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Photoexcited solitons and polarons in pernigraniline-base polymers
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We present results of absorption, near-steady-state and long-time photoinduced absorption, and light-
induced electron-spin resonance (LESR) studies for the pernigraniline-base polymer (PNB), which has a
Peierls ground state with multiple order parameters. Two kinds of defects have been observed and
difterentiated by photoinduced-absorption spectroscopies in dift'erent time domains, namely polarons and
solitons. Direct absorption of PNB shows the Peierls energy gap at 2.3 eV and ~—~ transition energies
at 3.8 and 4.3 eV. Pumping at 2.41 eV (into the Peierls gap), the near-steady-state photoinduced absorp-
tion spectrum at room temperature shows three induced absorption peaks at 1.0 eV (LE), 1.5 eV (ME),
and 3.0 eV (HE); at a temperature of 10 K, the LE peak becomes two peaks at 1.0 eV (LE1) and 1.3 eV
(LE2). With pump photon energy of 3.8 eV (into the m —m* gap) and at 10 K, features similar to those
observed by pumping into the Peierls gap were found, except the intensity of each of the features in-

creased by a factor of 4. The LE features are short lived with a lifetime on the millisecond time scale and
have associated short-lived infrared vibrations. The ME peak is very long lived; in addition, there are
very long-lived, relatively weak infrared vibrations. The lifetime of the ME peak is measured to be

greater than 24 h for temperatures below 200 K. The defect masses for long-lived and short-lived defects
are estimated to be -300m, and -(5—10)m„respectively, using the amplitude-mode formalism.
Light-induced ESR studies show the long-lived 1.5 eV peak has spin while the short-lived defect has no

spin. We suggest that the LE peaks originate from charged soliton-antisoliton pairs (dominated primari-

ly by the bond-length order parameter u), while the ME peak originates from massive ring-torsional po-
larons (with dominant ring-torsion-angle order parameters 6 and 0 p).

I. INTRODUCTION

Pernigraniline-base polymer (poly-paraphenylene im-
ine), the fully oxidized state of polyaniline, is proposed to
be a ring-containing Peierls system. ' Polyaniline was
first synthesized and studied chemically nearly a century
ago, although it has been the focus of increased physical
and chemical studies only in the past several years. It
has been demonstrated that pristine polyaniline may be
prepared in three discrete oxidation states, namely, leu-
coemeraldine base (LEB), emeraldine base (EB), and per-
nigraniline base (PNB), depicted in Fig. l, each of the ox-
idation states of polyaniline having novel physical and
chemical properties. The intermediate oxidation state,
emeraldine base, and its doped (protonated) form have
been studied most extensively. For example, emeraldine
base can be converted from an insulator to a conductor
upon protonic acid doping with hydrochloric acid.
The origin of the high-conductivity state of emeraldine
salt (ES) was proposed to be an insulator-to-metal transi-
tion concomitant with the formation of a polaron lattice
upon protonation of EB. Photoinduced absorption of
EB revealed that hole polarons and molecular excitons
are the main defect states observed upon photoexcita-
tion.

Leucoemeraldine and pernigraniline bases have been
less studied than emeraldine base, partly due to the fact
that leucoemeraldine and pernigraniline bases are less
readily synthesized and, once made, are less stable in air
than emeraldine base. Recently, these two forms of po-
lyaniline have been successfully synthesized and charac-
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FIG. 1. Chemical structure of (a) leucoemeraldine base
(LEB), (b) emeraldine base (EB), and (c) pernigraniline base
(PNB).
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terized. ' ' A new type of hole polaron, namely, a ring-
torsional polaron ' similar to a Holstein polaron, was
proposed to be responsible for photoinduced defect states
in LEB. Photoinduced absorption ' of both LEB and
EB exhibits long-lived defect states with an absorption
peak at —1.4 eV, which have been described in terms of
polarons bound to quinoid rings, PB&.

'

The richness of the polyaniline family has been more
evident since chemically pure pernigraniline-base poly-
mer has become available. ' ' The chemical structure of
PNB suggests that pernigraniline base is a Peierls systems
that possesses a doubly degenerate ground state. Unlike
LEB, of which the simplest repeat unit consists of a ben-
zenoid ring and NH group (for a total of eight p, elec-
trons and resulting filled energy bands), the simplest re-
peat unit of PNB consists of one C6 ring and one nitrogen
atom (for a total of seven p, electrons and a half-filled
highest-occupied energy band). Such a structure is unsta-
ble with respect to forming a dimerized structure. Figure
2 illustrates the proposed chemical structure of perni-
graniline base without and with dimerization. In the
dimerized case, pernigraniline base has alternating ben-
zenoid and quinoid rings between nitrogen atoms. By in-
terchanging the benzenoid and quinoid rings, a topologi-
cally identical structure can be constructed. Therefore
pernigraniline base is the first polymeric Peierls system
with a degenerate ground state beyond trans-
polyacetylene. Quantum chemical calculations' and
Huckel model calculations favor such a dimerized
structure. In analogy to trans-polyacetylene, pernigrani-
line base has a dimerization. In the simplest approach,
the resulting alternating single and double carbon-carbon
and nitrogen-carbon bonds can be described by the
bond-length order parameter u, i.e., the deviation from
uniform bond lengths.

