (2 mJ/cm?) after an ini-
tial rapid growth of bleaching, a gradual decrease of
bleaching with subsequent leveling off about 50-60 ps is
observed. At a higher excitation intensity (10 mJ/cm?) a
monotonous transition of bleaching to a plateau near
50-80 ps is observed. In accordance with Fig. 4, the lim-
iting value of (—AD;) in Figs. 6 and 7 for P=10
mJ/cm? is greater than the one for 2 mJ/cm?. The full
relaxation of the absorption spectrum to the initial state
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FIG. 5. Photoinduced bleaching at 555 nm (a) and 660 nm (b)
for the emeraldine base film (d =0.15 u) as a function of the
pulse intensity for different pump-probe delay (7).
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FIG. 6. Dynamics of the changes of the photoinduced
bleaching at 555 nm for the emeraldine base film (d =0.15 u) as

a function of the pump-probe delay for two pulse intensities: (a)
P =2 mJ/cm? and (b) P =10 mJ/cm>.

(the absorption spectrum prior to laser attack) takes place
for 5-10 min at room temperature. The rapidly growing
part of the bleaching dependence in Figs. 6 and 7 was
found to fit either a single exponential function
A exp(—t /1) with characteristic time ;=170 ps or a
power law of the form ¢ ~® with § ~0.2.

The photoinduced absorption at A, = 1066 nm (Fig.
8) for P =1 mJ/cm? vanishes in 100 ps with a charac-
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FIG. 7. Dynamics of the changes of the photoinduced
bleaching at 660 nm for the emeraldine base film (d =0.15 ) as
a function of the pump-probe delay for two pulse intensities: (a)
P =2 mJ/cm? and (b) P =10 mJ/cm?.
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FIG. 8. Dynamics of the changes of the photoinduced ab-
sorption at 1066 nm for the emeraldine base film (d =0.15 u) as
a function of the pump-probe delay for two pulse intensities: (a)
P =1mJ/cm? and (b) P =10 mJ/cm>.

teristic time 7,~17 ps. At greater energy of excitation
(10 mJ/cm?) the photoinduced absorption decays to zero
in 100 ps with characteristic time 7,30 ps. Afterwards,
photoinduced bleaching takes place, which practically
does not change after 150 ps in the ps range.

IV. DISCUSSION

A. Absorption spectra and electronic structure
of conjugated fragments of polyaniline

The electronic-absorption spectra of the EB and ES
films at 25°C (see Fig. 2) are very similar to those ob-
served by Monkman and Adams!® for the films syn-
thesized chemically and with by-products carefully elim-
inated. The optical density D in the near-IR range for ES
(Fig. 2) decreases rather quickly as the wavelength in-
creases in comparison with the Monkman-Adams!” case.
These differences are probably due to different conditions
of film preparation. As noted by many authors,?® 30
different methods and conditions of synthesis and pro-
tonation (deprotonation) of the films affect the electronic
spectra of the EB and ES films. We also noted poor
reproducibility of ES spectra in the low-energy range
even though identical synthesis conditions were used for
all samples.”® The change of the ES spectrum, upon
slight heating [the appearance of the maximum at 860 nm
(~1.4 eV) (see Fig. 2)], points to a complex structure of
the low-energy absorption. According to Monkman
et al.,”® the first maximum in the ES spectrum corre-
sponds exactly to 1.4 eV.

The optical density D of EB decreases steeply in the re-
gion from A ,, =620 nm (=2 eV) to A; =800 nm (=1.55
eV) and much more gently from A; to A,=1600 nm
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(=~0.8 eV). A similar picture is observed for the low-
energy absorption of other polymers with conjugated
bonds. For example, the energies corresponding to A,
Ay, and A in the spectra of polyacetylene® and poly-(p-
phenylenevinylene) (Ref. 32) have the following values:
1.9 and 2.5 eV (A,,,), 1.3 and 2.35 eV (1), and 0.8 and 2
eV (Ay), respectively. It is worth noting that in the case
of very carefully prepared EB films (see Ref. 10) the re-
gion with slow decreasing absorption is absent:
Ag==A,=850 nm (1.47 eV) and A,, =610 nm (2.03 eV).
We believe that the first maximum in the low-energy
absorption is due to the electron transitions among delo-
calized 7 electron molecular orbitals (MO). The argu-
ments supporting this point of view are presented below.
Consider the electronic structure of a long polymer
chain of PANI obtained by means of the valence effective
Hamiltonian technique.’>** The calculation predicts the
band gap E, for the LB form of about 4.4 eV consistent
with the transparency of this material to the eye.> We
may also note that according to the calculation,’ the first
interband transitions in the EB and ES chains appear be-
tween 7 bands and have the energies AE_ + <1.5 eV.

Consequently, the energy AE,; of the first maximum in
the absorption spectrum of a long CF is determined by
the electron transitions between delocalized states of this
CF. However, the correct value of AE, can be obtained
only when the effects of electronic correlations are taken
into consideration. This is accomplished by performing
the configuration interaction (CI) calculations for both
the ground and the excited state of CF’s (see, for exam-
ple, Ref. 35). Sjogren and Stafstrom3® investigated the
electronic excitations in aniline tetramers using the
INDO/S-CI method. In the CI, 300 singly and doubly
excited lowest-energy configurations were chosen from
the 5000 generated. The value of AE,; was found to be
3.6, 2.3, and 1.5 eV for tetra-aniline oligomers of LB, EB,
and ES types, respectively,*® in accord with experiment.*’

These calculations show the great importance of the
electron-electron interactions and display the proximity
in AE, values for polyaniline systems of different types
(EB, ES, and PNB). The following reasoning comments
and explains this proximity. The dominant importance
of the electron-electron interactions makes it possible, in
the first approximation, to ignore differences in bond
lengths, chain charges, and in the number of hydrogen
atoms in the o core for the PANi structures in Fig. 1.
Then all the PANI structures (in this approximation) con-
sist of the same aniline fragments and are distinguished
only by the number of 7 electrons. Each aniline fragment
(or lattice cell) has seven atomic orbitals yielding seven
MO’s. Two of these MO’s are localized on the phenyl
ring and exert no influence on the low-energy excitations.
One of these local MQO’s is always occupied by the two 7
electrons and the other one is always empty. Each ani-
line fragment contributes five MO’s to the chain conjuga-
tion system; they form five electron energy bands, which
can be occupied by the delocalized 7 electrons. Now let
us estimate the number of electrons on one fragment and
thus determine the electron occupancy of the energy
bands. For LB, each aniline cell contributes six 7 elec-
trons (8 —2 localized), three bands are completely occu-

pied, and the electron excitations, which are caused by
interband electron transfers, are characterized by a large
AE, value (=3.5 eV). For EB and ES we have 5.5 elec-
trons in each cell, and for PNB we have 5 electrons per
cell. For all these structures (from the viewpoint of band
theory) the upper band of the chain is partially occupied.
For this reason EB, ES, and PNB can be combined into
one group where the electron excitations, which are
caused by intraband electron transfers, are characterized
by a relatively low AE, value (from 1.4 eV for ES and
PNB to about 2 eV for EB).

