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The fluorescence spectra of poly(p-phenylenevinylene) have been investigated at 6 K employing
site-selective laser spectroscopy. They delineate the existence of a well-defined energy in the tail of
the absorption edge belo~ which the fluorescence emission is quasiresonant with an excitation
featuring a Stokes shift of 100 cm only. Above this localization threshold vl„spectral diffusion is
observed with the emission independent of excitation yet carrying a significant polarization memory
for excitation energies up to 1.9 eV in excess of v~,c. This is incompatible with the band picture in-

volving photogeneration of an uncorrelated electron-hole pair, yet consistent with the concept of
random walks of neutral excitations through an inhomogeneously broadened density of states. The
chromophores are associated with a distribution of segments of the polymer chains along which the
excitation is delocalized. Published results on time-resolved fluorescence support the exciton pic-
ture.

I. INTRODUCTION

Depending on the strength of coupling among the
structural elements, optical transitions in insulating solids
are appropriately described in terms of either the exciton
or the semiconductor band model. Weak intersite cou-
pling in conjunction with a low dielectric constant favors
the generation of strongly correlated electron-hole pairs
(excitons) upon photon absorption, while strong coupling
leads to the formation of uncorrelated electron-hole
pairs. In view of the large anisotropy regarding inter-
versus intramolecular coupling, conjugated polymers
could, in principle, fall into either category. In fact, both
approaches have been applied to treat the lowest m~~*
transition in quite similar systems. Spectroscopic, in
particular, electroreflectance, ' studies combined with
photoconduction work ' established the excitonic nature
of the lowest allowed optical transition of crystalline po-
lydiacetylene. Recent site-selective fluorescence work on
luminescent matrix-isolated polydiacetylene chains sup-
ported this notion. ' On the other hand, it became com-
mon practice to apply the band-to-band (BB) transition
approach to conjugated polymers such as polyacetylene,
poly-phenylenevinylene, ' poly-p-phenylene, " or po-
lythiophene' ' using single-chain one-electron models
based upon the Su-Schrieft'er-Heeger Hamiltonian. Do-
ing so is suggested by the observation of a
semiconductor-metal transition upon doping and the ap-
parent success of these theories' ' for understanding a
variety of spectroscopic observations, for instance, pho-

toinduced absorption' attributed to either solitons, pola-
rons, or bipolarons. Within the framework of the BB ap-
proach, photoluminscence (PL) has been interpreted in
terms of the recombination of electron-hole pairs, the ap-
pearance of a Stokes shift between absorption and emis-
sion being considered as evidence for polaron formation
prior to recombination. ' ' '

The applicability of the BB approach to PPV has re-
cently been challenged by Rauscher et al. ' Based on
site-selective fluorescence studies on a soluble PPV
derivative (poly-phenylphenylenevinylene) dispersed in a
low-temperature 2-methyltetrahydrofuran (MTHF) glass,
they argued that fluorescence spectra ought to be inter-
preted in terms of the transfer of neutral excitations
among segments of the polymer chain that differ with re-
gard to their excitation energy. The conclusion of
Furukawa et al. that the main luminescence features of
PPV should be indentified as free-exciton luminescence is
in accord with this idea, although these authors retain
the band approach for interpreting the main absorption
band. In their model the Stokes shift reflects the exciton
binding energy.

The main purpose of this work was to clarify the na-
ture of the lowest optically allowed transition in PPV,
both in absorption and emission employing steady-state
site-selective spectroscopy ' and fluorescence polariza-
tion ' studies. The results support the exciton concept
and indicate the failure of one-electron theories for treat-
ing the lowest excitation states of conjugated polymers
like PPV.

Q~1990 The American Physical Society



42 EXCITON VERSUS BAND DESCRIPTION OP THE. . . 9831

II. EXPERIMENT
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Both quantities are corrected for wavelength- and
polarization-dependent instrumental effects.