Recently, the central role of the ring-torsion-angle de-
gree of freedom in ring-containing polymers was pro-
posed. ' In addition to its dependence on the bond-
length order parameter, the transfer integral between ni-
trogen p, orbitals and the ring m orbitals has a cosine
dependence on the torsion angles %0 (CO=0 implies that

L
I

—'P
0

the C6 ring is in a plane defined by the N atoms resulting
in a maximum transfer integral; 4'O=90 implies that the
C6 ring is twisted perpendicular to the plane of the N's
and that the transfer integral is zero). Instead of alternat-
ing ring-torsion angles alternating as +No and ++o to
reduce steric repulsion as in LEB, the PNB ring-torsion
angle is suggested to alternate, varying as +%'o+5 and
+ 0 o+6 whel e 0 p is the average ring-torsion angle of
benzenoid and quinoid rings in PNB and 5 is the devia-
tion from the average ring angle. Ginder and Epstein
proposed that this ring-angle alternation is one source
that is responsible for the Peierls ground states and defect
states, namely, ring-torsional dimerization and ring-
torsion-dominated solitons and polarons. ' The defect
mass has been estimated to be very large () 100m, ) when
the deformation in 6 contributes substantially to the de-
fect states. Recently, Bredas et al. calculated that the
Peierls gap of PNB is linearly proportional to both u and
6, with the presence of both order parameters contribut-
ing nearly equal amounts to the band gap. It is noted
that the phases and magnitudes of u and 5 are expected
to be coupled because the quinoid rings (

—u) are expect-
ed to have a lower-energy configuration if they lie closer
to the plane of the nitrogens ( —To+5).

We present here the photoexcitation spectra [or pho-
toinduced absorption (PA)] and light-induced electron
spin resonance (LESR) of the pernigraniline-base polymer
extending our earlier preliminary reports on this sys-
tem. Our results show that two kinds of photoinduced
defects are found in the PNB, namely, long- and short-
lived defects. The short-lived defects (millisecond time
scale, studied from 800 cm ' to 3.4 eV) are proposed to
be of solitonic origin involving primarily the order pa-
rameter u (bond-length changes), while the long-lived de-
fect (lifetime greater than seconds, studied from 500 to
13000 cm ') is proposed to be polaronic in origin with
substantial contribution from the order parameter 5
(ring-torsion-angle changes). An amplitude-mode
analysis of the photoinduced infrared-active vibrational
(IRAV) modes and the photoinduced electronic transi-
tions shows that the e8'ective mass of the long-lived pola-
ron is very large ( —300m, ), while that of the short-lived
soliton is modest ( —Sm, ). These results indicate the im-
portance of ring-torsion angle and bond-order dimeriza-
tion in pernigraniline base.

The remainder of the paper is organized as follows.
Experimental techniques will be discussed in the next sec-
tion with experimental results for direct absorption, pho-
toinduced absorption, and light-induced electron-spin
resonance presented in Sec. III. The data will be dis-
cussed in Sec. IV and conclusions given in Sec. V.

(b) a+0 '= a-u
I I

~0 ~0

'la~~

II. EXPERIMENTAL TECHNIQUES

A. Sample preparation

FIT&. 2. Schematic illustrations of the proposed structure of
PNB: (a) undirnerized and (b) dimerized.

In a typical preparation of pernigraniline base, ' —1 g
of emeraldine base was dissolved in a solution of N-
methyl-pyrrolidinone (NMP, 100 ml) mixed with glacial
acetic acid (5 ml). A glacial acetic acid solution (10 ml)
containing purified I-chloroperbenzoic acid (0.72 g) was
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added in 1 ml portions every 10 min. A dark violet solu-
tion was observed after stirring at room temperature for
an additional 15 min. Triethylamine (10 ml) was added
to produce a dark purple partially crystalline precipitate
of PNB with a coherence length of up to 40—50 A.

Samples in both powder and thin-film forms were used
in optical and light-induced electron-spin-resonance
(ESR) experiments. Powder samples were mixed with
KBr in less than 0.1% by weight ratio. This mixture was
then ground and pressed into an optical quality pellet at a
pressure of 3.3 X 10 Pa. In near-steady-state photoin-
duced absorption (PA), light scattered from the pressed
pellet samples can complicate the PA experiment for
probe photon energy above 2.0 eV. Therefore, in this
spectral range (hv) 2.0 eV), samples cast as films on ei-
ther glass or quartz substrates were used. For probe pho-
ton energy in the mid-IR range (500—20000 cm '), the
pressed pellet samples were used for both long-time
[Fourier-transform-infrared (FTIR)j or near-steady-state
photoinduced-absorption experiments. The samples were
handled in an inert environment (argon gas) or under vac-
uum during all stages of the experiments as the PNB
samples degrade in air.

B. Direct absorption

Direct-absorption spectra were measured with a
Perkin-Elmer Lambda 9 UV/Vis/NIR spectrophotome-
ter in the range of 900—190 nm (1.4—6.0 eV), as well as
with a home-built UV/Vis/NIR spectrophotometer in
the range of 1500—190 nm (0.7—6.0 eV). In the home-
built UV/Vis/NIR spectrophotometer, a 100-W
tungsten-halogen lamp was used in the near-IR to UV
range (0.3 —3.3 eV) and a deuterium lamp was used in the
UV range (2. 5 —6.0 eV). The transmitted light was
dispersed by a —,'-m monochromator. UV-enhanced sil-
icon (1. 1 —6 eV) and indium arsenide (InAs) (0.5 —2.0 eV)
photodiodes were used to record the incident light at the
exit slit of the monochromator. The samples were dis-
solved in NMP solution or cast into thin films on sub-
strates to take the absorbance spectra. Direct-absorption
measurements were routinely employed for several
reasons: First, it provides a measure of the ground oxida-
tion state of the sample; only those samples without de-
gradation were selected for further studies in the PA ex-
periment; and second, to check the heating-induced ab-
sorption changes of the sample. All the spectra reported
in this paper were checked for effects of heating (deter-
mined by comparing transmission at, for example, 200
and 300 K). Unless otherwise specified, the features re-
ported in this paper are intrinsic in origin.