As the chain length increases, the value of AE{*™ de-
creases from =~2.4 eV for the imine trimer to ~2.1 eV
for the polyemeraldine base (EB).®® Such behavior of
AE{™ reveals that the first maximum in the absorption
spectra is related to 7 MO’s delocalized over a whole CF.
Such a decrease of AE{™ to a limiting value is a charac-
teristic property of long CF’s.>®> The AE ™ values of the
imine trimer and the tetramer of EB type are very close
to those of EB polymers. However, we believe that this
fact does not imply that the 2-eV absorption is due to the
creation of a molecular exciton associated with a locally
distorted segment of the “polyaniline” backbone, as sug-
gested by Duke, Conwell, and Paton.’® Inasmuch as the
trimer and the tetramer of aniline are already rather long
CPF’s involving, respectively, n =13 and 19 effective con-
jugated bonds along the backbone (a phenyl ring includes
three effective bonds in the backbone), the change in the
AE, values with subsequent lengthening of an oligomer
backbone should not be large. It should be pointed out
that polyenes with such a length also have AE{® very
close to the limiting value AE {®(min)=2.2 eV observed
for very long polyenes: [AE{*® —AE{®(min)]=~0.5 eV
for the 18-annulene with n =18.3%%

The phenyl rings of PANIi chains are often believed to
be twisted out of the plane formed by the nitrogens by a
large angle ¢ > 50°. Such large tilt angles interrupting the
conjugation along a chain backbone were obtained in
modified neglect of differential overlap calculations for
the ground states of aniline trimers [of LB and PNB
types, Figs. 1(a) and 1(b)] and in complete neglect of
differential overlap (CNDQ/S3) calculations for electron-
ic excitations of such molecules.*! However, experimen-
tal oligomer data have indicated angles of about +15° for
the polymer in the ES form.*’ On the other hand, ac-
cording to the study of the crystallinity of the various
forms of PANi together with the parameters of their
structure presented by Pouget et al.,'® the twist angles ¢
of phenyl rings, $=30° for EB and ¢=0 for ES, are ob-
tained. Hence, these angles are considerably smaller than
it was previously assumed. Therefore, the conjugation in
the PANIi backbone does not seem to be interrupted by
such tilt angles because the 7 electron parameters of in-
teratomic hopping for C-N bonds are diminished by not
more than (1—cos¢)=14% due to this twisting. This
conclusion is supported by the calculations of the absorp-
tion spectra of the EB form of aniline tetramers: the first
maximum at 2 eV is retained for ¢ <40° and disappears
for larger angles (¢>60°).3%3% Calculations of absorp-
tion and luminescence spectra for short oligomers® 384!
gave tilt angles of ¢ <20°-30° for the best correspondence
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with experiment. Observing only a minor contribution of
the Raman-active modes to the IR spectrum of EB, Kim
et al.’ also concluded that the average conjugation
length of a polymer chain in their sample is large enough.

Large phenyl-ring rotations with ¢ > 40° are unlikely to
take place in PANi at room temperature, because high
energy is required for the breakdown of conjugation in a
chain (=1 eV for one 7 bond) due to an increase in the 7
electron energy. Large ring rotations may occur only in
the course of synthesis or doping reactions. They play
the role of chain defects dividing the polymer chains into
CF’s. The addition of hydrogen to a chain backbone may
also be responsible for defect generation on a chain. In
the case of polyacetylene the methylene group —CH,—
is a dominant chain defect breaking conjugation in a
chain.*>* The concentration of these breaking defects is
inversely proportional to the average conjugation length
or the average length of CF’s.

All parts of a CF backbone with small tilt angles
(¢ <30°) are conjugated equally well because the parame-
ter B for 7 electron hopping is approximately the same
for all chain bonds. In this case, both the charge which
gets on a CF and the electron, which hops from one 7
MO to another during absorption of light, delocalize over
a whole CF. Calculations of the electronic structure of
ions of long polyenes and other conjugated hydrocarbons
show that the electronic charge is delocalized over a
whole molecular ion (see, for example, Ref. 45). We
think that the positive charge on an ES chain with ¢ =0
is also delocalized over all atoms of a chain rather than
located only on the nitrogens as it is usually represented
on the molecular structures [see Fig. 1(c)]. In fact, in the
case of the ES tetramer it was observed that the positive
charges are delocalized over all the nitrogens and all the
rings.*> Therefore, for PANi with small ¢, there is no
reason to introduce the defect states with rotation of each
ring and with electron transfer from one phenyl ring to
another, as suggested by McCall et al.’

We believe that delocalization of = MO’s over the
whole CF is the most important property of conducting
polymers that differ from usual molecular crystals only in
the size of the molecules, the word “molecule” being tak-
en to also include a CF.

The average length of CF’s in PANIi can be estimated
as the crystalline domain size L deduced from an x-ray
study of PANi by Pouget et al.'® For EB samples L
ranges from 30 to 100 A (EB-I type of structure) or from
50 to 150, A (EB-II type). For ES samples L ranges from
20 to 55 A.'8 Considering the tetramer length 1 =20 A as
a natural unit of chain length, we conclude that L ranges
from 3¢ to 7¢ for EB and from ¢ to 3¢ for ES.