Experiments were performed with unoriented poly-
phenylenevinylene films prepared at the Cavendish Labo-
ratory using the sulfonium polyelectrolyte precursor
route. ' A thin sample of optical density -0.3 ap-
propriate for absorption measurements was synthesized
at Marburg. The sample was mounted onto the cold
finger of a He-flow cryostat and kept at a temperature of
=6 K. Site-selective cw-fluorescence (SSF) spectra were
recorded using a tunable pulsed dye laser of spectral
bandwidth =0.2 crn ' and employing time-averaging
detection techniques. The spectral resolution of the
monochromator was & 10 crn

For measurements of fluorescence polarization, thin
films of approximately 50-nm thickness were prepared by
spin coating the precursor on a quartz substrate. The
converted films show no birefringence in the polarization
microscope. The optical density was 0.35 at 450 nm and
0.15 at 496 nm. The substrate carrying the PPV film was
mounted at the hypotenuse area of a 30'-90'-60' quartz
prism using a drop of glycerol as the immersion liquid;
this arrangement reduces stray light and facilitates the
correction mentioned below. The sample holder was
placed on a linear translator, the sample being positioned
to the center of the fluorescent light path of the spec-
trorneter by means of a micrometer screw.

Corrected polarized excitation and fluorescence spectra
were obtained by means of a specially equipped,
computer-controlled, spectrometer (90' geometry, based
on the Perkin Elmer MPF 44). The normalized total
fluorescence intensity I and the degree of anisotropy r
were calculated according to Eqs. (1) and (2) (Ref. 23).
Indices v and h denote the vertical and horizontal posi-
tion of the polarizer in the excitation and the fluorescence
beam, respectively,
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FIG. 1. Low-energy portion of the room-temperature absorp-
tion spectrum of a thin paly(p-phenylenevinylene) film on a
semilogarithmic scale. It can be deconvoluted into a main band
of Gaussian shape, centered at 20260 cm '. It is followed by a
vibronic band at higher energies and a defect band at lawer en-
ergies.

tion band (Fig. 2). For v,„,) 19020 cm ' (2.36 eV), the
emission spectrum is independent of excitation. It con-
sists of a moderately broad S,~SO 0-0 band
(FWHM =500 cm ') followed by a vibronic progression.
Upon scanning the excitation laser beyond 19020 cm
the emission spectrum narrows and begins shifting linear-

ly with v,„,. The dominant vibronic band splits into a
doublet with peak energies =1170and 1535 cm ' to the
red of the maximum of the high-energy 0-0 band. The
latter is offset from the laser energy by =100 cm '. A
compilation of data for the position of the center of the
S& ~SO 0-0 and 0~ 1535 bands, respectively, as a func-
tion of v,„, is presented in Fig. 3. It clearly delineates a
break in the emission versus excitation energy plot at
v&„=19020 cm '. Operationally v~„, henceforth called
the localization threshold, is defined as the intersection of
the asymptotes of the v, (v,„,) plot. Figure 3 also
demonstrates that genuine resonant emission has, in no
case, been observed. There is a constant Stokes shift of
5=100 cm ' between the laser energy and the peak of

III. RESULTS

The room-temperature absorption spectrum of a thin
PPV film, shown in Fig. 1, consists of a main band cen-
tered at 20260 cm ' (2.51 eV), followed by a vibronic

component at the high-energy side. A low-energy tail ex-
tends to =17000 cm '. Spectral deconvolution indi-
cates that main band can be mapped by a Gaussian
profile with standard deviation o =650 cm ', equivalent
to a full width at half maximum (FWHM) of 1430 cm
As far as the appearance of the absorption spectra is con-
cerned, PPV is, thus, not principally different from pen-
dent group polymers like polyvinylcarbazole or molecu-
lar organic glasses prepared by vapor deposition and
known to feature inhomogeneously broadened absorption

Low-temperature fluorescence spectra depend on the
spectral position of the excitation laser within the absorp-
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FIG. 2. 6-K-fluorescence spectra of PPV excited at the indi-
cated spectral positions.



9832 RAUSCHER, SASSLER, BRADLEY, AND HENNECKE 42

E
=" 20.

S 19

8

8 18-

18.9

1R7

17.4 '1'

/

+'Stakes shift

82

17-

1& 20 21 22
Excitation energy (103cm')

FIG. 3. Variation of the spectral position of the 1535-cm
vibronic fluorescence band, recorded at 6 K, with excitation en-

ergy. The inset shows plots of emission vs excitation energies
for the S& ~SO 0-0 and 0-1535 cm ' bands, respectively, on an
expanded scale.

the S& ~SO 0-0 band upon excitation below v&

Polarized fiuorescence and fluorescence excitation
spectra recorded at 298 K are shown in Fig. 4 together
with the dependence of the degree of polarization r [Eq.
(2)] on excitation and emission energy, respectively.
Since the refractive index of PPV in the region of absorp-
tion, needed to correct r with respect to instrumental
effects, is not precisely known, absolute numbers of r
have to be considered with caution. This does not, how-
ever, affect the following qualitative conclusions: (i) The
fiuorescence carries a polarization memory upon scan-
ning v,„,across the entire absorption band, (ii) r increases
as v,„,approaches the tail of the absorption profile, and

(iii) the degree of polarization of the fiuorescence emis-
sion recorded at fixed v,„,decreases towards lower emis-
sion energies and becomes constant for v, & 19000
cm '.