arc lamp (3.8 eV) was chopped by a mechanical chopper
at 4—4000 Hz. The probe light, which can be a 100-W
tungsten-halogen lamp (0.3 —3.3 eV), a globar (0. 1 —0.3
eV), or a deuterium lamp (2.5 —6.0 eV), was focused onto
the sample that was mounted in a CTI-Cryogenics
closed-cycle cryostat (10—350 K). The probe light was
detected by a UV-enhanced Si (1.1 —6.0 eV), an InAs
(0.5 —2.0 eV), or a MCT/InSb two-color detector
(0. 1 —1.2 eV). (2) The long-time photoinduced-absorption
experiments were carried out on a Nicolet 60SX Fourier-
transform-infrared (FTIR) spectrometer (500—20 000
cm '). The pump beam (a Coherent Innova 70 argon-ion
laser or Coherent CR-599 dye laser) was guided into the
sample chamber and was blocked and unblocked by a
mechanical shutter. The transmission spectrum (So) was
measured before the sample was exposed to the pump
beam. After exposure to the pump beam for a typical
time of 20 sec, a second transmission spectrum (S, ) was
measured again. The relative changes in transmission
(So —

S& )/So were then computed. For the long-time ex-
periments, samples were maintained in a cryostat for con-
trol of temperature in the range of —10—320 K.

D. LESR

The LESR experiment utilized a Bruker 300 ESP
electron-paramagnetic-resonance (EPR) X-band spec-
trometer with an optical access cavity. Temperature con-
trol was provided by an Oxford 900 system. A cw
Coherent Innova 70 argon-ion laser or a Coherent CR-
599 dye laser pump beam was routed to the ESR cavity
through a 200-pm single fiber-optic cable. A Hg-Xe arc
lamp was used to pump the sample in the UV region (3.8
eV). Typically, two methods were used in the LESR ex-
periments: (1) double modulation by mechanically chop-
ping the pump beam and modulating the magnetic field
at 10 Hz to obtain the photoinduced change in the EPR
derivative signal and (2) single modulation with a direct
comparison of the EPR derivative spectrum obtained
with the pump beam blocked and unblocked. The
double-modulation technique gives information concern-
ing spins corresponding to the defects detected in the
near-steady-state PA experiment, while the single-
modulation technique detects the spins associated with
the defects detected in the long-time PA experiment. A
reference value for the absolute number of photoinduced
spins was obtained by using a home-built Faraday bal-
ance ' to determine the number of spins present in PNB
in the absence of photoexcitation.

III. EXPERIMENTAL RESULTS

C. Photoinduced absorption

Photoinduced-absorption (PA) results were obtained
via two diff'erent approaches. (1) The near-steady-state
PA experiment employed the same —'-m grating mono-
chromator that was used for direct absorption to disperse
the probe light. A Spectra-Physics model 171 argon-ion
laser, a Spectra-Physics model 301 dye laser (1.94—2. 21
eV), or a Photon Technology International Inc. Hg-Xe

A. Direct absorption

The direct-absorption spectrum in the range 1.4—5 eV
of PNB in NMP solution is compared with that of EB in
NMP solution in Fig. 3. The PNB absorption spectrum
shows a peak at -2.3 eV with an onset of absorption at
—1.8 eV. This peak is shifted up in energy by 15% and
is almost twice as broad as the corresponding peak in EB.
Two other maxima were observed at 3.8 and 4.3 eV.
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FIG. 3. Absorbance spectra in the near-IR to ultraviolet re-
gion of solutions of EB (dashed line) and PNB (solid line) in
NMP.

FIG. 5. Near-steady-state photoinduced-absorption spectra
of a PNB thin-film sample at 300 K (dashed line) and 10 K
(solid line). The sample was pumped at 2.41 eV with a pump in-
tensity of 100 mW/cm'.

The infrared-absorption spectra of powder samples of
LEB, EB, and PNB pressed in pellets of KBr are shown
in Fig. 4. Of these oxidation states, PNB has the richest
spectrum with strong maxima observed at 848, 1106,
1164, 1215, 1318, 1485, and 1585 cm

B. Photoinduced absorption

1. Near-steady-state I'A

The near-steady-state photoinduced-absorption spectra
of PNB in the range 0.5 —3.3 eV at temperatures of 300
and 10 K (Fig. 5) were obtained with a pump-laser energy
of 2.41 eV, near the Peierls gap of PNB. The laser beam
was mechanically chopped at 22.5 Hz. The spectrum at
300 K shows three photoinduced-absorption (PA)
features, namely, a low-energy peak (LE) at 1.0 eV, a
middle-energy peak (ME) at 1.5 eV, and a high-energy
peak (HE) at 3.0 eV; and a photoinduced-bleaching (PB)

I I I I
j

I I I I
i

I I I I

feature maximum at 2.0 eV. At a temperature of 10 K,
the original LE peak is replaced by two peaks at 1.0 eV
(LE1) and 1.3 eV (LE2). We note that LE1 and LE2 are
much stronger than LE, while HE is reduced in strength
and shifted to 3.1 eV upon cooling. The onset of the PB
feature shifts downward in energy by 0.1 eV, and its rela-
tive oscillator strength decreases at the lower tempera-
ture.

The near-steady-state PA spectra with pump energy of
3.8 eV at 10 K (Fig. 6) demonstrates similar features as
those observed by pumping near the Peierls gap. There is
a broad LE feature centered at 1.1 eV, a ME feature at
—1.6 eV, and a HE feature at —3. 1 eV. A
photoinduced-bleaching peak is observed at 2.0 eV. Al-
though the power of the incident pump photon beam in-
creased by 40% (decrease in photon flux of 10%), the in-
tensity of each photoinduced peak is increased by a factor
of 4.