B. A model of charge-transfer excitons

As it has been explained above, the first maximum in
the low-energy absorption of EB and ES appears due to
m-m* electron transitions in the separate CF’s. We sup-
pose that the charge-transfer excitons (CTE’s) appear in
the polymer material upon photoexcitation. The charge
carriers (electrons) are delocalized over several CF’s sur-
rounding the excited CF. We propose that the geometry
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and the electronic structure of CTE’s determine the
shape of the low-absorption band and other properties of
the photoexcited PANi. Since all the CF’s are not
equivalent, the excitation cannot propagate through the
polymer sample because of the lack of translational sym-
metry. Thus, we consider only a localized exciton associ-
ated with excited CF’s. The second argument against any
mobility of excitations is the invalidity of the band model
for the systems composed of the molecules bound by
weak interactions (molecular crystals). The zeroth-order
wave function for such systems is the product of func-
tions of isolated molecules rather than the product of the
Bloch states of the band theory. This question was treat-
ed in more detail in concern with the cooperative effects
in quasi-one-dimensional crystals.*®

The states of a localized CTE involve the excited state
of one CF and the states where one of its electrons is
transferred from its highest-occupied MO (HOMO) to
the lowest-unoccupied MO (LUMO) of a neighbor CF.
These states appear when one photon with energy
#io~AE,~2 eV is absorbed. To make such a transfer
possible, the following energy relation has to be satisfied:

I—A—2E;,~AE, , (1)

where I is the ionization potential of the CF, 4 is the
electron affinity of the CF, and E, is the polarization en-
ergy or the energy of the electronic polarization of the
neutral CF’s placed in the Coulomb field of the charged
CF’s with an excessive or deficient electron. Analyzing
the available data on I, 4, and E, for the large molecules
with conjugated bonds, one can find that in polyacetylene
I~6.6eV, A~1¢eV,and E;~1.5-1.9 eV.204547% n 4
similar way, we suppose that these parameters in the case
of EB can be estimated as follows: I~6 eV, A=1 eV,
and E;~1.5 eV. Then one obtains about 2 eV on the
left-hand side of Eq. (1), i.e., requirement (1) is fulfilled
because AE, =2 eV in the case of EB. The left-hand side
of Eq. (1) is just the energy required for generation of two
separated charges located on the CF’s i and j denoted
below as CF;" and CF; . A more detailed energy condi-
tion for appearance of such charged fragments is as fol-
lows:

I—A4—G;—Eyy=~AE, , 2)

where (—G;) is the Coulomb interaction energy of the
two charged CF’s and E is the polarlzatlon energy
which involves the contributions ESH poi from polarization
of all the other CF’s in the Coulomb field of two charged

fragments and two contributions, E p+ D and E{ pol’ ), from

the mutual polarization of CF;" and by CF; and vice
versa:
E=ESi+E\"+Eg7 . &)

Born,* Klemm,*® and Overhauser’! considered the excit-
ed states of alkali-halide crystals arising from the elec-
tronic configuration with an electron transferred from a
negative halide ion to a nearest alkaline positive ion. In
this case the exciton state in the crystal was considered as
that involving the electronic configurations with elec-
trons transferred between the lattice atoms only. In the
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case of conducting polymers, the electron transfer merely
accompanies the electronic excitation of a single CF. It
should be noted, however, that electron transfer will be
important for the excitations of higher energy if the con-
dition Eq. (1) is not satisfied, for example, when

I_A _Gij—Epol >>AE1 .

As the motion of electrons in a conducting polymer
takes place in an irregular lattice composed of non-
equivalent CF’s, the hopping parameters are different and
the momentum of the electron is not an integral of
motion and thus it is a bad quantum number. For this
reason, any electronic perturbation associated with any
group of CF’s is local and conserves its locality. The
main interactions to be considered in the CTE problem
are the Coulomb interaction of two ions, CF,'+ and CFJ-_,
the electronic polarization of the surrounding medium in-
duced by these ions, and the resonance interaction (elec-
tron hopping) of neighboring CF’s. The hopping parame-
ters t;; for the electron transfer between the HOMO’s or
LUMO?’s of neighboring chains are significant (about 0.1
eV due to the dense packing of the polymer chains). For
polyacetylene, where packing of the chains is very dense,
the maximal value of t,, was estimated ca. 0.3 eV.?
Looser packing of the respective chains of other conduct-
ing polymers results in the substantial decrease in t;
values as compared to polyacetylene.

Let us assume that the EB and ES chains are packed as
in the EB-II and ES-I structures,'® respectively. These
structures correspond to the PANi samples obtained elec-
trochemically as in this work. We construct a model of
CTE consisting of one CF, a, which absorbs one photon,
and N CF’s which surround the CF a. For the sake of
simplicity, we assume that all the CF’s are of the same
length L, equal to the average conjugation length of EB
or ES. In Figs. 9 and 10, a simple symmetrical model
CTE is shown. It contains the shell of N =34 CF’s.
Eight CF’s form the first layer of the CTE shell, and the
resting 26 CF’s form the second layer. The neighbor
CF’s in CTE are all shifted by one-half of the CF length
with respect to each other. Their relative orientations are
also the same. For this reason, all the hopping parame-

(a)
a =D =
b

FIG. 9. Model of the charge-transfer exciton (CTE) in em-
eraldine base: (a) projection along the axis of conjugated frag-
ments (CF’s) and (b) side view on the CTE with a central frag-
ment a (black), 8 CF’s of the first layer of the CTE shell (grey)
and 26 CF’s of the second layer. a =7.65 A, b=5.75 A, as for
the EB-II structure from Ref. 18.
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2

b

P

FIG. 10. Model of the charge-transfer exciton in emeraldine
salt: projection along the axis of conjugated fragments. Side
view is the same as in Fig. 9(b). a =4.3 A, b=5.9 A, as for the
ES-I structure from Ref. 18.

ters t,, are the same, t;; =t,, and are equal to one-half the
value of the parameter ¢ for the CF’s with no relative
translation of the two neighboring fragments. To take
into account the actual disorder that occurs in PANi, we
must treat the situation with different z,,71,, as it was
done in Ref. 20.

Let the CF a, which absorbs a photon and undergoes
the permitted transition from the ground state ¥(a) to
some excited state ¥*(a), be surrounded by the fragments
b,,b,,bs,...,by. The variational wave function of this
exciton, Y(CTE), can be taken in the simple hydrogen-
atom form:

¢(CTE)=60¢5(0)+01¢1+C2¢2+C3¢3+ tet CNlllN .