IV. DISCUSSION

Since the following discussion will be largely based on
the concept of incoherent excitation transport in a ran-
dom medium, it appears to be appropriate to delineate its
key elements first. For more detailed information the
reader is referred to earlier work. Consider a Gauss-
ian density of localized states (DOS) coupled by exchange
or multipolar interaction. A packet of independent ele-
mentary excitation generated at a specified site will exe-
cute a random walk in whose course it will relax within
the DOS and spread in energy space provided that its
width cr is &&kT. As time progresses, a relaxation exci-
tation will find fewer and fewer acceptor sites it can jurnp
to without significant activation. The mean-square dis-
placement must, therefore, decrease with time, i.e.,
motion will be dispersive. Eventually the excitation will
reach a site from which the jurnp rate to a site of equal or
lower energy is less than the intrinsic decay rate. The en-

ergy of those sites defines a localization threshold v„,
separating states that participate in incoherent transport
from states that do not. For short-lived singlet excita-
tions and three-dimensional jump topology, v&„ is located
at an energy = —20 below the center of the DOS. Excit-
ing at v& v&„generates excitations that have little or no
change to leave their initial site during their lifetime.
Scanning a narrow excitation laser across an inhomo-
geneously broadened DOS profile should, therefore, pro-
duce luminescence that is independent of excitation, yet
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FIG. 4. Normalized excitation and fluorescence spectra of PPV film at room temperature; the thickness of the film is 50 nm. ~ave
number of fluorescence v&„=18120 cm ' for the excitation spectrum, wave number of excitation v,„,=21 510 cm ' for the fluores-
cence spectrum. The slit width is 3 nm. Dashed curves: degree of polarization r [Eq. (2)], right-hand side ordinate.
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subject to spectral diffusion as long as v,„,& v&, and shift
linearly with v,„,for v„,& v&„as depicted schematically
in Fig. 5. In the latter case, resonant emission will, how-
ever, be observed only if electron-phonon coupling of the
chromophore is weak. Otherwise, structural relaxation
of the chromophore-solvent ensemble will occur leading
to a Stokes shift between absorption and emission. Since
site selectivity is, nevertheless, preserved, this case will be
referred to as quasiresonant emission, its signature being
a linear shift with excitation energy and a constant ener-

gy separation (Stokes shift) from the resonance line.
Spectra recorded under quasiresonant conditions can,
therefore, be used to determine the strength of electron-
phonon coupling of an emitter unaffected by spectral
diffusion due to excitation migration. '

Excitation relaxation within a Gaussian DOS has been
treated by Monte Carlo simulation and analytically em-
ploying the effective medium approach [appropriate for
o IkT & 5 (Ref. 29)] and an exact theory describing the
pure hopping down regime attained in the T~O limit.
In accord with intuition, those treatments indicate that
excitation relaxation is slowed down in the T-+0 limit
because, at finite T, intervening thermal activation helps
an excitation to find additional pathways for relaxation.
Further, the amount of site energy an excitation has lost
after a certain time normalized to the dwell time to of an
excitation on a site in an energetically ordered counter-
part structure turns out to depend on the dimensionality
of the system. In one dimension, relaxation occurs much
slower. On average, excitations become immobilized
after having executed only a few jumps. Recent site-
selective fluorescence studies on a matrix-isolated polydi-
acetylene molecule showed quantitative agreement with
the predictions of the theory for one-dimensional (1D)
systems. s In that case, the sites were identified as the seg-

ments of the polymer chain subject to disorder because of
wormlike distortion.