The near-steady-state PA experiment was extended to
the IR range (0. 1 —2.0 eV). Figure 7 shows the 10-K
near-steady-state PA of PNB in powder form mixed with
KBr (-0.05%) in the midinfrared range (1000—12 500
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FIG. 4. Infrared absorbance of LEB, EB, and PNB powder

samples in pressed KBr pellets.

FIG. 6. Near-steady-state photoinduced-absorption spectrum
of a PNB thin-film sample pumping into the ~—m gap (3.8 eV
excitation) at a temperature of 10 K with a pump intensity of
140 mW/cm .
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FIG. 7. Near-steady-state (upper curve) and long-time (lower
curve) PA of PNB powder samples. The long-time PA signal
was reduced -400 times to match the size of the 1.5-eV ME
feature in the near-steady-state PA experiment. The near-
steady-state PA experiment was carried out with pump intensity
of 250 mW/cm, chopper frequency of 22.4 Hz, and sample
temperature of 10 K. The long-time PA experiment was carried
out with pump intensity of 100 rnW/cm and sample tempera-
ture of 80 K.

Wave number (cm ')

FIG. 8. Photoinduced IRAV modes of PNB observed by
near-steady-state PA (upper curve) with pump photon energy of
2.41 eV, intensity of 250 mW/cm, chopper frequency 22.4 Hz,
and sample temperature of 10 K. Photoinduced IRAV modes
of PNB observed in the long-time PA experiment (lower curve)
with pump photon energy of 2.54 eV, intensity of 100 mW/cm,
and sample temperature of 80 K. The long-time PA spectrum
has been reduced by a factor of 250.

cm ' or 0. 1 —1.6 eV) with a pump-beam photon energy
of 2.41 eV and an intensity of 250 mW/cm . PA peaks
were found at 8000 cm ' (1.0 eV) and 12000 cm ' (1.5
eV). A shoulder is also seen at —10000 cm ' (-1.3 eV).
This spectrum is in good agreement with that of Fig. 5,
which represents a similar experiment performed on
thin-film samples. Photoinduced IRA V modes were
found at 1100, 1220, 1320, and 1580 cm '. No
photoinduced-bleaching modes were observed in the
near-steady-state PA spectra.

dn n =+I,

where ~ is the lifetime of the defects, v is determined by

and chopper frequency provides insight into the time dy-
namics of the photoexcited defects. In the near-steady-
state PA experiment, the number of defects is determined
by two factors, the photogeneration and recombination
rates. A simplified rate equation for the number of de-
fects n can be written

2. Long-time PA
0.001 5 I I

I
I

The long-time PA data for a sample of PNB powder in
KBr at 80 K, optically pumped by a laser beam of 2.54
eV and 100 mW/cm, are shown in Fig. 7 together with
the short-time PA spectrum. In the long-time spectrum,
only one peak is observable at 12000 cm ' (l.5 eV),
while the 1.0- and 1.3-eV features are completely absent.
The long-time photoinduced infrared-active vibrational
(IRAV) modes are small compared to the ME feature.
The IRAV parts of the spectra of both near-steady-state
and long-time PA are plotted together in Fig. 8. For the
long-time PA spectrum, three major PA features were
observed in the mid-IR range at 1153, 1477, and 1554
cm '. Photoinduced-bleaching (PB) features were ob-
served at 1219, 1323, 1487, and 1591 cm '. Figure 9
shows the decay of the long-time feature at 1.5 eV for the
sample held at 10 K for up to 3 h. Note that there is very
little decay after 1 h. Measurements at times up to 24 h
show no further decay of the PA signal at temperatures
as high as 200 K.

C. Time dynamics of the photoinduced absorption

In the near-steady-state PA experiment, the depen-
dence of the photoinduced signal on pump-laser power

0.001 0

a
I

0.0005

Pernigraniline Base

0.0000 I I I

5X10' 1 X10'

Time (sec)

FIG. 9. Time evolution of the 1.5-eV (ME) near-steady-state
PA peak of the PNB powder sample mixed with KBr at 10 K.
The PA signal was monitored with time for up to 3 h after first
cooling the sample in the dark, then turning the chopped laser
on. The laser photon energy was 2.41 eV, intensity 200
mW/cm, and frequency 22.5 Hz.
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the type of decay processes with v=1 for unimolecular
decay and v=2 for bimolecular decay, I is the time-
dependent pump photon Aux, which can be approximated
by a square wave that switches between some constant
Aux I=ID and I=0 at frequency f, and a is a constant.

Assuming a unimolecular recombination process, the
rate equation can be solved for the square-wave case.
During the half of the cycle when the pump beam is in-

cident on the sample,

n =aIor(1 —e ' )+n, e (2)

where np is the number of defects at time t =0. Similar-

ly, for the half of the cycle when the pump beam is not on
the sample,

n =noe

where n p is the number of defects present when the pump
beam is turned off at a time t'=0. The number of defects
can be calculated for all times, and after many periods
(for long exposure times) the difFerence in the number of
excitations that exist at the end of each half period of the
pump beam on and the pump beam o6; An, can be deter-
mined. This case is the near-steady-state condition, and
we find

(4)

where f is the frequency of the chopped pump beam.
The value of hn is proportional to the signal observed at
the lock-in amplifier. The derived expression shows that
for unimolecular decay the signal depends linearly on the
photon Aux. At high chopping frequencies or long life-
times (i.e., the lifetime is much longer than the period),
the signal varies as hn =aIol4f, i.e., proportional to
f '. Conversely, for low chopping frequency or very
short lifetime (i.e., the lifetime is much shorter than the
period), the signal varies as b, n =aIor, which is indepen-
dent of frequency.