4)

Here ¢, and c; are the variation coefficients and the basis
functions 1; are given by

;i =PaThiby - b;_1b by by) .

They are the many-electron wave functions for the N +1
fragments, where an electron taken from a is placed on
b;, and the other neutral b; CF’s (j#i) are polarized. We
take this basis function approximately as the product of
the wave functions of the separate unpolarized fragments

;= Yola " x(bx(by) + - - x(b;_y)
XX(bi— )X(b,'+1) e X(bN) .

To simplify the description we assume that (i) electron-
ic excitation of the fragment a is the transfer of an elec-
tron from the HOMO of a (the electron annihilation
operator is a, ) to the LUMO of a (the electron creation
operator is A7), (ii) ionization of a can be presented as
removing an electron from the HOMO of a (the electron
annihilation operator is a,), and (iii) formation of the
anion b;” can be described as creation of an electron in
the LUMO of the fragment b; (the electron creation
operator is B;} ).

Then for the singlet excited states the basis functions
can be written as

Yola)=ajag 10),,
vaa)=2""AFag —AFa})|0),, (5)
¥;=2""%B;tag —B}a})l0),,
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where

10)o=1(a™ T)x(b,)x(b,) - x(by)

is the product of the N wave functions of the fragments
b, in their ground states, y(b, ), and the wave function
Y(a™ ) for the fragment a with two electrons removed
from the HOMO.

It is known® that the energy of the electronic polariza-
tion of all the atoms of a crystal with the NaCl lattice and
two charges (+e and —e) located at the two neighboring
atoms of the crystal four times exceeds the energy of the
mutual polarization of the two neighboring atoms them-
selves. We assume that the same ratio holds for our mod-
el crystal composed of the similar CF’s (see Figs. 9 and
10). Thus, if the fragments i and j are the neighbors, we
have

+ 1)+E(*1))z4

pol / (E pol

and from Eq. (3) we obtain

Ep=5E"+E{37). 6)

In polyacetylene (PA) the energy of the mutual polariza-
tion of the two long (I~40-60 A) charged-neighbor
CF’s has been estimated in Refs. 20 and 52 as

E(PA)=E; (PA)=0.25-0.30 eV . %)

Considering Egs. (3), (6), and (7), and the similarity of
electronic structure of CF’s and their mutual arrange-
ments in PANi and PA, we assume that

E{ " =E G/ =E{{(PA)=E ' (PA)

pol pol pol (

and as a result the total polar1zat10n energy in polyaniline
resulting from the two-neighbor-charged CF’s is estimat-
ed, according to Egs. (6) and (7), as follows:

E,y=5E\ 3" +E))=2.5-3.0 eV . (8)

This rough estimate shows that the total polarization en-
ergy from the close (E,;~2.5-3 eV) and the distant
(QE;=~3 eV, see above) charged CF’s is approximately
the same: E; =2E;. This consideration enables us, in
the zeroth approximation, to avoid the necessity of es-
timating E,, for other mutual displacements of the
charged pairs of CF’s in the exciton shell and to take the
energy

Eq=I—A—2E;=1—A—E, 9)

as the zero energy.

The coefficients c¥ in the expansion, Eq. (4), for the
function Y(CTE) and the energies E; of all the exciton
states are determined after solving the secular equation
constructed with the basis functions 1w, ;, and

=1,...,34, Eq. (5). Off-diagonal elements of the secu-
lar matrix are the matrix elements of the resonance
operator H . for each pair of the basis functions 1, and
¥;. The resonance operator, describing the transfers of
electrons between fragments, has the form:

zto, ayB;,+B}a,)+3 t;(B}B;,+BB,,),

ic¥jo
ijo
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where the first term describes the electron hopping be-
tween the central fragment a@ and its nearest neighbors in
the first layer and the second term describes the electron
hopping between the other nearest fragments in the exci-
ton shell. The diagonal element of our secular matrix
corresponding to the basis function ; will be equal to
(—G;), where (—G;)=(—G,;)<0 is the Coulomb in-
teraction energy of the central cation a ™ and the ith
anion. The energies (—G;) will be estimated in a model
of the uniformly charged thin rods of the length L which
substitute the charged CF’s. The diagonal matrix ele-
ment corresponding to the basis function ¢g(a), is equal
to AE,—E,, as all of the diagonal matrix elements are
shifted down by E,. The next section contains some
qualitative results of calculations of exciton absorption in
polyacetylene and polyaniline.*

C. Structure of low-energy absorption band

Considering the matrix of the Hamiltonian for the
charge-transfer exciton in EB, we can note that the
difference between the diagonal energies (—G;) and
(—G,) of the Coulomb interaction of the neighbor anions
i and j with the central cation a * (Fig. 9) surpasses ~0.3
eV, and the inequality

8G,;=1G;—G,|>1,;

holds. This inequality ensures the localization of the
transferred electron in a relatively small volume on a few
dozens of CF’s, surrounding the central fragment a (the
nearest and the next-nearest neighbors of a, which form
the first and the second layers of the exciton shell) and
even (with the reasonable accuracy) in the first layer of
the exciton shell (the nearest neighbors of a). In ES com-
posed of the long multicharged CF’s, the energy of their
interactions is proportional to the product of their
charges. However, at the electron transfer between the
equally charged CF’s in ES, the Coulomb repulsive ener-
gy keeps decreasing by the energy of interaction G;; of
the two single-charged ions, as in EB. It is precisely this
change of energy of the system at the charge transfer
which is to be considered as the energy of the basis state
¥; [Eq. (4)] corresponding to the charge transfer in our
exciton model having the similar CF’s.

We estimate the maximum (G, ) value of G; for the
first layer of the exciton shell and the minimum (G;,)
value for the second one. It turns out that G,, =1.05
eV and G_;,=0.4 eV for ES with L =40 A and
G =0.8 eV and G;, =0.25 eV for EB with L =70 A.
For anions in the outer layer which correspond to the
Onsager radius, a rough estimate G, ~kT seems to
hold. That is why the width of the exciton band
~(G pax — Gmin) = G may i about 1 eV. The parameters of
the electron hopping ¢;~0.1 eV are much smaller than
the G, ,,~1 eV and thus do not affect the exciton band-
width.