The results of the present site-selective fluorescence
work are in accord with the above concept. Exciting
above v&„=19020cm ' produces fluorescence that is in-
dependent of excitation yet subject to inhomogeneous
broadening, while excitation below v„, generates fluores-
cence that shifts quasiresonantly with excitation and ex-
hibits a Stokes shift of 100 cm independent of v,„,. v&„
is located =1300 cm ' below the center of the absorp-
tion peak. This energy shift is twice the Gaussian width
of the low-energy wing of the absorption band as suggest-
ed by theory.

Further support for the random-walk concept stems
from the recent time-resolved fiuorescence study of
Furukawa et al. These authors excited a stretch-
oriented PPV film, held at a temperature of 50 K, with
303-nm (33000 cm ') pulses of a ps laser. The photons
excite vibrationally hot singlet states that decay rapidly
to the manifold of zero vibronic S, states by vibrational
cooling thereby producing a random distribution of excit-
ed states matching the density of states profile. Monitor-
ing the emission at variable delay times after excitation
revealed a shift of the emission bands as indicated in Fig.
6. This result can be directly compared with Monte Car-
lo computer simulations of the relaxation of excitations
executing a random walk in an energetically disordered
hopping system. The solid curve in Fig. 6 is the simula-
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FIG. 5. (a) Schematic view of the electronic density of states
distribution (DOS) of a disordered solid. The energy
separates states that participate in incoherent excitation transfer
from those that do not. (b) Schematic view of the emission (v, )

energy as a function of excitation ( v,„,) energy upon scanning a
spectrally narrow excitation source across the DOS.
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FIG. 6. Solid curve: Monte Carlo result for the decay of the
mean energy (e) of an ensemble of excitations started at ran-
dom within a 3D Gaussian DOS of width cr=650 cm ' at
T =48 K (o /kT=18. 7). to is the dwell time of an excitation in
a hypothetical ordered counterpart structure and co indicates
the energy of the center of the DOS. The dashed curve is for
1D topology. Data points (left scale) are taken from Fig. 5(a) of
Ref. 20. The coincidence between experiment and simulation
has been achieved by choosing t0=4X10 ' s.
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r =r [g'+(1 g') P ], — (3)

tion result for the energetic decay of an ensemble of exci-
tations started randomly within a 3D-DOS of width
o. =650 cm ' at a temperature T =48 K, equivalent to a
disorder parameter cr lkT=18.7. For comparison, the
result of 1D topology has also been included. The
difference in dimensionality is clearly revealed by the
different rates of relaxation.

Since position and width of the DOS profile are known
from absorption spectra, the only adjustable parameter
for comparing experimental and simulation data is the
dwell time tp of an excitation in an hypothetical ordered
counterpart structure which fixes the time scale in the
computation. (Adopting the 295-K absorption data is
not strictly correct. A fluorescence excitation spectrum
recorded at 6 K indicated that sample cooling results in
both a slight red shift of the absorption and a 20% reduc-
tion of the width of the absorption tail. On the level of
accuracy set by the experiments, both efi'ects cancel as far
as the energy shifts relative to the band center and nor-
malized to the bandwidths are concerned. } Identifying
the time origin in the data of Furukawa et al. with the
shortest time of delay of indicated yields tp —4X10 ' s.
It is comparable to the hopping time of singlet excitons in
molecular crystals, e.g., crystalline anthracene, as ex-
pected if the rate-limiting step for excitation migration
was interchain transfer. Not only does this analysis
demonstrate the success of the random-walk model in ex-
plaining the short-time dynamics of the PPV photo-
luminescence, it also testifies on the 3D topology of the
random walk.

In principle, the observed variation of the emission en-
ergy with v,„„particuarly the occurrence of the localiza-
tion threshold (see Fig. 3) could be the signature of a mo-
bility edge separating localized states from band states as
known from amorphous inorganic semiconductors. By
exciting above v&~, one would create uncorrelated
electron-hole pairs that recombine without retaining a
memory about their generation, while exciting below v&„
woud create excitonic states that decay quasiresonantly.
The fluorescence polarization experiments argue against
this notion. Figure 4 indicates a constant degree of polar-
ization r=0 2for 3500.0)v,„,)24000 followed by a
slight increase as v,„, approaches 20000 cm . This is
incompatible with the band picture. Carriers excited
15000 cm ' (1.8 eV) above the band gap should be sub-
ject to efficient intraband scattering and interchain
transfer erasing the polarization memory completely.
The polarization measurements are, however, in accord
with the exciton concept. In the case of an isotropic film
containing noninteracting molecular emitters, one ex-
pects to observe the fundamental anisotropy rp of the
fluorophores that is entirely determined by the anisotropy
of the molecular absorption and emission tensors. Its
theoretical upper limit is rp =0.4. If the excitation is al-
lowed to migrate during its lifetime, r will be smaller and
be related to the probability g' that the excitation
remains on its starting position and on the mutual orien-
tational correlation between the absorbing and emitting
state. A crude approximation yields

where P2 (0( P2 ( 1) is a second-order coefficient
describing orientational pair correlation weighted by the
normalized site fluorescence intensity. In case of an iso-
tropic solid, I'2=0.