Similar results hold for bimolecular recombination in
the square-wave excitation case. During the half cycle
when the pump beam is incident on the sample, the rate
equation can be solved to give

where cu is the chopper frequency in rad/sec, the same
dependence is found for the signal on chopper frequency:
For high chopping frequency the signal varies as f
and for low chopping frequency the signal is independent
of frequency.

In the experiments reported here, the chopper frequen-
cy was tuned in the range of 4—400 Hz and the magni-
tude of the PA signal was recorded. An average lifetime
~ of defects can be estimated from the intersection of the
lines of slope —1 at the high-frequency end and of slope 0
at the low-frequency end.

Figure 10 shows the chopper frequency response for a
2.41-eV pump beam. The 1.0-eV (LEl) and 1.3 eV (LE2)
PA peaks have essentially the same chopper frequency
dependence at 10 K. The effective lifetimes of the LE1
and LE2 peaks are estimated to be -0.01—0. 1 sec. The
ME and HE peaks have frequency dependence for a fre-
quency range of 4—100 Hz, somewhat different from that
of the LE1 and LE2 peaks. To the lowest chopper fre-
quency available (4 Hz) in the near-steady-state

10.0

I I I I l ill

T = 10 K

E = 241 eV

I = 100 mW/cm'

calculated An can be shown to be pr~oortional to the
square root of the photon flux, hn ~ QIO. Similar to the
unimolecular decay case, it is seen that for high chopping
frequencies or long lifetimes (i.e., for lifetimes much
greater than the period), the signal is inversely propor-
tional to the frequency, b, n ~f '. In addition, for low
chopping frequency or very short lifetimes (i.e., for life-
times much shorter than the period), the signal is in-
dependent of frequency, An ~f .

Similar behavior of the measured photoinduced signal
would be expected for other time dependences of the
pump beam. For example, if the pump beam incident on
the sample were sinusoidal in nature, i.e.,

dn n+ =aIO(1+sincot),

no+ QaIor tanh[(+aIO/r)t ]

1+(no I+aIor)tanh[(+aIO Ir)t ]

+
0

0
0 +

0
where np is the number of defects at time t =0. Similar-
ly, for the half of the cycle where the pump beam is not
on the sample, the solution of the rate equation is

npn=
1+n pt/z

where n p is the number of defects present when the pump
beam is turned off at time t'=0. The number of defects
can be calculated numerically for all times, and after
many periods (for long exposure times) the near-steady-
state value for the difference in excitations that exist at
the end of each half period of the pump beam on and the
pump beam off, An, can be determined. The numerically

0.1

1.0 eV (LE1)
+ 1.3 eV (LE2)

1.5 eV (ME)
o 2.0 eV (PB)
x 3. 1 eV (HE)

I I I I I IIII I I I I I IIII I ! I I I III

10 100

Frequency (Hz)
1000

FICr. 10. Chopper frequency dependence of the near-steady-
state PA features in PNB film at 10 K: the LE1 peak (), the
LE2 peak (+ ), the ME peak (~), the photoinduced-bleaching
(PB) peak ( O ), and the HE peak ( X ).
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photoinduced-absorption experiment, the ME and HE
peaks still increase steadily without showing a critical fre-
quency, rejecting that the lifetimes of the ME and HE
peaks are much longer than those of the LE features. In
the long-time experiment, the lifetimes of the ME (Ref.
29) and the HE (Ref. 30) have been measured to be
greater than 24 h at temperatures up to 200 K.

Figure 11 compares the 1.0-eV (LEl), 1.5-eV (ME), and
1320-cm ' (IRAV) PA intensities versus the chopper fre-
quency (2.41-eV pump) for the PNB sample at 10 K. The
IRAV mode has a frequency dependence similar to that
of the LE1 peak, indicating that it is associated with the
short-lived defect.

The frequency dependence of each photoinduced
feature of PNB, obtained by pumping into the m —n* gap
(UV excitation), was also studied (Fig. 12). The l.1-eV
peak (LE) shows a saturation at —20 Hz, indicating that
the lifetime of the LE feature is -0. 1 sec, while the life-
times of the other features are longer, in agreement with
the 2.41-eV pump results.

The dependence of the near-steady-state PA on the
pump-laser intensity was also studied (Fig. 13). The mag-
nitudes of all PA features follow a power law ofI, in-
dicating that the defect decay channels are neither purely
unimolecular nor bimolecular in nature. For the UV-
pumped PA features (Fig. 14), the power dependence of
each feature also shows a dependence with the pump-
beam intensity as I . This behavior is in marked con-
trast to the linear dependence on laser intensity for near-
steady-state studies of the photoinduced bleaching of the
2-eV (exciton) peak in emeraldine base. '

The power dependence of the long-time PA features at
1153 cm ' and at 1.5 eV (Fig. 15) varies with pump beam
intensity as I, similar to the near-steady-state experi-
ment. In addition, it is observed that both the 1.5-eV
(ME) feature and IRAV modes grow with time under
continuous exposure to the pump beam as a stretched ex-
ponential. '
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FIG. 12. Chopper frequency dependence of near-steady-state
PA features in PNB film pumped at 3.8 eV, temperature of 10
K, and ID=140 mW/cm: the LE1 peak at 1.1 eV (~) the ME
peak at 1.5 eV (+), the bleaching peak at 2.0 eV ( X ), and the
HEpeakat 3.0eV (o).