Let us consider the lower limit AE_;, of the exciton
absorption and the position of this limit with respect to
the absorption maximum. In the case of EB we obtain
the following estimate:
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AE,; (EB)=I(EB)— 4 (EB)—2E,(EB)— G, (EB)
~AE,— G, (EB)~1.2 eV (10)

in accord with the experimental data (see, for an example,
Fig. 2).

The intensity of the exciton absorption band first of all
depends on the intensity of the electron transition in the
CF a. Actually, the matrix element of the operator of the
dipole length R for the transition from the ground state
Y(a) of the CF a to the kth state of the exciton band

Ui (CTE)=cq¥p* (@)t by tepythy+ - - +emdy
with the energy E, reads
(9(a)|R |9 (CTE)) = (¢(a)|R|¢*(a) gy - (11

The intensity of the electronic transition to the kth state,
I, is proportional to the square of this matrix element,

T =1 (@) R |9*(a)) %2

and the normalization condition for c, is

2 cok’=

all k
Therefore, the intensity of the transition ¥(a)=14¥*(a) in
the isolated CF is now distributed over the entire exciton
band. The intensity of the absorption maximum in the
sample decreases as compared to that of the isolated frag-
ment. In the vicinity of the absorption maximum, there
are several intensive transitions to the states with the
close energies E; ~AE ;. When the energies of the exci-
tations to the states ¥, (CTE) are different enough from
the energy at the absorption maximum, the intensities of
the corresponding transitions become small*? due to the
small values of ¢, 2.

Values of 7, determining the intensity of the low-
energy band, depend on the structure and packing of
CF’s and evidently decrease in the polyacetylene,
polyaniline, and polyphenylenevinylene series. Within
the framework of our model this decrease is naturally in
agreement with the fact that for polyacetylene the low-
energy band does not practically segregate from the main
maximum,' whereas for polyphenylenevinylene the low-
energy band is detached in the independent band of the
spectrum in the region from A; to Ay and it can be dis-
tinguished by its low intensity.*

The position of the low-energy maximum in the ES ab-
sorption spectrum is determined by the absorption spec-
trum of the long charged polyaniline CF’s. The spectrum
of the cation T2™ of the aniline tetramer T of LB, has the
maximum at AES® ~1.2-1.3 eV.?” For the PANi films
in various degrees of oxidation (close to ES) it was found
that AE{* ~0.7-1.4 eV (Ref. 28) and AE$* ~1.5 eV.%°
As it will be shown below, a remarkable feature of ES is
that the lower limit AE_;, of the exciton absorption is
approximately zero.

The energy of the lower limit of the exciton absorption
in ES is expressed as

AE; (ES)=I(ES)— A (ES)—2E,(ES)—G,, (ES) .
(12)
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Let us suppose that ES consists of the charged fragments
T,** with the length L =40 A, where T is the aniline te-
tramer of the LB type. The electron affinity of T,*" is
the fourth ionization potential of the neutral fragment
T,, A(ES)=I,(T,), and the ionization potential of T,**
is the fifth ionization potential of T,, I(ES)=I4(T,).
Expression (12) includes the difference of the two succes-
sive ionization potentials. To estimate these potentials
we can consider the well-known example of linear
polyenes. When the long polyene chains have been calcu-
lated in the 7 electron approximation with account of the
Coulomb interaction of 7 electrons, it was found*’ that (i)
successive potentials of ionization I, =I, I,, and I; for
long polyenes (with number of carbon atoms N >20)
change slightly with the growth of N (decrease within
5%) and (ii) for the long polyenes

I,=I,+8, and I,=I,+85,, 13)

where §;=1.3 eV and §,=1.5eV.

For the long CF’s of polyaniline the difference
8=(I,,,—I,) may be estimated as =1.5 eV, as for the
lowest three ionization potentials of the long polyenes.
On the other hand, on the basis of the Koopmans
theorem® (in self-consistent field approximation) we ob-
tain an estimate for & in the form of the difference of the
successive energies €, of molecular orbitals:

o=, 11— I,)=¢,—€, 4 - (14)

This suggests that §~1 eV for the long polyene molecule,
because the difference of the successive energies €, de-
creases with the increase of the molecule length. Thus,
estimates for 8 in a variety of ways give the same value
for 8, namely 6~1.5 eV. The electronic polarizability of
the ES fragments in the considered processes is strongly
diminished as compared to the polarizability of the EB
fragments since the ES fragments were quite polarized
particularly by the point charges (C17), and thus
E, (EB)>>E,(ES)~0.1 eV. As G_,(ES, L=40 A)
=1.1eV, we obtain

AE,_, (ES)=I(ES)— A (ES)—2E (ES)— G y,,(ES)
=8—G,,, (ES)—2E,(ES)~0 . (15)

This estimate [AE_; (EB)>>AE_. (ES)=~0] is in
agreement with the observation that the low-energy band
in the ES absorption spectrum is extended to the near-IR
region and also with the fact that ES has the metal-like
conductivity.>**> Actually, the right-hand side of Eq.
(15) is nothing but the minimal energy required for the
electron transfer from one CF to another. As this energy
is very small, approximately no energy is spent on the
electron transfer, which is the main characteristic
feature of a metallic state.

D. Thermostimulated and photoinduced spectra

The blueshift of the absorption bands of EB and ES
films observed at higher temperature is a common feature
of UV spectra of polyatomic molecules in the condensed
phase. It is usually attributed to the change of the dielec-
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tric constant of the medium in the framework of, say, the
Onsager model.’*™% The blueshift of the broad max-
imum in the absorption spectrum results in the bleaching
maximum (in the region of the long-wavelength slope of
the broad absorption maximum) and in the additional ab-
sorption maximum (in the region of short-wave slope of
the broad absorption maximum) in the difference ther-
mostimulated spectrum. That is precisely what is shown
in Fig. 3 where the maxima are the differences of the two
broadbands and cannot be assigned to specific states of
the polymer chains.