The strong anisotropy of the optical absorption in con-
jugated polymers suggests that the transition moments
for absorption and emissions be virtually parallel to the
polymer chain yielding rp =0.4 in agreement with experi-
ments on a matrix-isolated model compound, bis-l, 4-(2-
methylstyryl)benzene. Upon decreasing the excitation
energy towards v&„, one would expect r to increase from
a value close to zero to r =0.4 because g' approaches
unity as energy transfer is gradually eliminated. The fact
that r is as large as =0.2 way above v&„ is a consequence
of the microstructure present in PPV and the fact that
only very few elementary transfer steps are required for
an excitation to get rid of its extra site energy. It is also
important to recall that, within the framework of molecu-
lar excitations, most of the excess energy is due to the ex-
citation of molecular vibrations or higher electronic
states which both relax very quickly by coupling to the
phonon bath without involving electronic jump process-
es.

In molecular glasses or polymers where the chromo-
phores are the pendant groups, e.g., polyvinylcarbazole,
the inhomogeneous broadening of molecular transitions
is the result of the statistical local variation of the van der
Waals interaction energy of an excited molecule with its
polarizable environment reflecting variations in the local
packing. In conjugated polymers the chromophores, e.g.,
sites, have to be identified with segments of the polymer
backbone over which the excitation is delocalized. Their
length, called the effective conjugation length, may be
limited by chain distortion or local chain defects. By vir-
tue of Kuhn's particle in a box model, ' variations
translate into a variation of the excitation energies of the
segments and, hence, contribute to in homogeneous
broadening. Extrapolating the peak energies of the inho-
mogeneously broadened S&~Sp 0-0 bands of phenylene
vinylene oligomers as models of PPV (Ref. 40) suggests
an effective conjugative length of =11 units for PPV
rather than 3-4 units as suggested before. ' A varia-
tion by +1 unit would easily account for the observed
650-cm ' (0.08-eV) Gaussian width of the DOS without
requiring any contribution arising from packing. This
concurs with the indication of electron and x-ray
diffraction studies that even unoriented PPV has a
significant degree of crystallinity and that stretch-
oriented PPV does not affect the luminescence profile no-
ticeably.

Combining the above ideas, we end up with the follow-
ing concept for rationalizing excitation dynamics in PPV.
A photon is absorbed by a segment of a polymer chain
and generates a singlet excitation. It can jump to another
segment of the same chain or of a neighbor chain whose
excitation energy is lower. At the end of its random
walk, which does not involve more than a few jumps at
low temperatures, the excitation will arrive at an accep-
tor site at which it decays radiatively or nonradiatively
because there are no other sites with still lower energy
available as acceptors. Due to local chain ordering, the
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polarization memory will partially be retained and ap-
proaches the theoretical value if excitation occurs into
the tail states of the DOS which cannot transfer within
their intrinsic lifetime. The random-walk concept also
offers a straightforward explanation for the nonexponen-
tial time dependence of the exciton luminescence seen by
Furukawa et al. upon recording at 19047 cm ' (525
nm}. This energy is above vl„. Therefore, excitations
pass through the spectral observation window upon re-
laxing to deeper states of the DOS to finally establish an
occupational density of states centered around v&„. The
emission must exhibit a fast initial decay determined by
rapid spectral diffusion across the spectral window and
merge into a slower decay at longer times than are due to
those excitations that accumulate in the upper portion of
the occupational DOS and decay with the intrinsic life-
time. The concept can also account for the appearance of
a second red-shifted emission band upon raising the tem-
perature above —100 K. The absorption suggests the ex-
istence of traps of unidentified origin —chemical or
physical —that may be populated via exciton hopping.
Since, with increasing temperature, the number of sites
an excitation can visit increases, the probability of
becoming trapped also increases. Thermally activated
self-localization would, of course, lead to a similar depen-
dence. For reasons to be discussed below, we consider
this interpretation unlikely, however.