D. LESR

n (t) = A . 1 —exp 8

The 60-K LESR signal with pump photon energy of
2.54 eV and laser intensity of 100 mW/cm taken with
the single-modulation technique is given in Fig. 16. It is
easily distinguished from the less intense dark signal.
The LESR signal grows with illumination time as a
stretched exponential of the form

I I I 1 I i I t I I 1 I t I I 1 I I |11
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FIG. 11. Chopper-frequency dependence of the near-steady-
state PA features in a PNB powder sample: the LE1 peak (o ),
the ME peak ( ), and the IRAV mode at 1320 cm ' (4 ).

FIG. 13. Pump-beam intensity dependence of the near-
steady-state PA features in PNB film for pump-beam energy of
2.41 eV: the LE1 peak (0), the LE2 peak (+), the ME peak
(~ ), the bleaching peak ( 0 ), and the HE peak ( X ).
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FIG. 16. Long-time LESR signal: dark signal (dashed line)
and the light-induced signal (solid line). The data were taken at
a sample temperature of 60 K, a laser intensity of 100 mW/cm,
photon energy of 2.54 eV, and after 1 h of laser illumination.
The dark signal has been multiplied by a factor of 50 for com-
parison.

FIG. 14. Pump-beam intensity dependence of the near-
steady-state PA features of PNB for pump-beam energy of 3.8
eV, Io=140 mW/cm, and sample temperature of 10 K: the
LE1 peak (I), the ME peak (+), the bleaching peak ( X), and
the HE peak (o ).
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Pernigraniline Base in KBr

shown in Fig. 17, where for the conditions given the con-
stants A, B, and C are 11.5, 26.9 min, and 0.56, respec-
tively. The growth of this long-lived signal is similar to
the stretched exponential of the 1.5-eV peak and the
IRAV modes in the long-time PA experiment. '

The dark EPR signal for the PNB sample corresponds
to a spin density not exceeding 2X10 spins/2 rings as
determined by the Faraday technique. The double-

modulated LESR signal (the light source is chopped at a
frequency of 5 —1000 Hz) was observed to be no larger
than 0.05% of the dark EPR signal. Therefore the
steady-state photoexcited defect has a spin density no
larger than 2X10 spins/2 rings. On the other hand,
the magnitude of the steady-state PA
(I b, T/T

~

—5 X 10 ) corresponds to an estimated density
of defects of order 10 defect/2 rings (see Sec. IV).
Therefore the ratio of photoexcited defects with spins to
the total number of defects photoexcited is less than
2X 10 . Consideration of other effects may reduce this
upper limit. For example, the long-time growth of the
number of spins associated with the ME feature upon
photoexcitation may mask a small contribution. Howev-
er, we can safely put an upper limit of the branching ratio
for the number of shorter-lived defects with spin created
upon photoexcitation compared to total defects created
as 0.1.
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FIG. 15. Pump-beam intensity dependence of the long-time
PA features of PNB powder sample in KBr for pump-beam en-

ergy of 2.41 eV and sample temperature of 80 K: the 1155-cm
IRAV mode ( o ) and the ME peak ( ). Measurements were
made about 20 sec after the pump beam was turned off. The
samples were warmed to room temperature between taking data
points.

0
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120 160

FIG. 17. Change in the double integral of the ESR spectrum
divided by the dark ESR signal as a function of illumination
time. The data were taken at a sample temperature of 50 K,
laser intensity of 100 mW/cm, and photon energy of 2.54 eV.
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IV. DISCUSSION

A. Ground state

We associate the observed -2.3-eV absorption peak
with the absorption across the predicted Peierls gap.
Calculations by Bredas et a/. indicate that 60% of the
Peierls gap derives from the bond-order dimerization and
40% from the ring-torsion-angle dimerization. The two
absorption peaks at 3.8 and 4.6 eV are attributed to the
~—m* gap absorptions centered primarily at benzenoid
and quinoid rings, respectively. The mode at 848 cm is
assigned as the b3„C-H out-of-plane vibrational
mode; the 1106-cm ' mode is assigned as the b2„ring-
stretching mode. The 1164 cm ' mode is either due to
the a C-H in-planar deformation or C-NH stretching vi-

bration. The 1318-cm ' mode is attributed to the b, „
stretching radial vibrational mode. The 1485-cm mode
is assigned as the b, „C-C stretching vibration. The
1585-cm mode is assigned as either as a C-C ring-
stretching or b&„C-C ring-stretching vibrations.

It is interesting to note that in the spectrum of EB
shown in Fig. 4 several weak IR modes of PNB are ob-
served. For example, features such as the shoulder at
-848 cm ' and weak peaks at 1215 cm ' in the spec-
trum of EB are present in the spectrum of PNB as strong
peaks. The presence of these features in EB is consistent
with the EB samples being somewhat overoxidized when
samples are exposed to air.

B. Excited defect states

1. Multip/e order parameters

Several models have been proposed to study the excited
states of pernigraniline base in light of electron-phonon
coupling and electron ring-angle-torsion coupling. The
two contributions give important insights on the nature
of the defects of pernigraniline base, though a more de-
tailed approach would include coupling between the two
terms.

dos Santos and Bredas studied the nonlinear excita-
tions of PNB by a Su-Schrieffer-Heeger-like model based
on effective bond-length —bond-order parameters. In oth-
er words, only an order parameter u is explicitly treated
in the model, while order parameters %'0 and 6 are
suppressed. In this model, the electronic resonance in-
tegrals between N-N atoms are parametrized by using a
renormalization procedure to suppress the C6 rings. The
site energies of C and N atoms are fitted to the valence-
effective Hamiltonian (VEH) pseudopotential band-
structure calculations by a parametrized tight-binding
model.

Two types of charged solitons are found' to be stable in
pernigraniline base: (a) The type-I soliton has rings
around the defect center that have the benzenoid
geometry, which introduces a localized state 0.11 eV
below the Fermi level; (b) the type-II soliton has rings
around the defect center that are of quinoid structure; its
defect level is 0.06 eV above the Fermi level. The center
of each type of defect corresponds to a nitrogen atom.