The difference spectrum of EB, measured at tempera-
tures ranging from 300 to 390 K [Fig. 3(a)], slightly
differs from the spectrum obtained by Roe et al.® for
temperatures ranging from 15 to 300 K. Ginder et al.®
also observed the blueshift of the absorption maximum
when the EB film was heated over room temperature.
Their value of the shift (~1 meV/K) coincides with our
data. Thus, the thermal heating of the EB film over the
room temperature results in the appreciable changes of
the spectrum particularly in the long-wavelength region.
The heating up to 60 °C reduces the maximum of the op-
tical density to =~0.05 [Fig. 3(a)]. This value has the
same order of magnitude as that obtained by the photoin-
duced bleaching with the energy of laser pulse 5 mJ/cm?
(see Fig. 4). For this reason we take into account the
photoinduced warming up of the sample when we inter-
pret our experimental results on EB. The thermal heat-
ing does not change the optical density at 400, 426, and
553 nm [see Fig. 3(a)], so here the photoinduced phenom-
ena are present in their pure form.

The photoinduced spectra of EB (Fig. 4) resemble each
other and are also similar to the photoinduced spectrum
obtained by Kim et al.’ in the steady-state measure-
ments, where the photoinduced bleaching with maxima
at 680 nm (1.8 eV) and 338 nm (3.7 eV) and the photoin-
duced absorption with maxima at 1400 nm (0.9 eV), 900
nm (1.4 eV), and 417 nm (3 eV) were observed. Besides
the photoinduced warming up, the laser excitation leads
to the charge transfer and thus to the formation of
charged species. That is why the photoinduced spectrum
of EB (Fig. 4) differs from the difference spectrum of the
thermally heated EB film [Fig. 3(a)]. Nevertheless, one
must note the general similarity of these spectra both in
the region of the absorption with a slight maximum at
400-500 nm, and in the region of the bleaching with a
large broad maximum at 550-800 nm.

When the pulse energy of the photoexcitation is large
enough and many excitons appear, the shells of the neigh-
bor excitons overlap so that the electrons from the exci-
ton shells can move in the Coulomb field of several cat-
ions placed in the center of each overlapping exciton. We
believe this state to be just the electron-hole plasma (e-h
plasma), found in the photoexcited semiconductors (see
Ref. 61, and references therein). According to Refs.
61-64, the e-h plasma has a longer lifetime than that of
the free exciton gas. The regions of the polymer sample
where the e-h plasma appears are quasimetallic. The ex-
istence and stability of these quasimetallic regions can be
substantiated by the photoinduced-conductivity measure-
ments performed on EB.*%!? The conjugated fragments
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of the polymer chains (CF’s), which accommodate the e-h
plasma electrons, do not contribute to the absorption
spectrum of the nonexcited polymer because these CF’s
absorb in another spectral region. That is why the
bleaching is observed where the maximum was before.
The intensity of the bleaching is proportional to the frac-
tion of the sample volume occupied by the e-h plasma.
The regions of the polymer sample occupied by the exci-
ton gas also do not contribute to the polymer absorption
spectrum and should also lead to the bleaching effect.
The effect of the exciton gas and of the e-A plasma on the
optical absorption has been discussed for semiconductor
quantum-well structures.’>%

The similar effect of the UV-spectrum bleaching can be
observed for conducting polymers upon doping. The typ-
ical examples can be found in the review by Patil, Heeger,
and Wudl®® We attribute the effect of the broad max-
imum bleaching in this case to the formation of the
Coulomb impurity centers (CIC’s) in the polymer upon
doping.!»?® A charged impurity is located in the middle
of the CIC, and the charge of the opposite sign is delocal-
ized over 10-30 CF’s environing the impurity. These
fragments form the CIC shell. The CIC absorbs in the
IR region; the CF’s from the CIC shell do not contribute
to the absorption of the pristine polymer in the UV re-
gion. The increase of the dopant concentration enhances
the absorption in the IR region, which is the CIC’s own
absorption. The absorption characteristic for the pristine
polymer decreases (see examples in Ref. 65).

The effect of the photoexcitation on conducting poly-
mers can be treated as photodoping, which creates the re-
gions containing either the e-k plasma (the CF-cation’s
congestion is able to accommodate many electrons) or the
exciton gas. The formation of the separate Coulomb im-
purity centers (it may be either a CF cation, or a CF
anion or another charged impurity) having electrons (or
holes) on the CF’s in its proximity is also possible. Below
we shall discuss our experimental data from the point of
view of these concepts.

Very soon (about some ps) after the photoexcitation
many CF cations are formed. They can be detected by
the absorption spectroscopy since the neutral and posi-
tively charged CF’s have absorption maxima in various
parts of the spectrum. Actually, the absorption of EB is
stronger than that of ES in the region ranging from 500
to 700 nm and weaker than that of ES for A > 700 nm (see
Fig. 2). It is known that after the doping of the aniline
tetramers of LB and EB types with I, and HCI the posi-
tively charged tetramers appear. At the same time the
absorption decreases in the region from 500 to 700 nm
and increases for A>700 nm as compared to the spec-
trum of the undoped tetramer.’’ Based on these data we
attribute the difference in the spectra of absorption of EB
and ES polymers to the difference in absorption of neu-
tral and charged CF’s.

The polymer photodoping concept is also confirmed by
the analysis of the AD () dependence at various values
of the pulse energy. First of all we must note that the
formation of charged species due to the absorption of a
single quantum (=2 eV, A=590 nm) is permitted by rela-
tion (1) (see also Sec. IV B). It explains the linear relation
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of AD, to P at 555 and 660 nm for P <2 mJ/cm? and
7=0 (see Fig. 5). Roe et al.!! have also ﬁxed the linear
relation of AD;, to P (fiw=~2 eV, P<10™ > mJ/cm?) for
EB. Phillips et al.'? have noticed the linear increase of
the photocurrent with P in this material.

At P =2 mJ/cm? the full energy absorbed in the sam-
ple corresponds approximately to one absorbed quantum
per one aniline tetramer. In the case of a many-quantum
formation of cations (CF?*, CF**, and so on), a stronger
dependence of ADph on P, type P", n > 1, should be ob-
served. The multicharged cations (which apparently exist
in the salt upon doping of emeraldine by I, or HCl) ap-
pear upon photodoping due to some charge-transfer pro-
cesses taking place in the system in the very moment of
irradiation and immediately after it is cut out. At present
it is impossible to estimate theoretically the yield of the
various charged products as a function of P. The com-
plexity of the problem becomes apparent when one no-
tices that for the different domains of the photoinduced
spectrum the different functional form of the AD,
dependence on P has been found:’ AD, ~P'/? in the re-
gion 0.9-1.4 eV and AD, ~P in the reglon 1.8 eV. Here
we limit our considerations on presenting the arguments
in favor of the relation AD, ~P", n71.