The site-selective fluorescence spectra recorded upon
exciting at v,„,& v&„are characteristic of the individual
absorber or emitter and re6ect its electron-phonon cou-
pling. They delineate a Stokes shift of 5=100 cm ' at 6
K, comparable to what has been measured for polydiace-
tylenes. It indicates quite moderate electron-phonon cou-
pling only —from 5 =2Sfiw „S=2, . . . , 3 is obtained as-
suming 20 cm ' for the energy of the dominant
phonon —and demonstrates that the formation of the
weak excitonic polaron is not impeded by an energy bar-
rier.

We conclude this discussion by addressing two obser-
vations known from the literature that might argue in
favor of the band approach. The first one relates to the
action spectrum of photoconductivity. Tokito et al. re-
port on a peak at 2.5 eV (20000 cm ) which might indi-
cate onset intrinsic carrier generation via a band to band
transition. However, according to a recent reinvestiga-
tion in this laboratory, this peak is an artifact caused by

the onset of bimolecular carrier recombination as the
penetration depth of the exciting light becomes small.
The corrected action spectrum shows no singularity. The
second comment relates to the electron-energy-loss spec-
tra Fink reported for PPV. He noted a distinct increase
of a low-energy transition with significant dispersion as
polymerization proceeds and which must be related to
the conjugated chains. It need not be associated with
transition among valence- and conduction-band states.
Note that the particle in the box model also predicts a
series of excited states for a chain consisting of ) 11 ele-
ments. Its dispersion must be large because of strong m.

bonding among the elementary units. For optical transi-
tions the k selection rule applies ensuring that the ab-
sorption spectrum resembles that of a molecular ab-
sorber, while in electron-loss spectroscopy, the full set of
states becomes accessible.

U. CONCLUDING REMARKS

The present results demonstrate the inadequacy of
one-electron theories for understanding the spectroscopy
of a conjugated model polymer in the spectral range of
the lowest allowed electronic transitions. They indicate
that, instead, the transition involves strongly correlated
electron-hale pairs both in absorption and emission. Ob-
viously transitions between valence and conduction bands
of the polymer backbone carry little oscillator strength
and are, therefore, buried underneath the exciton transi-
tion as they are in conventional molecular solids and,
notably, in polydiacetylenes. The results should have a
strong implication on the interpretation of photoinduced
features observed in the optical gap of conjugated poly-
mers usually attributed to the transition among polaronic
and free-carrier states. It is by no means surprising that
difBculties are encountered upon interpreting photo-
luminescence and photoinduced absorption measure-
ments in terms of polaron or bipolaron models' ' if in-
put parameters are derived on the basis of evaluation
procedures that turn out to be inappropriate.

ACKNOWLEDGMENTS

We are grateful to M. Gailberger for fabricating a PPV
film for transmission studies. This work was supported
by the Deutsche Forschungsgemeinschaft and the Fonds
der Chemischen Industrie.

L. Sebastian and G. Weiser, Chem. Phys. 62, 447 (1981).
L. Sebastian and G. Weiser, Phys. Rev. Lett. 46, 1156 (1981).
For a review, see, H. Bassler, in Polydiacetylenes, Vol. 102 of

NA TO Advanced Study Insitute Series, Applied Sciences, edit-
ed by D. Bloor and R. R. Chance (Nijhoff, Dordrecht, 1985),
p. 135.

4K. Lochner, H. Bassler, B. Tieke, and G. Wegner, Phys. Status
Solidi B 88, 653 (1978).

5S. D. D. V. Rughooputh, D. Bloor, D. Phillips, J. Jankowiak,
L. Schutz, and H. Bassler, Chem. Phys, 125, 355 (1988).

L. Pautmeier, U. Rauscher, and H. Bassler, Chem. Phys. 146,
291(1990).

7L. Lauchlan, S. Etemad, T. C. Chung, A. J. Heeger, and A. G.
MacDiarmid, Phys. Rev. B 24, 3701 (1981).

~G. N. Wnek, J. C. W. Chieu, F. E. Kanasz, and C. P. Lillya,
Polymer 20, 1441 (1979).

D. D. C. Bradley, G. P. Evans, and R. H. Friend, Synth. Met.
17, 651 (1987).
D. D. C. Bradley and R. H. Friend, J. Mol. Electron. 5, 19
(1989).