The most stable configuration for a soliton-antisoliton
pair corresponds to the type-I soliton level being doubly
occupied (S~z ) and the type-II soliton level empty (S&& ),
with a total creation energy of 0.64 eV. A fractional
charge of —0.52~e~ is found around the type-I soliton
and an opposite charge of 0.52~ e~ around the type-II soli-
ton. The most stable configuration is thus nonmagnetic,
contrary to the situation of a neutral soliton excitation in
trans (CH-)„Tak. ing the efFective bond-order changes' as
the only contribution, the mass of the soliton can be es-
timated to be -5m„which is on the same order as that
of the bond-order soliton in trans-(CH)„. Su and Epstein
have shown that the neutral soliton S~~ is also stable as
a result of the absence of charge-conjugation symmetry.
Long et a/. have observed this soliton in solution EPR
experiments, while Coplin et al. have observed it in
long-lived photoinduced-absorption studies. Polarons de-
scribed by effective bond-order changes were described by
dos Santos and Bredas' for PNB, while earlier work of
Ginder and Epstein applied the concept of a ring-
rotation polaron to LEB. dos Santos and Bredas and Su
and Epstein have found that upon addition or removal of
an electron or hole to PNB, the most stable excitation is a
polaron. They further concluded that bipolarons are not
stable in PNB.

Ginder and Epstein utilized a Huckel Hamiltonian to
describe the ground states of LEB and PNB in terms of
ring-torsion-angle order parameters. Although the ring-
torsional angle +o—56 for LEB estimated by this
method is too large for PNB, ' the ring-torsional de-
fects introduced by this model are still useful for under-
standing the steric interaction between rings. These ster-
ic interactions are believed to repel adjacent rings to op-
posite ring angles away from the plane defined by the ni-
trogen atoms. A stable ring-torsional hole-polaron solu-
tion is found in their model for LEB. The hole-polaron
solution P~+ corresponds to a single energy level split off
into the band gap by an energy ez-—0.8 eV from the
valence band. The center C6 ring of the defect has its
ring-torsion angle tilted toward the plane of N atoms.
The magnitude of this ring twisting is found to be —15,
which is rather significant. The defect mass of such a
hole polaron is estimated by Ginder and Epstein to be as
large as 50 times the free-electron mass (m, ), very
different from that of a conventional polaron which has a
defect mass of order m, . McCall et al. ' and Stafstrom,
Sjogren, and Bredas have suggested that a Pz+ may be
bound to a quinoid group to form a Pz& with a single po-
laron energy level of —1.5 eV in the gap.

For PNB, the ring-torsion angles for benzenoid and
quinoid rings are quite diFerent (estimated~ as 4, —60
for the benzenoid rings and %z-0' for the quinoid rings).
To emphasize the ring-torsional dimerization, the aver-
age ring-torsion angle %'o may be defined as

The benzenoid rings and quinoid rings are suggested to
deviate from such an average angle by 5. As noted
above, Bredas et al. determined that the contribution of
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2. Lifetime of the defects

The two kinds of defects have different lifetimes. The
LE features have lifetimes of —100 msec scale deter-
mined by the chopper frequency dependence measure-
ments. In contrast, the lifetime of the ME feature is
much longer, exceeding 24 h at 80 K.

For long-lived PA experiments with continuous
pump-light exposure of intensity of 250 mW/cm for over
several hours at 80 K, the magnitude of the PA signal
(~b T/T~) for the ME feature asymptotes to -0.4. A
rough estimate of the defect density can be obtained as
follows: The photoinduced absorption is related to the

Pernigraniline:
Charged Polaron Pair

7.5

Photon Energy (ev)

l

F//ÃÃ//7ii

Y/'/////////////////)

P P+

FIG. 18. Calculated absorption spectrum of a PNB chain in
the ground state (solid line) and with a polaron pair (dotted
line). The energy-level diagram of the polarons is shown to the
right of the absorption curves (from Ref. 4).

the u and 5 order parameters to the band gap are nearly
equal.

Su and Epstein have calculated the energy spectra of
positive and negative polarons in PNB (Fig. 18). Unlike
the P~+ of LEB, these polarons have two levels in the gap.
However, because of charge-conjugation asymmetry, the
P+ levels lie close to the band edges while the P levels
are more isolated, with a transition between the two P
levels of 1.5 eV.

The other P and P + transitions are absent. This may
be due to the effects of quantum fluctuations and static
disorder in the Peierls gap. MacKenzie and Wilkins re-
cently have shown that these effects scale as the ratio of
the Peierls gap (-2.3 eV for PNB) to the undistorted
bandwidth [3.0 eV for LEB (Ref. 39)]. This suggests that
the effect of the quantum Auctuations and static disorder
are much greater in PNB than in trans-(CH) . The
larger band tailing observed for PNB as compared to that
of trans-(CH) suggests that these disorder effects may
indeed make the other polaron transitions unobservable
or part of the broad photoinduced absorption on the
low-energy side of the long-lived 1.5-eV peak.

Based on their energies, we assign the LE1 and LE2
transitions to those of the charged solitons and the 1.5-eV
transition to that of negatively charged polarons P

change of optical-absorption coefficient by
~hT/T~ =hap~/a~„~, where hap~ is the photoinduced
change of the optical-absorption coefficient and Q.

p p
is

the optical-absorption coefficient at the pump photon en-
ergy. The parameter cx „was estimated to be —10000
cm ' by measuring the absorbance of a PNB thin film
and its film thickness. Thus Ao.PA is estimated to be
-4000 cm ' for the long-lived defect. We then assume
that the long-lived PA is due to polarons similar to that
in emeraldine salt, which has one polaron per two rings.
The change of the optical-absorption coefficient due to
protonic acid doping of the emeraldine-base polymer,
Aadzplpg is estimated to be —10000 cm '. By compar-
ing the quantity Aadopl g

due to doping to AapA due to
photoexcitation, the concentration of the long-lived de-
fects at saturation is estimated to be one defect per five to
six rings.