Deviation from the lmear dependence of AD;, ~P for
P >2 mJ/cm? and 7=0 (Fig. 5) may be caused by the in-
crease of the probability of the two-quantum ionization
processes. The rates of the recombination processes are
proportional to the concentrations of all the recombinat-
ing particles. This should change the power # in the rela-
tion AD, ~P" in a complicated manner. Relations
ADph =~ P" with various n =1 and n =~ for the different
regions of the photoinduced spectrum’ prov1de evidence
that this spectrum is a superposition of various contribu-
tions. The observed increase of AD;, with the increase of
P at 660 nm (7=600 ps) and at 555 nm (7=300 ps) (Fig.
5) is caused by the growth of the region occupied by the
e-h plasma. The difference in the values of AD;, for 7=0
and 7=300 ps [Fig. 5(a)] and 7=0 and 7=600 ps [Fig.
5(b)] proves the complexity of the kinetic processes
occurring in the system after the photoexcitation.

At low pulse energy (#iw=2 eV, P<10"% mJ/cm?)
Roe et al.!! obtained that (i) the maximum value of AD,
was 2X 10~3, and (ii) a good fit to their data was

AD.,~ A exp(—t/7)+Bexp(—t/7)+C

with 7,=30 ps, 7,=600 ps, B/ A =0.5,and C/ 4 =1.14.
Perhaps this formula, rejected in Ref. 11 as a very com-
plex one, takes into account some sort of the contribu-
tions (A4,B,C,...) from different species to the bleach-
ing. We think that the values of 4,B,C are expected to
be different functions of P. At the high pumping energy,
P=1 mJ/cm?, we also observe a slow component which
manifests in the small decrease of the bleaching in the re-
gion from 540 to 720 nm in 500 ps [Figs. 4(a) and 4(b)]
and the rapid (in 100 ps) components describing the de-
crease of bleaching [Figs. 6(a) and 7(a)] followed by a pla-
teau with AD; constant in the ps range. We think that
the rapid component of photobleaching [Figs. 6(a) and
7(a), 7=100 ps] appears due to relaxation of separate ex-
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citons and pairs of cations and electrons, which are
formed near each other (the CF cations in this spectral
region are absorbed weaker than the neutral CF’s), and
the plateau [Figs. 6(a) and 7(a), 7> 100 ps] appears due to
formation of the regions with the steady e-h plasma and
Coulomb impurity centers (CF’s from regions having e-h
plasma and the Coulomb impurity centers do not contrib-
ute to the EB absorption spectrum, leading to the bleach-
ing). The part with a rapid decrease of bleaching in Figs.
6(d) and 7(b) is absent as the pumping energy increases to
P=5 and 10 mJ/cm? Under these conditions the
volume of regions with the e-h plasma and CIC grows,
and the rapid relaxation of excitons, cations, and elec-
trons is not seen against the background of the strong
bleaching due to the plasma regions. A minor increase of
bleaching in the spectral region of 700 nm after 500 ps
[Figs. 4(c) and 4(d)] may be connected with a more uni-
form film warming up which leads to bleaching in this
part of spectrum. A minor decrease of the bleaching
from 550 to 730 nm after 500 ps [Figs. 4(a) and 4(b)] may
be connected with a certain relaxation of charged states
formed by photodoping.

For Ayqpe=1066 nm at the small pulse energy [P =1
mJ/cm?, Fig. 8(a)] we observe only the rapid decline of
the photoabsorptlon in 100 ps followed by leveling off
with AD,;(#)=~0. When the pulse energy increases ten
times [Fig. 8(b)], the additional absorption AD;, (which
at 7=0 is only 1.6 times higher than for P =1 mJ/cm?) is
subject to a similar rapid decrease to zero and transfers to
the bleaching plateau in approximately 150-300 ps. The
rapid component AD;, as it has been mentioned above,
appears due to a considerable number of CF cations. In
this spectral region they have higher absorption than the
initial polymer. At the same time, their recombination
with either nearly localized or having high mobility elec-
trons is fast. We attribute the bleaching plateau in the ps
range to the polymer photodoping, leading to the forma-
tion of regions with the stable e-h plasma and to the
Coulomb impurity centers which cause the bleaching of
the nonexcited polymer absorption spectrum. The con-
tribution from the thermal warming up giving rise to the
bleaching in this spectral region is also possible.

We suppose that the long (several minutes) relaxation
time of the photoexcited EB to the initial state, observed
in the absorption measurements, results from the process-
es in the polymer material as an integral entity rather
than in a separate polymer chain. The charged states
formed under the laser pulse play the main role in these
processes. We have not made the quantitative estimates
of the photostimulated warming-up contribution to the
differential spectra changes, though the effect of warming
up, as it was mentioned above, is considerable. We must
note that the relaxation of the charged states becomes
slower if the film, heated upon photoexcitation, is cooled,
the heat being lost through the film surface during some
sufficiently macroscopic time (seconds or minutes). Be-
sides, the thermal heating may accompany the relaxation
of the charged states, since each act of the charge recom-
bination (electrons with CF cations) and the relaxation of
an exciton excitation releases the energy of ~2 eV which
is not irradiated but is transformed mainly into the heat.
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That is why the local heating contributes to the changes
of differential spectra during all the period of relaxation
of excited and charged states. The contribution to AD
from the variation of the dielectric constant®® due to the
appearance of charged species cannot be eliminated; for
example, it is well known that the changes of the dielec-
tric constant are considerable if EB transforms into ES.?

In the literature, the long relaxation times of the PANi
photoinduced spectra are usually associated with hin-
dered ring rotations which create considerable obstacles
for the movement of the charged defects created in a
chain after photoexcitation.>®!'"1> Since the early
1980s, concepts of theoretical physics, including solitons,
polarons, and bipolarons have been applied to conjugated
polymers.®*¢” Many of the properties of conducting po-
lymers are usually described in terms of these states.®®~ %
The charged defects in polyacetylene and polythiophene
have been shown to have low masses, large electron-
phonon coupling, and relatively low pinning. Similar
consideration of the experimental results for polyaniline
demonstrated the important role of polarons with large
mass, strong pinning, and low mobility in this system.®
However, we would like to draw attention to certain limi-
tations and difficulties in the utilization of the above con-
cepts.