' L. W. Schacklette, R. R. Chance, D. M. Ivory, G. G. Miller,
and R. H. Baughman, Synth. Met. 1, 307 (1979).

' K. Kaneto, Y. Kohno, and K. Yoshino, Solid State Commun.

51, 267 (1984).



9836 RAUSCHER, BASSLER, BRADLEY, AND HENNECKE 42

' C. Taliani, R. Danielli, R. Zambioni, P. Ostaja, and W. Por-
zio, Synth. Met. 18, 177 (1987).
W. P. Su, J. R. Schreiffer, and A. J. Heeger, Phys. Rev. Lett.
42, 1698 (1979).

'5M. J. Rice, Phys. Lett. 17A, 152 (1979).
' K. Fesser, A. R. Bishop, and D. K. Campbell, Phys. Rev. B

27, 4804 (1983).
'7J. Orenstein, in Handbook of Conductivity Polymers, edited by

T. Skotheim (Marcel Dekker, New York, 1986), Vol. 2, p.
1297.

J. W. Feast, I. S. Millichamp, R. H. Friend, M. E. Horton, D.
Phillips, S. D. D. V. Rughooputh, and G. Rumbles, Synth.
Met. 10, 181 (1985).

' U. Rauscher, L. Schutz, A. Greiner, and H. Bassler, J. Phys.
Condens. Matter 1, 9751 (1989).
M. Furukawa, K. Mizuno, A. Matsui, S. D. D. V. Rug-
hooputh, and W. C. Walker, J. Phys. Soc. Jpn. 58, 2976
(1989).
H. Bassler, in Optical Techniques to Characterize Polymer Sys-
tems, edited by H. Bassler (Elsevier, Amsterdam, 1989), p.
181.

H. Michl and E. W. Thulstrup, Spectroscopy with Polarized
Light (VCH, New York, 1986), p. 7.

2sM. Hennecke, Habilitationsschrift (TU, Clauthsal, 1989).
D. D. C. Bradley, R. H. Friend, H. Lindenberger, and S.
Roth, Polymer 27, 1709 (1986).

25D. D. C. Bradley, J. Phys. D 20, 1389 (1987).
U. Rauscher and H. Bassler, Macromolecules 23, 398 (1990).
R. Jankowiak, K. Rockwitz, and H. Bassler, J. Phys. Chem.

87, 552 (1983).

A. Elschner and H. Bassler, Chem. Phys. 112, 285 (1987).
B. Movaghar, M. Griinewald, B. Ries, H. Bassler, and D.
Wiirtz, Phys. Rev. B 33, 5545 (1986).

~0J. Lange, B.Ries, and H. Bassler, Chem. Phys. 128, 47 (1988).
R. Richert, H. Sassier, B. Ries, B. Movaghar, and M.
Grunewald, Philos. Mag. Lett. 59, 95 (1989).

s2H. Bassler, Proceedings of the 3rd International Conference on

Hopping and Related Phenomena, Chapel, Hill, 1989 (World-
Scientific, Singapore, 1990).
B. Movaghar, B. Ries, and M. Griinewald, Phys. Rev. B 34,
5574 (1986).
G. Wenz, M. A. Muller, M. Schmidt, and G. Wegner, Macro-
molecules 17, 837 (1984).
M. Pope and C. E. Swenberg, Electronic Processes in Organic
Crystals (Clarendon, Oxford, 1982).
N. F. Mott, Adv. Phys. 16, 49 (1966).
M. Hennecke (unpublished).
H. Kuhn, Fortschr. Chem. Org. Naturst. 16, 169 (1958).
R. H. Baughman and R. R. Chance, J. Polym. Sci. Polym.
Phys. Ed. 14, 2037 (1976).

~R. Mahrt, J. Yang, A. Greiner, H. Bassler, and D. D. C. Brad-
ley, Makromol. Chem. 11,415 (1990).
H. H. Horhold and K. Opfermann, Makromol. Chem. 131,
105 (1970).

42M. Pomerantz, R. Cardona, and P. Rooney, Macromolecules
22, 308 (1989).
S. Tokito, T. Tsutsui, R. Tanaka, and S. Saito, Jpn. J. Appl.
Phys. 25, 4680 (1986).

~M. Gailberger (unpublished).
45J. Fink, Synth. Met. (to be published).