For the short-lived defect, the PA signal is of the order
of ~b T/T~-SX10, which can be readily converted
into a density of 10 defect/2 rings by comparing with
the long-time PA signal.

3. I'hotoinduced IRA V modes

Long-lived photoinduced IRAV modes for PNB have
two major features at 1153 and 1554 cm '. These
features are assigned as the formerly Raman-active
modes of C-H in-plane deformation (1181 cm ') and a
C-C stretching of the benzenoid ring and C-C stretching
of the quinoid ring (1622 cm ') becoming IR active due
to a symmetry break along the one-dimensional chain.
However, the long-lived IRAV Inode at 1477 cm ' is
unique to PNB and is absent in LEB and EB. ' The
fact that this vibrational mode is close in frequency to the
Raman-active mode at 1479 cm ' (C =N stretching and
C-C stretching) allows us to attribute this Raman-active
mode as the origin at 1477 cm ' due to the symmetry
breaking. If this assignment is correct, this Raman-active
mode directly modulates the Peierls gap, which is propor-
tional to the bond-length dimerization.

Short-lived photoinduced IRAV modes of PNB are
very different from that of the long-lived ones as shown in
Fig. 8. Four new strong PA modes are observed at 1100,
1220, 1320, and 1580 cm '. None of these features were
observed in the long-lived PA. We suggest that these PA
modes originate from Raman-active modes at 1163 cm
(C-H in-plane deformation), 1223 cm ' (C-N stretching
and C-C stretching), 1321 cm ' (C-H radial stretching),
and 1617 cm ' (C-C ring stretching). The choice of
Raman-active modes of C-C stretching at 1617 cm ' in
the fitting refiects that the short-lived IRAV modes (1580
cm ') are higher in vibrational frequency than that of the
long-lived one (1554 cm ').

Proper caution must be made to the above assignment:
Only limited information of Raman spectroscopy of po-
lyaniline is available. No definitive assignments can be
made unless experimental evidence confirms the
correspondence of these Raman and IRAV modes. Fur-
ther comparative studies of IR-absorption, Raman, and
photoinduced-absorption spectroscopy are needed on
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energy charged (solitonlike) feature suggests that it is pri-
marily determined by the bond-length order parameter
despite the expected ring-torsion coupling.

Before closing this section, a caution about the calcula-
tion of defect mass for the ring-torsional polaronlike de-
fect must be given. The large defect mass ( —300m, ) of
the polaronlike defect is obtained by comparing the elec-
tronic excitations at 1.5 eV and vibrational excitations.
However, as these infrared-active modes are assigned as
C-C, C-N, and C-H stretching and deformation vibra-
tions, the defect mass calculated in such a way rejects
the coupling of ring-torsional motions of the defect to the
bond-length order parameter. Attempts at direct obser-
vation of photoinduced torsional modes have, as yet, been
unsuccessful.

Spin of the defects

The LESR experiments demonstrated that the long-
lived defect has a spin of —,', while the short-lived defect is

spinless. The results agree with the assignment of the
short-lived defects to charged solitons and the long-lived
defect to charged polarons and neutral solitons.

V. CONCLUSIONS

We conclude that pernigraniline base, which is in the
highest oxidation state of polyaniline, is a one-
dimensional a-conjugated polymer with a degenerate
Peierls ground state. It has three order parameters
operative, namely, the bond-length dimerization u, the
average phenyl ring angle %'o, and the phenyl ring-angle
dimerization 5. The broadening of the band-edge absorp-
tion may reflect the increased sensitivity of this system to
disorder.

Direct absorption and photoinduced absorption includ-
ing near-steady-state and long-time techniques, as well as
the LESR technique, were employed to study the pho-
toexcited defect states of pernigraniline base. Two kinds

of photoinduced defects were observed below 1.5 eV at
low temperatures. The erst kind of defect, which exhibits
two photoinduced-absorption peaks at —1. 1 and —1.3
eV, is relatively short lived with a lifetime of —100 msec.
The second kind of defect, which exhibits one photoin-
duced absorption at —1.5 eV with a low-energy tail, is
relatively long lived with a lifetime of -24 h. The short-
lived defect has a set of photoinduced infrared-active vi-
brational modes at 1100, 1220, 1320, and 1559 cm
while the long-lived defect has a different set of photoin-
duced infrared-active vibrational modes at 1153, 1477,
and 1554 cm '. Light-induced electron-spin-resonance
measurements demonstrate that the short-lived defects
are spinless, whereas the long-lived defects have a spin of

1

Within the amplitude-mode formalism, the mass of the
short-lived defect is estimated to be (5 —10)m„while the
mass of the long-lived defect is estimated to be much
larger. Pinning parameters n -0.58 and 0.74 are estimat-
ed for the short- and long-lived defects, respectively, with
effective electron-phonon coupling constants 2-0. 66
and 0.76.

We conclude that the short-lived defects originate from
excitation of charged soliton-antisoliton pairs that in-
volve primarily the order parameter u, while the long-
lived defects associated with the 1.5-eV photoinduced ab-
sorption originate from negative polaronlike excitations
of the Peierls gap with significant %o and 6 contributions
to the order parameters. Further study will provide in-
sight into the effects of interaction among order parame-
ters in a complex degenerate Peierls system.
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