First, the long polyacetylene chain is an alternant hy-
drocarbon molecule, and, due to the pairing theorem,”°
any carbon atom of the chain has exactly one 7 electron
in any (ground or excited) state. This conclusion of the
pairing theorem is unaffected by the bond-length distor-
tions keeping up the conjugation. In accord with this
theorem, no electron-phonon excitation in the polyene
chain can give rise to the localized and separated charges
of a bipolaron type. Thus, it follows that the conjecture
stating that photoinjection of an e-h pair on a polymer
chain leads to its fast thermalization with subsequent
conversion to a pair of charged topological defects, i.e.,
to a soliton-antisoliton pair,”! contradicts the pairing
theorem for conjugated molecules. The conclusions of
the pairing theorem are correct in general also for PANIi
although the presence of nitrogen atoms slightly violates
the pairing theorem conditions. After the electronic exci-
tation, the slight changes of electronic density on chain
atoms are possible. However, these changes for low-
energy excitations should not give rise to an appreciable
charge separation within a single chain.

The second point is the vanishing of the current densi-
ty for an electron in a one-dimensional conjugated
chain,” and the impossibility to account for charge trans-
port along a chain in the framework of quantum mechan-
ics. The diffusionlike movement of an electron along a
chain or any relaxation process with an electron transfer
along a chain requires many states, separated or slightly
interacting, which are successively placed along a chain.
But the conjugated fragment has only the states delocal-
ized throughout the entire chain. Thus the conjugated
fragments of polymer chains are not metallic (see also any
discussion in Ref. 73). A separate polymer chain (as well
as a separate fragment of the chain) cannot be treated as
a conducting (metallic) molecular wire. This chain (or
fragment) with respect to external influence always

I. A. MISURKIN et al. 49

behaves as an integral entity and is a basic structural unit
of a polymer material. Recently, this notion was experi-
mentally supported for polypyrrole chains isolated within
the channels of zeolites.”* The fully oxidized chain does
not exhibit, inside the zeolite, metallic ac conductivity,
although they are conducting in a bulk polymer. NMR
experiments’>’® have also demonstrated the absence of
movement of any defects in polyene chains. So the only
possibility for creating charged species and conducting
states in conducting polymers is the electron transfer be-
tween adjacent chains or their fragments.

A simple idea that in quasi-one-dimensional systems
the conductivity is governed by electron hops between
fragments has been discussed.*®’"7® For example, in this
case, the anisotropy of conductivity (0,/0,) is governed
by the ratio of the diffusion coefficients along different
directions: o,/0,=D/D,. The diffusion coefficients
(D and D,) themselves are proportional to the squares
of the displacements of an electron along different direc-
tions as a result of one hop. In one hop along a square
lattice of fragments an electron travels a distance of
about L /2 along the chain axes direction and d along the
perpendicular direction. Consequently, one finds
oy/o,=(L/2d )2 in fair agreement with the experimental
data (see Refs. 46 and 77, and references therein). As
noted in this paper, there are regions where the electrons
move coherently over fragments (excitons and Coulomb
impurity centers). In this case, the conductivity is ap-
parently governed by the hops of electrons between these
quasimetallic regions, an anisotropy of which will main-
tain approximately the same the conductivity anisotropy.
So it appears that the interchain hopping is only the first
stage in the understanding of electron transport in con-
ducting polymers.

V. CONCLUSIONS

The results of the spectral and kinetic (in ps range)
studies of the emeraldine base in the high-intensity pulse
laser field are described within the new approach to con-
ducting polymers, which has been earlier developed and
used for the interpretation of electrophysical properties
of polyacetylene. This approach is based on the observa-
tion that in the “real” polymer material the polymer
chain is always broken by the chain defects into conjugat-
ed fragments of a finite length. In this case, the neighbor
fragments of the neighboring chains are connected by the
resonance interaction, and the corresponding parameter
of the electron hopping is about 0.1 eV. As a result, the
conducting polymer should be treated as a 3D system of
the long conjugated fragments. Within this model, the
electrophysical characteristics of the conducting polymer
are determined by rather general characteristics of elec-
tronic structure of the conjugated fragments and much
more by their mutual arrangement in the polymer materi-
al, which governs the magnitude of the electron interfrag-
ment hopping and the electronic polarization of the other
fragments, surrounding the charged fragment (or the
dopant). From this point of view, the similarity of the
electric properties of various conducting polymers be-
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comes comprehensible: it is a consequence of the prox-
imity of the principal characteristics of the conjugated
fragments of various polymers. No matter what the
peculiarities of the inner structure and chemical composi-
tion of the conjugated fragment are, its ionization poten-
tial is always ca. 6 eV, its electron affinity is ~1 eV, the
energy of the first 7 electron excitation is ~2 eV, and the
electrostatic energies of the interaction between a
charged species and the surrounding medium in conduct-
ing polymer, i.e., the polarization energy, is ~1.5 eV.

We were able to explain metallic conductivity in the
emeraldine salt and the appearance of charged species in
the emeraldine base in the concentration proportional to
the pumping power, after absorption of just one photon
with an energy of =2 eV, that is to account for the linear
relation of photoinduced excitation to the exciting pulse
intensity. We think that our explanation of the slow
component in the photoinduced electron spectra of the
emeraldine base in terms of charged fragments is more
realistic than that invoking long isolated chains and large
twists of the rings in the polyaniline polymer chains.
Moreover, these twists in the polymer materials seem to

be hindered, and their existence is not confirmed by ex-
perimental data. Having considered the physical process-
es in polyaniline from the point of view of the fragment
model of the polymer material, we suggest that other ex-
periments, usually considered as those supporting the
models based on the peculiarities of the structure of iso-
lated polymer chains of conducting polymers, can be
reinterpreted. It seems that we gave the convincing evi-
dence in favor of the polyaniline three-dimensional frag-
ment model, which naturally requires further develop-
ment for more detailed description of experimental data.
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